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ABSTRACT

In Part A, section 1), a chronological account of studies on various

ruthenium(III) and (II) compounds containing group 5B donor ligands and/or

cyclic dienes is presented. For example, a variety of products from

reaction of [ RuCl (MeOH)(EPh ) 1 (E = P, As) with Lewis bases, including
O 3 2

the Ru(III) anions trans-[ RuCl (EPh ) „] have been fully characterised.

Reaction of [ {Ru(CO)Cl C H } ] with MC1/HC1 gave the first anionic Ru(II)2 7 8 2

diene complex M[Ru(CO)Cl (C H )] together with some M [ Ru(CO)Cl ] and
3 7 8 2 5

diene displacement reactions on the former have been studied. Synthesis

of the related [ {RuCl (CS)(PR ) } ] from [ RuCl (PR ) ] and CS also gave2 322 233 2

the triple chloride bridged complex [ Ru CI CS(PR ) ] [PR = PPh , P(p-tolyl) ] .
^4 o 4 3 3 *j

The isomorphous [ Ru (C0)C1 (PR ) ] were prepared by intermolecular coupling
2 4 3 4

of [ RuCl (PR ) ] with [ Ru(C0)C1 (dmf)(PR ) ] . Cyclic voltammetric studies
2 3 3 2 3 2

showed that these dimers undergo reversible one electron oxidation steps.

Self dimerisation of [ RuYCl (dmf)(PR ) ] (Y = CO,CS) gave both [ Ru Y CI -
2 2 2 2 2 4

(PR )_] and [ Ru Y CI (PR ) 1 CI. Similar compounds [ Ru CI L 1 and [ Ru CI L ] -
23 22224 2 4 O 2 3 O

CI (L = tertiary phosphine) have been synthesised by various methods and

detailed mechanisms to rationalise the formation of these compounds

suggested. Attempts to synthesise analogous neutral dimers by pyrolysis of

[ Ru CI (P(OMe)Ph ) ]CI and [ Ru CI (P(OEt)Ph ) ] CI gave the unusual dimers
23 26 35 29

[ (P(OR)Ph ) P(OH)Ph RuCl Ru(P(OH)Ph ) PPh 0 ].
2 2 2 2 2 2 2

In section 2), various reactions of the compounds [ {Ru(r|-arene)CI } ]
2 2

are described including the preparation of the triple bridged cations

I 4+
[ areneRuX^Ru arene] (X = CI , OH , OR ) and the novel [ {Ru^CgH^OH}^]
cation, shown by X-ray analysis to have a cubane-like structure. Some

5 5
stable substituted p -cyclohexadienyl compounds [Ru(r) CgH^Y) (PMe^h)-
(N-N)]PF (Y = H , • OH , CN ; N-N = 2,2'bipy, 1, 10 phen) have been6

0
synthesised by reaction of [Ru(p -C H )PMe Ph(N-N)] (PF ) with various6 6 2 6 2

nucleophiles.
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In Part B, a systematic study of some transition metal dioxo-,

monothio- and dithio-acid complexes is presented. In particular,

extensive studies on platinum and palladium sulphur compounds have

shown that various facile molecular rearrangements occur and these

1 31 1
have been monitored by infrared, H and P- { H } nmr spectroscopy.

Related studies on sulphur compounds of ruthenium, rhodium and osmium

are also described.
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PREFACE

This thesis is most conveniently divided into two sections entitled

A. "Ruthenium and rhodium complexes containing group 5B donor ligands,

cyclic dienes and/or arenes" (35 publications).

B. "Transition metal complexes containing dioxo-, monothio- or dithio-

acid ligands" (33 publications)

However, there is some overlap between the two sections, especially

as regards the monothio- and dithio-acid ruthenium studies, since some

of the compounds described in the first section have been reacted with

sulphur-containing ligands as detailed in the second section.

The 35 publications in section A consist of one paper [ lj and one

synthetic procedure [ 2J, which resulted from my Ph.D. studies under the

supervision of Professor (now Sir) Geoffrey Wilkinson F.R.S. at Imperial

College, London, and in which I carried out all the experimental work;

thirteen papers [4,7,12,13,14,16,18,19,21,31,32,33,34] and two notes [ 26(35]
with myself as sole senior author; five papers [22,23,27,28,29,] with

my co-senior author, Dr. R.O. Gould of Edinburgh University, who

supervised the crystallographic studies described in these publications;

one publication [ 30jwith my co-senior author Dr. G.A. Heath of Stirling

University; two reviews [9,17] and ten preliminary communications[3,5,6,

8,10,11,15,20,24,25j.
Section B consists of four papers [36,38,39,40] resulting from my

Ph.D. studies, in which I carried out most of the experimental work;

sixteen papers (42, 44,46,48,49,50,51,53,58,59,60,61,62,65,67,68] and

two notes [41,47] of which I am the sole senior author; one paper [66]
with co-senior author Dr. R.O. Gould; one paper [57jin which I supervised

the preparation of the compound and helped to write the discussion section;

and nine preliminary communications [37,43,45,52,54,55,56,63,64].
With the exception of the work arising from my Ph.D. studies, none
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of these publications have been submitted for any other degree or

diploma.

The publications are listed on pages 5 to 10 and reference will

be made to them in the thesis by arabic numerals in parentheses. Other

references are cited by the use of arabic numerals as superscripts and

appear in a separate list on pages 42 and 43.
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SYNTHETIC, KINETIC, SPECTROSCOPIC AND STRUCTURAL STUDIES ON HEAVIER

TRANSITION METAL COMPLEXES.

A Ruthenium and rhodium Complexes containing group 5B donor ligands,

cyclic dienes and/Or arenes.

(1) Group 5B Donor Ligand and Cyclic Diehe Complexes

Work in this area was started in 1965 during the last year of my

Ph.D. studies at Imperial College, London. At that time, although

much information was available on the preparation and properties of

tertiary phosphine and -arsine complexes of transition metals in general,

relatively little was known about such complexes with ruthenium.

The reaction of "RuCl xH 0" with triphenylphosphine was found to
U Z

give different products, depending on the ratio of reactants and the

temperature employed for reaction. Thus, with excess PPhg> shaking in
methanol gave [ RuCl (PPh ) ] , whereas, under reflux, red-brown crystals

Z O

of[RuCl (PPh )] were produced [1,2] . An X-ray structural analysis on
Z O O

crystals, prepared independently by Vaska, showed that the latter

possesses a five coordinate square pyramidal structure."'" This was the

6
first compound with a d configuration to be shown unequivocally to have

a five coordinate structure, although a number of such compounds are now

6
known. Usually, metal ions with d configuration form six coordinate,

octahedral compounds and this great desire for six coordination is the

rationale behind much of the chemistry discussed in this section of the

thesis (see later).

In contrast, shaking PPh and "RuCl xH 0" (2:1 mol ratio) in methanol
o o z

for several days was found to produce a small yield of the green para¬

magnetic complex [ RuClg(MeOH)(PPh^)2] • The corresponding [ RuCl^MeOH(AsPh^)
could be obtained in high yield, by refluxing methanolic solutions of

"RuCl xH 0" with excess AsPh [ 1] . These ruthenium(111) methanolates
•j Z %i

proved to be excellent precursors for synthesising a wide range of
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III ) compounds co^f-aini ng tsrtlEry nhAonhi nog /nr ar»c i noc \ onH

other ligands. These types of compound have always been difficult to

synthesise because of the tendency to form Ru(II) complexes via

reductive processes on reaction of various ruthenium species with ER
•J

(E = P,As).

A comprehensive study of the reactions of these solvates with a

wide range of Lewis bases showed the following types of behaviour [l,

8,12,19].
a) Displacement of methanol only to give [ RuX L(EPh ) ] (X = CI,Br;

3 3 2

E = P,As; L = RCN,Me SO,CS ,CS,Me CO).^ 2 2

b) Displacement of methanol and one EPh group giving [ RuX L (EPh )]
0 u Z «j

(L = Me S,2,2'-bipyridyl(bipy),1,10-phenanthroline(phen),C H N).^ 5 5

c) Complete displacement of methanol, EPh and X without reduction eg.
o

[RU(S2PPh2)3].
d) Reduction to neutral ruthenium(II) complexes with or without complete

displacement of EPh groups eg. [ RuX L (EPh ) 1 (L = CO,C H ,RCN) and3 2 2 3 2 To

[RuX L ] (L = C H N,Me SO).
2 4 5 5 2

e) Reduction to cationic ruthenium(II) compounds when carried out in

polar solvents eg. [ RuCl(PPh )(N-N) ]CI [ (N-N)=bipy,phen]
J a

It should be noted, however, that reactions (a)-(e) were not

confined to one particular type of donor atom but depended critically on

a combination of such diverse factors as the nature of the ligand, the

reaction time, the solvent media and on the other ligands already present

in the ruthenium ion coordination sphere. Full characterisation of products

was obtained in most instances, using such physico-chemical techniques as

magnetic susceptibility measurements, esr, electronic and infrared spectro-
1 31

scopy and, for ruthenium(II) compounds H and P nmr spectroscopy.

In addition, in non-coordinating solvents, the coordinated methanol

group is readily lost, giving a rare example of a five coordinate Ru(III)
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complex, eg. [ Rud fAsrh ) ] . On the basis of esr studies, a trigonal
«5 O Z

bipyramidal structure with axial AsPh groups was proposed [l2^J and thiso

2
has been verified by other workers. Interestingly, in refluxing benzene,

dimerisation of [ RuCl (AsPh ) MeOH 1 accompanied by loss of a AsPh group
•5 o Z o

n 3
produced [ Ru CI (AsPh ) J , which achieves six coordination by means of a2 6 3 3

triple chloride bridge. This dimerisation step, involving loss of AsPh^
(as opposed to formation of the double chloride bridged complex [ Ru CI -Z 6

(AsPh ) ] ), is consistent with the results of related studies on Ru(II)

^nd Rh(III)) complexes (see later).

The synthesis of Ru(II) cations, by reaction of [ RuCl MeOH(EPh)l
«Z> J z

with various bidentate nitrogen donor ligands in polar media, was later

extended to an investigation with mer-f RuCl (PMe„Ph)l . For un-
O ^ O

substituted 2,2-bipyridyl and 1,10 phenanthroline (N-N), this produced

the compounds [ RuCl(PMe Ph) (N-N)]CI and [ RuCl(PMe Ph) (N-N) (Solv)]Cl
^ <j z z

(Solv = CH CI , Me CO) which were fully characterised by spectroscopic
2 2 2

studies. Increasing methyl substitution of the 1,10-phenanthroline ligand

led to steric constraints and the formation of different compounds, eg with

2,9-dimethyl-l,10-phenanthroline (Me phen), [ Ru CI (Me phen) ]CI and2 2 2 2 4 2

[ Ru CI (PMe Ph) ] CI were obtained [10,19] . Preliminary studies on the2 3 2 6

monomeric solvates [ RuCl(PMe„Ph) (N-N) (Solv)] CI suggest that they are
z z

useful precursors for generating a range of binuclear cations, such as

2+ 3
[ (PMe Ph) (N-N)ClRu(L)RuCl(N-N)(PMe Ph) ] (L = pyrazine, 4,4'-bipyridyl),

z z z z

and a detailed study of their redox behaviour is planned (cf^ electrochemical
2+ 4

studies on the related [ (bipy) ClRu(L)RuCl(bipy)„] etc ).
z z

Reaction of [ RuCl MeOH(EPh ) ] with MC1/HC1 (M = Ph As+, Me N+) in
•3 *3 Z * *

acetone led to methanol displacement by halide ion to form M [RuCl^EPhg)^]
(E = P,As) which was shown to have a trans structure by esr and far

infrared studies. The compound (E = P) proved to be isomorphous with

the corresponding trans-] RhCl (PPh ) ] anion (trans isomer established
4 3 2t —
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5
by X-ray analysis ) which was synthesised by reaction of either

[RhCl(PPh )J or trans-[ RhCl(CO)(PPh ) 1 with Ph AsClHCl [3 ,41. The
3 3 3 2 4

latter appeared to be the first reported reactioninvoiving carbonyl

displacement by halide ion in a monocarbonyl complex. The related ruthenium(III
anions [RuCl (PR ) 1 (PR =PEt , PEtPh ) had been obtained earlier by

t: «J Z 3 3 A

reaction of the "carbonyl-containing" red solution with an excess of

phosphine flj but a higher yield method was found to be direct exchange,

starting from the [RuCl (PPh ) 1 anion [3,4] . By this method, [ RuCl -

(pfoPh| ) ] [4 ]and [ RuCl fr'(OMe) Ph)] the only examples to date of3 A 4^ A 2

ruthenium(III) tertiary phosphite and phosphonite complexes, can also be

prepared.

Rather surprisingly, reaction of [ RuCl (PPh ) 1 with Ph AsClHCl also
A 3 3 4

gave the Ru(III) anion [ RuCl (PPh ) ] rather than the expected [RuCl -
4 o / 4

2-

(PPhg)^] ion [3,4 ]. Further studies revealed that in the absence of
acid, no reaction occurs. A possible explanation is that oxidative

addition of HC1 occurs to give a Ru(IV) hydrido intermediate, which

readily eliminates H+ to generate the Ru(III) anion. Recent evidence

to support this conclusion is the observation of oxidative addition of

H to [ RuH(Ph P{CH } PPh ) MeOH] PF to give the relatively stable Ru(IV)A A A 6 2 2 6

trihydrido complex. [ RuH (Ph P{CH } PPh )J PF , which reacts with Et N3 2 2 3 A 2r 6 3
g

to generate [ RuH (Ph P{CH } PPh ) ] .
A A 2 3 2 2

The well-known compound trans-[- Rh (PPh^) ^CICO] , used to synthesise
the [ RhCl (PPh ) ] ion, was prepared by reaction of [ Rh(CO) CI] with

4 A A A

excess of PPh . It was-reported in 1969 that reaction of [ Rh(CO) CI] with
O A A

7

PPhg (1:2 molar ratio) gave trans-[ Rh(CO)„ClPPhj . However, in making the
mixed ligand complexes [ Rh(CO)CIPPh L ] (L = PMePh , P(C H ) , AsPh ,3 26 XI 3 3

etc) via this compound, we discovered that it should be reformulated as

the dimeric [ Rh(CO)Cl^PPh3^ complex [6,7]. Oxidative addition of Cl^ and
Mel to this dimer was also observed to generate Rh(III) dimeric species.
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The reaction with Mel produced an equilibrium mixture of dimers containing

methyl and acetyl groups respectively and the mechanism of interconversion

is closely related to that for the catalytic conversion of methanol to

g
acetic acid using [Rh(CO) Cll as catalyst. A review of this work,

Z 2

in which a number of para-llel studies were made in different countries

9
has since been published.

By analogy with earlier studies in rhodium(I) and platinum(II)

chemistry, another approach to the syntheses of the elusive Ru(II) anions

was investigated; namely cleavage by halide ions of dimeric halide-

bridged ruthenium compounds containing tertiary phosphines and/or other

ligands.

Thus, reaction of [ {Rifcdci (C H )} ] (C„H = norbornadiene) with' '
a 7 o 2 7 o

Ph„(PhCH„)PCl/HCl in acetone gave the first anionic Ru(II) diene complex,
•J 2

Ph (PhCH )P[ Ru^OCl (C H )] [5,13] , whose structure was established byO Z *J to

1 13
X-ray analysis [29], H [5,13] and C [ 16 ] nmr studies. A second product

was also isolated from the reaction mixture and shown by X-ray analysis to

2-
be the Ru(III) anion [ Ru(CO)Cl ] [ 29] . In contrast, refluxing [{Ru(CO)-D

Cl^C^Hg)}^] with Ph^AsClHCl in ethanol gave the Ru(II) dicarbonyl anion
2-

cis- [ Ru(CO)„Cl ] [ 5,13] . Rationalisation of these observations is now
Z rz

possible by reference to the established reaction of "RuCl xB 0" with
O Z

2-
HCO H/HC1 mixtures, which gives first [ Ru(C0)Cl ] ,2 5

later [ Ru(H0)C0ClJ 2~, then [ Ru(C0)„Cl ] 2~ and finally the [ru(CO) CI_]2 4 2 4 o o

anion/^ Presumably, a similar stepwise formation of [ RuCCCO^Cl^] from
2-

[ Ru(C0)Cl ] occurs in the above reaction, with the extra CO group arising
5

from ethanol. Decarbonylation of alcohols by platinum metal complexes is
11

a well established reaction.

The [ Rufcotl (C H )] ~ ion proved to be a useful starting material for
^ o 7 8

the syntheses of several new ruthenium(II) anions of formulae [ RufcdjClgL^]
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(L - MeoS, MeoS0, CHo = CHCN etc)0 With larger bases such as AsPh„,2 2 2 3

SbPh^ and C^H^N, the neutral monomeric compounds [Ri^CCjCl^C^H^L] were
also formed and, on this basis, a mechanism of reaction was postulated

2
which involved an intermediate ^ -C^H^ complex. Evidence for the latter
was obtained from hydrogenation studies, using [RhCl(PPh ) ] as catalyst3 3

[10,16]. Later it was found that reaction of [ {Rupcici (C H ) } ]' 2 o 1a a

(CgH^^ = cyclo-octa-1,5-diene) with MeCN also gave the compound

[Ri^C(Cl2(C8Hi2)MeCNj and X -ray analysis revealed a trans-OC-Ru-MeCN
arrangement [22]. Detailed "^H nmr studies had shown earlier that this

could not be the isomer formed from the [ Ri^COjClg (C^H^) ] anion [10,16]
and an explanation based on the different stereochemistries of the anion

and [Rdfccjci2(C8Hi2)] 2 was therefore proposed [22].
Attempts to synthesise the anionic tertiary phosphine complexes

[ Ri^CC^l (PR ) ] from [ Rupojci (C H )] were however unsuccessful. Thuso «j Z ' o 7 o

with PMe Ph (1;2 molar ratio), the only product obtained was [ RuCl -
a 2

(PMe Ph) (C H )] , whereas PMePli gave an inseparable mixture of [ RuCl -2 2 / o 2 2
1 1

(PMePl^^C^Hg] and [ Ri^pcjci2(PMePh2) ] ( H and P nmr evidence) . With

PPhg (1:2 molar ratio), a mixture of products initially formulated as
isomers of [ (Ru(CO)Cl (PPh ) } ] was obtained [l0,16j but, later, [2l]2 2 2 2 '

31
detailed P nmr studies led to the reformation of these products as a

mixture of [ Ru(C0)Cl2(PPh3)2] g (67%) and [ (PPh3)Cl(OC)RuCl3Ru(CO)^Ph3)2]
(33%) isomers. More recently the [Ri^COCl_(PPh ) ] anion has been' 3 3 2

successfully synthesised by reaction of the methanolate [ Ri^pCJCl MeOH(PPh ) 12 O A

with AsPh^ClHCl [21].
Another interesting related study was the reaction of MC1/HC1

+ + -f
(M = Ph As , Ph (PhCH )P , Et N ) with the major product from the reaction

Tl O Z 4

12
of [ RuCl (PPh )1 with CS . This had been reported earlier as [ {RuCl -

2 3 o 2 ^

(CS) (PPh ) „ }„ ] and, in keeping with this formulation, some of it reacted
o 2 2

to give M[RuCl (CS)(PPh ) ], an example of the first and, until very
«J A
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recently, only anionic thiocarbonyl complex [5,14 J. However, the

remainder of the "t{RuCl (CS)(PPh )}]" complex reacted very slowly
m 3 2 2

with the MC1/HC1 mixture (later it was shown that the presence of MCI

was not necessary) to give a sparingly soluble orange-brown solid. This

was characterised by analytical, infrared and magnetic susceptibility

measurements (p
^ = 2.0/dimer at 292K) as the mixed oxidation state,

triple chloride bridged dimer [(PPh )C1 RuCl Ru(CS)(PPh ) ]2.Me CO (I)3 2 3 3 2 2

[14].

Careful separation of the "[ {RuCl (CS)(PPh )}]" product by
2 3 2 2

extraction with acetone revealed the presence of two thiocarbonyl

complexes: namely the acetone soluble double-chloride bridged dimer

[KruCI (CS)(PPh ) ^ 3(11) (16%) and the acetone insoluble triple chloride
2 3 2 2

bridged dimer [ (PPh ) ClRuCl Ru(CS)(PPh ) ](HI) (40%)[14 ], whose3 2 3 3 2

14
structure was verified by X-ray analysis. Thus, the formation of the

mixed Ru(II)/Ru(III) dimer (I) by reaction of (III) with HC1 is

attributed to removal of a PPh group as [Ph PHJC1 and its replacement3 3

with chloride ion.

Possible mechanisms to account for the formation of compound(III)

were then considered. By a process of elimination, an intermolecular

pathway involving coupling of the five coordinate intermediate "[ RuCl -
2

(CS)(PPh ) ] " and [ RuCl (PPh ) 1 was believed to be the most feasible.
3 3 3 3 3

g
The desire of compounds with d configurations to attain stable octahedral

structures was presumably the driving force for this process (see earlier).

Direct proof of this mechanism was impossible because of our inability to

trap out "[ RuCl^CS)(PPh^)^ " [14], but fortunately, the closely related
solvated monocarbonyl complex [ Ru(C0)C1 dmf(PPh ) ] (dmf = NN-dimethyl-

3 3 3

formamide) had just been synthesised by carbonylation of[ RuCl^PPhg)^]
15+

dmf solution. When this dmf solvate was heated under reflux in acetone

^In less basic solvents such as acetone, it had been well established that

carbonylation of [ RuCl (PPh„) 1 gave the dicarbonyl complex [ Ru(C0)oClo(PPh„3 3 3 2 2 3

the isomer formed depending on the reaction conditions [ 1] .
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with [RuCl (PPh )] (1:1 molar ratio), deep red crystals of r (PPh ) -
3 3 3 3 2

ClRuCl Ru(CO)(PPh ) 12 Me CO, isomorphous with compound (III), were
3 O /L Z

isolated in high yield [15,21] . The success of this reaction confirmed

the feasibility of the intermolecular coupling process for the formation

of compound (III). Later, [RuCl (CS)dmf(PPh )] was synthesised by2 O /i

reaction of [{RuCl„(CS)(PPh ) 1]with N.N^-dimethylformamide and direct
^ 3 22

proof of the coupling mechanism obtained since its reaction with [RuCl -

(PPhg)^] in acetone (1:1 molar ratio ) gave a high yield of (III) [21] .

Extension of this type of coupling reaction to synthesise the mixed

triple chloro/bromo bridged compounds [ Ru (CO)Br CI (PPh ) ] was
z z z o "

successfully accomplished, although an inseparable mixture of geometrical

isomers was generated [15,21] .

The corresponding [ Ru^(CO)Cl^(P(p-tol) } ] could also be synthesised
by reaction of [ Ru(CO)Cl dmf{P(p-tol) } ] with [ RuCl (P(P-tol) } ] (1:1

z z z 3 3

mol ratio) and reaction of [ RuCl (P(p-tol) } ] with CS gave both2 3 3 2

[ {RuCl2(CS){P(p-tol)3>2}2] and [ Ru^l^ (CS) {P(p-tol)3>4] . Furthermore,
reaction of [ Ri^Opi dmf(PPh ) 1 and [ RuCl (P(p-tol) } ] gave a high yield2 3 2 2 3 3

of the mixed phosphine dimer [ (PPh ) CORuCl RuClfP(p-tol) } ] . The
O Z *3 o Z

reverse coupling reaction, however, between [ Rufco|ci2dmf{P(p-tol)3}2]
31

and[RuCl2(PPh3)3| gave a complicated mixture of products ( P nmr evidence),
16

probably because of facile phosphine exchange [ 32] . Nixon and Head

have recently synthesised some mixed metal triple chloride bridged complexes

[ (PR ) ClRuCl RhCl(PF )(PR )] by a related coupling reaction.
O /L o 3 3

However, attempted coupling of [ RuCl (PEtPh ) ] (see later) and
2 2 3

[ RvfcC^Cl dmf (PEtPh ) ] (1:1 mol ratio) produced the following mixture

of compounds:- [ Ru2C1^(C0) (PEtPh^)^] ,[ Ru^l^CO^PEtPh^] ,[ RuCl2CO(PEtPh2)g]
31

and [ Ru CI (PEtPh )1 ( P nmr evidence) ie. both monomers undergo self-
2 4 2 5

dimerisation as well as some cross-coupling [32] .
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An additional complication in these coupling reactions is this

tendency of some of the solvated monomers [RuYCl S(PR ) ] (Y = CO, CS;
Z «3 Z

PR = PPh , P(p-tol) ; S = MeOH, dmf) to undergo self-dimerisation in
O O O i

low polarity solvents (with displacement of a PR group), giving the
O

triple chloride bridged compounds f (PR )Cl(Y)RuCl Ru(Y)(PR ) ] (IV) .
o o o Z

31
Three geometrical isomers are possible for (IV) and detailed P nmr

studies indicated that all three were formed [21,32].. As mentioned

earlier [ 21] , this isomer mixture was also formed, along with some

[ (Ru(CO)Cl (PPh ) } ] , when the [ Ri/COCl (C_H )] ~ anion was treated with
^ o Z Z '378

PPh^(l:2 mol ratio). A similar behaviour has been observed for reactions
of [ RuCl (PPh ) ] with PF , a 1:1 molar ratio giving [ Ru CI (PF ) (PPh ) 1Zoo o 2 4 o 2 33

r -.17
and a 2:1 molar ratio [^Ru^Cl^(PF^) (PPh^)^J and analogous mechanisms
of formation can be postulated [ 21] .

Preliminary cyclic voltammetric and A.C. polarographic studies on

[ Ru YC1 (PR ) ] (Y = CO, CS; PR = PPh , P(pntol) ) have shown that all
Z t: O «J 3 O

these compounds undergo a reversible, one electron oxidation step,

presumably to give the mixed Ru(11)/Ru(III) cations [ (PR ) YRuCl RuCl(PR ) ] +.
0 Z o o z

Further oxidation and reduction steps showed irreversible behaviour indicative

of rapid decomposition of these products [ 30].

Furthermore, if the [ Ru Y CI (PPh„) ] isomer mixtures were treated
2 2 4 3 3

with PPh and NaBPh in either acetone, dichloromethane or ethanol for
O rz

prolonged periods, displacement of the terminal chloride group by PPh
o

occurred giving the cationic dimer [ (PPh ) YRuCl RuY(PPh ) ] BPh . A small
o Z o o Z 4

amount of this cation was also produced when [ RuYCl^foeOH)(PPh3)2 ] was
heated in ethanol [ 21] .

Earlier [ 1 ] it had been reported that treatment of the "carbonyl-

containing" red solution with a mixture of SnCl and PPh in acetone gave
z o

a small yield of lemon yellow crystals, which analysed for [ Ru^CO^Cl^-
(SnCl )(PPh ) (Me CO)J . In the light of the above studies it was

o o o z z
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considered that this might be either a triple or double chloride bridged

31 1
dimer, containing a terminal SnCl ligand. A more recent P-{ H} nmr

o

spectrum of the material was, however, inconsistent with either formulation

since it revealed only one PPh resonance [ 27] . X-ray structural analysis
3

then showed the compound to be a monomeric solvate [ RuCCKMe^CCOCl(SnCl^)-
(PPh )„] Me„C0(V) with trans PPh groups. If (V) was gently warmed in benzene,

3 2 2 O

however, self-dimerisation accompanied by PPh and SnCl loss occurred ard
O ^

some [ (PPh )SnCl (CO)RuCl Ru(CO)(PPh ) ] was isolated. Unfortunate^

this compound was not very stable in solution, readily eliminating another

31
molecule of SnCl to give some [ Ru (CO) CI (PPh ) ] ( P nmr evidence) [ 27] .2 2 2 4 3 3

On the basis of the relative percentages of the various dimerisation

products found in the RuCl (PPli ) „/CS0, Ph (PhCH )P[ RuCl C0(C H )] /2PPh23323 2 378 3

and thermolysis reactions of [ RuYCl S(PPh )] and f Ru(C0)Me C0(SnCl )-
2 3 2 / u

(PPho)^] Me^CO it was concluded that self-dimerisation with phosphine loss3 2 2

to give [ Ru (Y) CI (PPh ) ] occurred in low polarity solvents when the2 2 4 3 3

phosphine groups were trans to each other in the monomeric precursor. When

the phosphine ligands were cis, however, dimerisation without phosphine

loss occurred giving the double chloride bridged species [ { RuYCl (PPh ) } ]
2 3 2 2

[ 21 ]. This difference is attributed to the high trans influence of PPh^
and the consequent electronic instability of trans-Ru(PPh )„- compared

3 2

to cis-Ru(PPh )„- arrangements.
O 2

Further support for these conclusions comes from the formation of

[ (AsPh ) ClRuCl RuCl (AsPh ) ] by heating [ RuCl MeOH(AsPh )J (which
3 2 o 2 3 3 3 2

3
contains trans AsPh ) in benzene and the reported isolation of the

3

double chloride bridged dimer [{Ru(C0)Cl(PMePh) }] from a solution which
2 2 2 2

r 18
contains the monomer l RuC0Cl„(PMe„Ph)J with cis PMe„Ph groups.

' 2 2 2 2

Preliminary work on self-dimerisation reactions of [ RhCl (solv)(PR ) ]
3 3 2

species to give either [ Rh CI (PR )J and/or [ Rh CI (PR ) ] can
2 6 3 o 2634

probably also be correlated with the isomeric form of the solvated

3
monomer.
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In contrast, in more polar solvents, chloride ion displacement is

facilitated leading to formation of the triple chloride bridged cations

[ Ru (Y) CI (PPh ) ]CI. Well known analogues of these cations, namely
2 2 J o 4

[ (PR ) RuCl Ru(PR ) ]CI, had previously been prepared by reaction of
u O U «J «3

"RuCl xH 0" with various trialkyl, dialkylaryl- or alkyldiaryl-phosphines
O Z

19 20
in either aqueous ethanol or 2-methoxyethanol. Rather surprisingly,

however, these cations do not react with an excess of tertiary phosphine

to give the monomeric [ RuCl (PR ) ] complexes. In fact, a detailed

literature survey (in late 1973) revealed that, although the monomeric

compounds [ RuCl L 1 (L = PHR„, AsR„, SbPh„, C H N etc) were well2 3 or 4 2 3 3 5 5

characterised, only two compounds of this type containing tertiary phos-

21
phines (namely PPh [1,2 ] andftp-tolyl) ) had been synthesised.

O o

Earlier, it had been shown that, when [ RuX (PPh )] (X = CI,Br)
2 «3 fx

was heated under reflux with excess of triarylphosphites in dichloro-

methane, ethanol or hexane, the corresponding [ RuX (P(0R) } 1 compounds
22

were produced. Extension of this exchange reaction to various tertiary

phosphines revealed that the product isolated depended on both the nature

of the solvent and the phosphine used [11 ,18J. Thus, in ethanol or

dichloromethane, the ionic dimers [ Ru X (PR ) ] X were obtained; whereas2 3 3 6

in hexane (or light petroleum bp 60-80°C) neutral tertiary phosphine

complexes were isolated. For PMe Ph, PMePh ; PEtPh ; PEt Ph and PClPh ,
2 2 2 2 2

[ RuX2(PR3)4] , [ RuXg(PR3)3^ and [ (PR3)2XRuX3Ru(PR3)3l respectively were
formed [l8,32^.

Furthermore, these mononuclear species underwent facile rearrangement

31
reactions in solution, which could be analysed by P nmr spectroscopy.

From these studies, it was concluded that [ Ru X (PR ) lX were always
2 3 3 6

rapidly produced when the monomers were dissolved in polar solvents

and this accounted for the difficulties in synthesising [ RuX (PR ) ]2 o o or *±
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compounds. Only when bulky tertiary phosphines such as PPh and
•J

P(p-tolyl) were used are monomeric compounds isolated from "RuCl xH 0",
o o Z

since here^steric constraints inhibited the associative rearrangement
31

reactions. For these compounds variable temperature P nmr studies

revealed the fluxional nature of the trisphosphine complexes [l8,32j and

showed that [ruCI (PPh ) Iwas best formulated as |RuCl (PPh ) PPh j with
■ Z «j 4 I Z o *J o

one PPhg group trapped in the lattice [is]. In non-polar solvents,
dimerisation of the [^RuX2^PR3^3or 4I compounds (PRg = PMePh^PEtPh^)
readily occurred to produce the neutral triple halide bridged dimers

[<pr3)2xrux3i<u(pb3)3].
Initially [l8] it was believed that these rearrangement reactions

involved formation of an unstable double halide bridged complex

[ IRuX (PR ) 3„J which then underwent further intramolecular rearrangement& O J z

to generate either |ru X (pr ) 1 with pr„ loss or [ru X (pr„) Jx with1 2 4 3 5J 3 1 2 3 3 6J

halide ion displacement (Scheme 1).

2fluX2(PR3)4]
It(-2PR3)

2^«X2(pB3>3] ^
X X

/ \ /
Ru X Ru — PR,

PR,

R3P X PR

Ru X Ru PR

v/ x
R P X

3
pr,

+

Scheme 1
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Later, however, the species thought to be [ {RuCl (PEtPh )}1 was
/ Z o z

reformulated as the cationic complex [ RuCl(PEtPh ) (EtOH) ] CI [21] and
Z «j z

the mechanism of formation of [ Ru X (PR ) ] X is now believed to involve
2 3 3 6

direct intermolecular coupling of [ RuX(PR ) (Solv)„] X and[ RuX„(PR ) };
3 3 2 2 3 3

for formation of [ Ru X (PR ) 1 , self-dimerisation of [ RuX (PR ) ] with
2 4 3 5 2 3 3

loss of a PRg group is the most feasible process [21,31] (££ the rearrange¬
ment of [ RuYCl Solv(PPh ) ] to [ Ru Y Cl (PPh ) ] discussed earlier). As

2 32 224 33

before, the driving force for these rearrangements is the high stability

of six coordinate ruthenium(II) complexes containing triple halide

bridging units.

More recently, in an attempt to test the generality of this

mechanism, the exchange reactions have been extended to tertiary phosphites,

phosphonites and phosphinites [24,31]. With P(OMe) and P(OMe) Ph, reaction
3 2

with [ RuCl (PPh ) ] in hexane readily gave [ RuCl L ] , whereas, with P(OR)Ph2 3 3 2 4 2

(R = Me, Et), monomeric [ RuCl L ] were produced. In polar solvents, the
2 3

P(OMe) Ph and P(OMe)Ph complexes rearranged to the yellow ionic dimers
2 2

[ Ru Cl L ] Cl but the P(OEt)Ph complex produced the yellow ionic trimer2 3b 2

[ Ru Cl L 1 Cl, Exchange of P(OR)Phrl with [ RuCl0(PPh„) 1 in polar solvents3 5 9 2 2 3 3

produced the same ionic species, via deep red solutions, from which the

+ 2+
red cations [ RuCl(PjOMejPh ) ] and [ Ru Cl (P [OEtfPh ) ] could be2 4 2 2 2 o

isolated by addition of NaBPh .

A possible rationalisation of these results is obtained by postulating

the formation of a double chloride bridged cationic intermediate by coupling

of [ RuCl(L) (Solv)] + with [ RuCl L ] (Scheme 2). This could then either
3 2 3

rearrange in intramolecular fashion to give [ Ru Cl L ] Cl or combine with2 3 6

another molecule of [ RuCl L ] to give [ Ru Cl L 1 Cl.
2 3 3 5 "



- 24 -

[ruC12L3J + [RUC1L3(SO1V)2J+

L

Scheme 2

A similar double bridged cation [ L (OH)Ru(OH) RuLj + which re-
w Z O

arranges to [ LgRu^H^RuLg] has recently been postulated by Ashworth
23

et al and such species are probably key intermediates in the

mechanism of formation of all the triple bridged complexes discussed

this thesis. Further work is now in progress with a wider range of

P(OR)Ph ligands to try and establish the factors which determine the
2

preferred pathway in Scheme 2.

Interestingly, no evidence has been found here for the formation

of the neutral dimers [ Ru^^Lg ] (L = P(OMe)3> P(OMe>2Ph, P(OR)Ph2>,
which can presumably be attributed to the stronger Ru-P bonds found

in alkoxy substituted phosphine complexes. In an attempt to obtain

such compounds, [Ru2C13(P{ OMe}Ph2>g] CI was pyrolysed at 120°C for
12 hours since a similar reaction with [Ru CI (PEt Ph) ] CI had givenZ 3 2 6
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[ RuCl,(PEt Ph) 1 X-ray analysis showed, however, that the unusual2 4 2 5

neutral dimer [ (P(OMe)Ph ) (P(OH)Ph )RuCl Ru{P(OH)Ph } (Ph PO)] (VI)
Z o Z Z Z

was formed [_23]. The same compound was produced on pyrolysis of

[Ru CI |P(OMe)Ph | 1x (X = SCN~, CN~ etc) suggesting that nucleophilicZ O Z O

attack of X on a coordinated alkoxy group to give a Ph PO group and
z

MeX followed by stepwise hydrolysis of some of the P(OMe)Ph groups
z

probably occurred.

(VI)

On the basis of analytical and infrared spectral data (the

compounds were too insoluble for molecular weight and nmr studies),

similar products were obtained by pyrolysis of [ Ru CI (P(OEt)Ph } ] X
3 5 2 9

(X = Cl,~ SCN, ~ CN~ etc)[ 23,31] .

In an attempt to synthesise neutral dimeric complexes containing P(OR)Ph2
or P(OR) Ph ligands, [ Ru YC1 (PPh ) ] (Y = CO,CS) were reacted with an

Z Z 4 o 4

excess of L in benzene. However, in every instance,PPh displacement
<5

was accompanied by facile bridge cleavage to give a mixture of monomeric

compounds [ RuCl L ] and [ Ru(Y)C1 L ] [ 33] . The latter could also be
z (jor^x z o

synthesised by direct carbonylation of [ RuCl L J [ 33] . In polar
2 3or4

solvents these compounds (L = P(OR)Ph ) readily lost chloride ion and
z

addition of BPh^ ion precipitated the cationic complexes [ Ru(Y)Cl-
(P{OMe}Ph ) ] BPh and [Ru Y CI (P{OEt}Ph ) ] (BPh ) . In contrast, no

23 4 222 20 4 2

cationic complexes were generated when [ RuCl Y(P{OMe} Ph) ] was
Z Z o

dissolved in methanol and this is attributed to the smaller steric require-
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ments of the F(uMe) Ph groups. similar changes have been observed xor
2

[ MX (Ph P{CH } PPh ) ] (M = Ru, Os; X = CI, Br), which lose a halide
z z z n z z

ion in boiling alcohol to give [ MX(Ph P{CH } PPh ) 1 (for n = 3) but
Z Z j z z

25
not when n = 1 or 2.

2
Finally, reaction of [ RuCl (PEtPh ) ] with CS gave "[ Ru(<| -CS )-Z Z j z z

31
CI(PEtPh ) ]CI", reformulated on the basis of P nmr and conductivity

Z o

studies as [ RuCl (S CPEtPh )(PEtPh ) 1 (VII) containing the Ph EtP+-CS
Z 2 2 2 2 Z Z

zwitterion ligand. In methanol, (VII) rearranged to the cationic

[ RuCl(MeOH)^2CPEtPh2)(PEtPh2)2] + (VIII) isolated as its BPh~ salt.[32]

Ph EtP
2

CI

(VII) (VIII)

Further studies on reactions of CS with other [ RuCl L 1 compounds are
z z oor^t

now in progress.

PEtPh„
l
Ru

I
CI

S

s

C —+PEtPh,
Ph EtP

z

(MeOH) CI

PEtPh,

Ru
.

MeOH(CI)

C~—^PEtPh,

(2) Arene complexes of Ruthenium

Interest in this area was first stimulated by the writing of two
U

reviews entitled Metal complexes containing six and seven electron

organic ligands" [9,17] and research on the chemistry of [ (Ru(arene)Cl } ]
z z

0
complexes was started in 1974. The compound [{Ru(0 -C H )C1 } ] had

• 6 6 2 Z

been synthesised by dehydrogenation of 1,3 or 1,4 cyclohexadienes with

26 27
"RuClgxHgO" and later this was extended to substituted 1,4 cyclo¬
hexadienes. The compounds underwent typical bridge cleavage reactions

with a variety of Lewis bases, giving [ Ru(arene)Cl L] (L = PR , AsR ,
Z *J v5

Me„SO etc), although under more forcing conditions, arene ring displace-
z

, i . 26,27ment also occurred.
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It was found that reaction of [ {Ru(n~C H )C1 } ] with CsCl/HCl in
6 6 2 2

0
ethanol gave Cs[ Ru(r)~C„H_)Cl_] and this represented the first example

6 6 3

of an anionic ir-arene transition metal complex [20,34] . Unfortunately,

attempts to prepare the unknown fac-{ RuCl L 1 anions by reaction of
o o

Cs[ Ru(riPC_H„)Cl 1 with excess L, gave either [ Ru(pC H )C1 L ] (L = C H -
663 662 55

N, Me„S0, SbPh etc) or, under more forcing conditions, fRuCl„L 1
Z 3 Z 4

(L = C H N, PMe Ph etc)[ 34] . Clearly the lability of the coordinated5 5 2 ——

arene group is much less than that of the diene in [ Ru^ojci^ (C7Hg)]
and, thus, displacement of chloride ion occurs much more readily than

loss of the benzene ring.

0
Reaction of[{Ru(p -C H )C1 } ] with hot water had been reported to

6 6 2 2

give an orange solution from which NH PF slowly precipitated an orange
4 6

solid, identified as [ (n6-C H )RuCl Ru(n6c H ) ] PF (IX) (40% yield).27
6 6 3 16 6 6

In one of our attempts to repeat this preparation, an additional compound

containing 7% nitrogen was obtained. This was shown by X-ray analysis to

be the monomeric cation [Ru(*rC H )C1(NH ) ] (PF ) NH PF [ 28].1 6 6 323 6346

Shaking [{Ru(p-C H )C1 } 1 with excess of NH PF in methanol
6 6 2 2 4 6

produced a higher yield of (IX) (>90%) .Unfortunately, attempts to

synthesise a range of new triple halide bridged complexes [L RuCl RuL ] PF3 3 3 6

(L = CrH_N, Me„S0, Et„S etc) by arene displacement from (IX) were
O u 2 2

unsuccessful, since bridge cleavage was a more facile process. However,

6
this did give a convenient synthetic route to new rj -arene cationic
complexes of the type [ RuCIC H )C1L ] PF„ (L = PR„, C H N, AsPh etc)

'66 26 355 o

[ 20,34 ].

By analogy with the related studies on triple halide bridged

ruthenium(II) complexes containing group 5B donor ligands (see section

1A), the most likely mechanism of formation of (IX) is by intermolecular

coupling of the solvated monomers [Ru(r|-C H )C1 (MeOH)] and [ru(H-C H )-
6 6 2 6 6

Cl(MeOH)„]+. The£e could either form (IX) directly or via a cationic
2

dimeric double bridged intermediate [ (U-C H )ClRuCl Ru(MeOH)(6C H )1 ,
6 6 2 ' 6 b
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which then rapidly rearranges to give (IX) (Scheme 3) (cf formation

of [Ru CI (P jOEtjPh ) ]C1 - section 1A) [34].2 9

Reaction of aqueous solutions of [ {Ru(arene)Cl } ] (arene = benzene,
2 2

mesitylene) with an excess of either NaOH or Na CO resulted in the isolation
2 3

of the yellow triple hydroxo bridged compounds [ areneRu(OH) Ruarene]C13H 0
o 2

(X). Treatment of aqueous solutions of (X) with NaBPh^ readily gave the
BPh salt but addition of NH PF led to the isolation of [ Ru(pC H )(NH ) ]-

4 4 6 6 6 3 3

PF ) [ 20,25,35]. .Unlike compound (IX), the triple hydroxo species (X) exhibited
6 2

a surprising stability towards Lewis Bases. For example, they were recovered

unchanged even after refluxing with various tertiary

Scheme 3

phosphines for prolonged periods, (cf. related studies with [ Pt (OH) -
2 2

1 28
(PR„).](BF.Jo and PR ). In contrast, reaction of (X) with alcohols%5 4 4 2 o

readily gave the triple alkoxo bridged complexes [ areneRu(OR)^Ruarene ] -

BPh^ (R = Me,Et), which could also be synthesised by reaction of
[ {Ru^rene^l^Jgl with NaOR[ 35] . A detailed study of the reactions of

29
all these compounds is now in progress.
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T -P f / Dn^r U In 1 ) 1 4— u J a s J-*- -1 , i
1 l«*ur| v »• iva ^ j JL11 nai/Cl nao tlCaiCU W1 111 J.C3 3 SOUlUlli

* b u 2 2

carbonate ([Ru2+j; [c°g2 j ca 1:1 molar ratio) and the resulting
solution treated with excess of sodium sulphate, an orange solid

was precipitated. This was shown by X-ray analysis to be the novel

g
tetranuclear complex [ {Ru(q -CgHg)OH}^] (SO^^^H^O (XI) containing

6
both n -C H rings and hydroxo bridges [25] . This represents6 6

both the first ruthenium compound and the first transition metal

arene complex with a cubane-like stereochemistry. Reaction of (XI)

with more hydroxide ion gave [ Ru2^rlC6H6^2^°H^^ + anc*' LiBr»
[ Ru2(nCgH^)2(OH^Br] + was isolated as its PFg salt. With nitrogen
donor ligands such as pyridine, the dicationic dimer [ (r)C„H I(C H N)-

6 6 5 5

Ru(OH) Ru(C H N) (1C H )] (PF_) was isolated, although with 1,10-2 5 5 6 6 6 2

phenanthroline, only [ Ru(phen) ] (PF ) was formed [ 25] .
3 6 2

A possible mechanism of formation of 0^1) could involve formation

of the ^Ru('|-CgHg) (OH) (H20)2J+ cation via deprotonation of a
r 2+

coordinated water molecule in [ RufcgHgKH^)^] followed by direct
tetramerisation to [^Ru(>"j-C6Hg)0Hj^+ and subsequent removal of this
cation from solution by addition of sulphate ion.

Formation of [ Ru (arene) (OH) 1 + can like [ Ru (arene) CI ] +,
2 Z j 2 2 o

be ascribed to intermolecular coupling between [ Ri^rene)(0H)(H20)2] +
and the neutral [ Ru^renej[0H)2H20] , probably via a cationic double
hydroxo bridged intermediate [ (arene)OHRu(OH) Ru(H 0)(arene)] + (XII)»

2 2

Alternatively, (XII) could be formed by direct dimerisation of [ Ru^Lrenej-
+ 2+

(OH)(H O) ] to [ (arene)(H 0)Ru(OH) Ru(H O)arene] followed by
2 2 2 2 2

2+
deprotonation in more basic media, (cjf [ L (H O)Ru(OH) Ru L ] to

O 2 2 «J

[L (OH)Ru(OH) Ru L ]+ to [ L Ru(OH) RuL ]+ postulated in ref. 23).
o 2 o o o o

Unlike the related [ Ru2YC1^(PRg)^] complexes which undergo reversible
one-electron oxidation processes to generate [ Ru YC1 (PR ) ] + cations,

2 tc «5 rr

none of the arene triple-bridged cations exhibit reversible oxidation

or reduction behaviour [ 30] .
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Finally, a study has been made of the reaction of various arene-

ruthenium(II) cations with nucleophiles. Most published work in this

area has indicated that, although substituted cyclohexadienyl complexes

are generated, they are usually impossible to isolate, because of

rapid decomposition. However, although this is true with the cations

[ Ru(C H )C1(N-N)]PF (N-N = 2,2^-bipyridyl, 1,10-phenanthroline),
DO D

0
reaction of various nucleophiles with [ Ru(n -C H )(PMe Ph)(N-N)] (PF )

6 6 2 6 2
5

leads to the isolation of air-stable h -cyclohexadienyl complexes

[ Ru(n-C6H6Y)(PMe2Ph)(N-N)] PFg (Y = H~, 0H_, CN~)[26]. Attempts to
4

make various disubstituted cyclohexadiene complexes [ Ru(n -C H YZ)-
6 6

- 30
(PMe Ph)(N-N)] (Y = H ; Z = OH etc) from these are now in progress.

There is also some ''"H nmr evidence that two hydride ions might add to

one of the benzene rings in the [ Ru (tiC„H ) (OH) 1 + cation to give a2 6 6 2 3

1,3 cyclohexadiene complex [26] .

.B Transition metal complexes containing dioxo-, monothio- or dithio-

acid ligands.

The general theme of this collection of papers is the synthesis,

characterisation and reactions of transition metal complexes containing

ligands with 0,0; S, 0 or S, S donor atoms. Important aims of this

work were to observe the differences (if any^in structure and behaviour
of these complexes on their reaction with a variety of Lewis bases and

to study any molecular rearrangements of these products in solution, using

infrared and nmr spectroscopic methods.

The earlier work (in conjunction with Professor (now Sir) Geoffrey

Wilkinson FRS) from 1962-65 was concerned entirely with the chemistry

of some second and third row transition metal carboxylates. In

31
particular, earlier suggestions by Nakamoto, on the use of ir

spectroscopy to determine the mode of carboxylate bonding, were utilised
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extensively to infer the structures of a number of these carboxylate

compounds.

For example, the important oxidation catalysts [ (Pd(OCOR) } ]

(R = Me, Et, Ph) were synthesised and their reactions with Lewis

bases studied t37,38,40]. These studies clearly showed that reaction

occurred with an excess of a wide range of bases (L) (P,As,Sb,N,0,S

donors) to give the products [Pd(OCOR) L ] . With stoichiometric amounts
2 2

of EPh (E = P,As), the dimeric compounds [ (Pd(OCOMe) (EPh )} ] were also
o z o ^

isolated. On the basis of molecular weight and detailed ir studies,

these were formulated as square planar compounds with unidentate and

unidentate/bridging RCO groups respectively. Much later, nmr studies2

on [ Pd(OCOMe) (PR ) ] (PR = PMe Ph, PMePh ) showed them to have a cis2 3 2 * 2 2

configuration and variable temperature nmr studies on [ {Pd(OCOMe) -
2

AsPh } ] indicated that this compound exhibited a facile scrambling of
«j 2

terminal and bridging acetate groups via a solvent assisted ring opening

mechanism [67]. (cf.related studies on [ { Pd(OCOR)J^Me^Ph^] made from
[ {PdClJpMe2Ph)}2] andAg[RC02] ) .32

In contrast [ (Pt(OCOMe) } ] (formulated as a trimer from molecular
2 n

weight measurements) did not undergo cleavage reactions but, instead, gave

high molecular weight adducts of uncertain composition [ 38] . These

observations are consistent with recent crystallographic studies on

platinum(II) acetate (made by a different route), which showed it to

33
be a tetramer with strong metal-metal interactions. Palladium(II)

acetate on the other hand is a cyclic trimer with n<D metal-metal

interactions

Another important group of compounds are [ Mo (0C0R) ] (R = Me,Et,
2 4

^u^Bu^h etc), made by direct reaction of Mo(C0V and RCO H [36] and6 2

35
shown by subsequent X-ray analysis (for R = Me) to have the [ Cu (OCOMe) -

2 fx

2H 0] structure (except for the absence of terminal groups). Reaction with
2
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pyridine did, however, give very air-sensitive bisadducts [ Mo (OCOR) -2 4

(C H N) ]t 36 ]. Interestingly, reaction with dry hydrogen chloride gave
5 5 2

36
a new form of "MoCl " and this was later substantiated by other workers.

a

These replacement reactions have been extended mainly by Cotton and coworke

who synthesised a range of binuclear low valent molybdenum halides, such

4-
as Mo„Cl„ etc., from [ Mo„(OCOMe),].

2 o 2 4

The acetate groups in [ Mo^OCOMe)^] were later replaced by various
dithioacid ligands giving [ Mo (S-S) ] (S-S = S COEt, S CNXPr , S CNEt ,2 4 2 2 2 2 2

S PPh ) and by monothiobenzoate ion to give [Mo (PhCOS) 1. For S-S =
2 2 2 4

S COEt, stable adducts [ Mo (S COEt) t. 1 (L = C H N, AsEt etc) were2 2242 55 3

readily formed but with [ Mo (S CNR ) 1 rapid rearrangement to the
2 2 2 4

"carbene" complex(XIII) occurred, followed by oxidation to [Mo 0 -
2 «j

(S^CNR^)^ [47]. The structure of (XIII) was established independently
38

by Weiss et al. using X-ray crystallography.

(XIII)

Rather surprisingly, reaction of W(CO)„ and MeCO„H did not give
6 2

[W2(0C0Me)4]but, instead, a trinuclear species of composition [ WgO(OCOMe)-

(OH)] H O was obtained[41] . Cotton and Jeremic independently reported
2

39
very similar results.

Reaction between hydrated rhodium oxide and various carboxylic acids

did give the rhodium(II) carboxylates [ Rh (OCOR) (H 0) ] and, here, ready
2 4 2 2

replacement of terminal water molecules, by ligands such as pyridine,

PPh etc, was possible [38]. Reaction of "RuCl xH 0" with carboxylic
3 3 2

c
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acid/acid anhydride mixtures, however, produced red-brown crystalline

compounds and emerald green solutions. The former were shown to be

[Ru (OCOR) Cl] and exhibited magnetic moments of 4.0 - 4.6 per dimer,

indicative of 3 unpaired electrons ^39j. An X-ray structural analysis

on the n-butyrate confirmed this formulation and showed that the

carboxylate bridged dimeric units were held together by single chloride

bridges. The unusual magnetic properties were satisfactorily explained

40
on the basis of molecular orbital theory > and these compounds are the

only "high spin" ruthenium complexes ever to have been prepared. The

emerald green solutions gave very soluble species, formulated initially

41
as dimers [ 39] but shown later, by Spencer and Wilkinson , to contain

the trinuclear oxo centred cations [ Ru 0(0C0R) (H O) ]OCOR.3 6 2 3

In 1967, after a two year postdoctoral fellowship in America, working

on a study of the kinetics of fast reactions using nmr spectroscopy,

I started an examination, at Newcastle University of the reactions of

[Pd(S2PPh2>2 ] with various Lewis bases. On the basis of infrared spectral
arguments, analogous to those used earlier for the carboxylate compounds,

the products [ Pd(S PPh ) PR ] and [ Pd(S PPh ) (PR ) ] were formulated
2 2 2 2 Cl Ci Ci 3 Ci

as rare examples of five and six coordinate palladium(II) respectively

and interconversion reactions between these species were monitored by

ir spectroscopy [42].

Later, however, at Edinburgh University, an extension of these studies

to platinum revealed that the 1:2 adducts could be stabilised in polar

solvents and were ionic in nature. Hence, the compounds were reformulated

as four coordinate square planar complexes with uni-/bidentate and bidentate/

ionic modes of bonding respectively [ 43] and this was subsequently

verified by X-ray structural studies on [ Pd(S PPh ) PPh ] and [Pd(S PPh )-2 2 2 3 2 2

(PEt ) ] S PPh [44], Further studies on other dithioacid complexes of
3 2 2 2
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palladium and platinum(II) of type [ M(S-S) ] (S-S = S CNR , S PR ,
Z Z Z Z Z

SgP^R^' S^COR j showed that this stepwise cleavage of M-S bonds
by strong Lewis bases, to give the monomeric 1:1 and 1:2 adducts

(XIV) and (XV) respectively, was a general phenomenon [46,48]. Again,

an X-ray analysis of [pt(S CNEt ) (PMePh )J confirmed this conclusionz z z z

and structure (XIV) has now been firmly established for various S-S

ligands (see O] for references). Characteristic ir bands for S PPhz z

^44 j and S PMe^ [^48 J compounds were also used to determine the mode ofz z

bonding.

M

S L

\ /
M (S-S)

(XIV) (XV)

In contrast, palladium(II) carboxylates formed 1:1 and 1:2 adducts

of different structure (see earlier) and with a wider range of Lewis

bases. Recently, studies on [ (M(PhCOS) } ] (M = Pd,Pt) with Lewis
2 n

bases have shown that they behave like carboxylates giving neutral

[ M(PhCOS) L ] with S-bonded unidentate groups. No evidence, however,
z z

has been found here for either 1:1 adducts (monomer or dimer) or

cationic 1:2 complexes[67].

The compounds [M(S-S) L] and [ M(S-S)L ] (S-S) were shown by "^H nmr
z z

31
(and later P nmr) spectroscopy to undergo a number of interesting

reversible rearrangement reactions in solution [44,46,48]. These were:-

a) Rapid unidentate/bidentate scrambling in [ M(S-S) L] compounds. Kinetic
z

line shape analysis studies suggested a concerted mechanism, in which both

bond breaking and bond making were important (equation 1).
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/
M

I

-s

rs
L S

/ \
(1)

b) Rapid bidentate/ionic exchange in [ M(S-S)L ] (S-S) compounds.
2

c) Slower intermolecular exchange of free and bound PR in [ M(S-S) PR ] .
J ^ «J

d) Interconversion between the 1:1 and 1:2 adducts in solution (equation 2)

Equilibrium constants were measured for this process by nmr spectroscopy

and showed that the ionic compounds are stabilised at low temperatures.

[ M(S-S)(PR3)2] (S-S) [M(S-S)2PR3] + PR. (2)

Some irreversible rearrangement reactions also occurred. For

example reaction of [ M(S COR) ] and [ M(S P{OEt} ) ] with excess of PR
Z Z Z Z Z u

gave the unusual products [ M(S CO)(PR ) ] and [ M(S P(0)(OEt))(PR ) ] and
Z Z Z Z Z Z

conductivity studies showed that these were formed by nucleophilic attacks

on the alkoxy group of the coordinated dithioacid group (equation 3).

These provided the first examples of compounds containing the unstable

S CO2 and S P(0)(0Et)2 anions,
z z

ROC

excess

/ S \ PRo
COR 3 '

R P^ S
3 v-s. /

M

R P""
3

s

I

R P.

J

^ s •3 vV.

M
v

R P"'
3

S COR
2

C = 0 + RS2C0R - - - (3)

Another irreversible rearrangement occurred with the S CNR compounds
z *-

in chlorinated solvents such as CH CI , giving the complexes [ M(S CNR )-
z z z z
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-{PR ) ]C1.H 0 and CH (S CNR ) . Interestingly, no such rearrangement
3 2 2 2 2 2 2

occurred with other dithioacid anions.

For [ Pd(S PR )(PPh ) 1BPh (R = Me,Ph) dissolution in CH X -EtOH
Z ^ U Z 4 Z Z

or CHX^EtOH (X = CI,Br) produced rapid rearrangement, to givef PdX(PPh )-
«5 o

(S PR )] , and this process was believed to involve a labile ir- or a-
Z z

bonded phenyl group[48]. Unfortunately, this particular rearrangement

was confined to compounds containing a combination of Pd, PPh , S PR
o Z Z

and BPh^ and thus did not provide a general method of synthesising the
series [ MX(PR )(S-S)]. It was found later, however, that these compounds

•J

could readily be synthesised by reaction of [{MX (PR )} ] with alkali
2 3 2

metal dithioacid salts (1:2 mol ratio). In contrast, reactions of

carboxylate ions with these halide bridged dimers gave either[{MX(OCOR)-
42 32

(1;2 mol ratio) or [ {M(OCOR) PR } 1 (1:4 mol ratio). These
u Z Z o Z

compounds were useful starting materials for the synthesis of the mixed

dithioacid complexes [ Pt (PR ) (S CNEt ) (S PR )] (shown to be stereochemically
o Z Z Z Z

rigid up to 330K by ^"H nmr spectroscopy) and the mixed ligand cations

[ PdL(PMePh)(S CNEt ]BPh (L = PPh , C H N etc) f56,6ol. With tetra-
Z Z Z 4 o O O

cyanoethylene, however, the unusual triphenylcyanoborate complex [Pd(S -
z

CNEt ) (PMe Ph) (NCBPh )] was isolated [ 63 ,65 ] .
Z Z «J

A wider range of compounds of type [ PdX(L) (S-S)] (L = AsPh , SbPh ,
u O

C H N etc) were made by cleavage of the halide bridged dimers [ {PdX(S-S)} 15 5 £

(XVI) (S-S = S CNEt , S PMe , S COEt). These were synthesised by
Z Z Z* Z* Zi

reaction of [ Pd(C H )C1 ] with S-S (1:1 mol ratio), in contrast to8 12 2

previous reactions of this diene compound with nucleophiles, which gave

substituted alkenyl compounds [ 54,61].

The corresponding [ Pt(C H )C1 ] with S CNEt behaved differently,8 12 2 2 2

giving the insoluble diene bridged complex £[ PtCl(S CNEt )] C H i (XVII),2 2 2812

which was ascribed to stronger Pt-C bonds. Both (XVI) (S CNEt ) and (XVII)
z z
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however, reacted with NaS PMe 2H 0 to give the mixed dithioacid
£d JL Ct

C1 /A 1I ^ \\->Pt S X s,

CI

S I S J Pd Pd
' /S C»Et2 V / \ / \c
N
Et

(XVII) (XVI)

compounds [ M(S CNEt )(S PMe )] , although the palladium species readily
Z Cd

underwent partial disproportionation in solution. Reaction of these

with PPh then gave the stereochemically rigid [ M(PPh ) (S CNEt ) (S PMe )]
o o 2 / Z Z

[61].

Another unusual reaction of [ M(S-S) ] compounds was the reaction of
Ci

[ Pt(S COR) ] with K[S COR] to give the [Pt(S COR) J anions (R = Et, """Pr) .

Unlike the [Ni(S COEt) ] anion, which is six coordinate, X-ray analysis

showed the [ Pt(S COEt) ] to be square planar with two unidentate S COEt
A «J Z

groups and "*"H nmr studies indicated rapid intramolecular exchange of

xanthato ligands at ambient temperature. Furthermore, slow irreversible

rearrangement occurred in solution to give the [pt(S CO)(S COR)] anions,

which reacted with various Lewis bases to give [ Pt(S CO)L ] (L = PPh ,
Z Z u

PMe2Ph, iPh2P(CH2)2PPh2)[ 52,59] .

Finally, these versatile [ M(S-S) ] compounds reacted with excess of

tertiary phosphinites (P(OR)Ph ) to give [ M(S-S)(PPh 0)(PPh OH)] complexes
A Ct

(XVIII) shown by X-ray analysis to contain the symmetrically hydrogen-

bonded Ph POHOPPh ligand.

H
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A careful study of this reaction has enabled intermediates such

as [ Pt(S CNEt )(PPh OMe) ] BPh and [ Pt(S CNEt )(PPh 0)(PPh OMe)] to
2 ^ 2 2 4 222 2

be isolated and a detailed mechanism of formation of (XVIII) has been

proposed. With [ M(S C01Pr) 1, however, only the compounds [ M(S CO)(PPh -
2 £ 2 2

OEt) ] were formed [ 62] .
2

In parallel with these studies on palladium and platinum, a thorough

investigation on dithioacid complexes of ruthenium>rhodium and osmium has

been carried out. A series of ruthenium(II) complexes fllu(S-S) L j were2 2

prepared by prolonged reaction of dithioacid anions with some of the

ruthenium(II) or (III) tertiary phosphine and phosphite compounds

discussed in section A [45,49j. A cis-configuration was established
by X-ray analysis for [ru(S PEt ) (PMe Ph) 1. ^ More recently it has2 2 2 2 2J

been shown that under milder conditions of reaction, intermediates

such as [ruCI(S-S)L ], [Ru(S-S)L 1+ and [Ru(S-S) l J can be trappedl- 3 3 L 2 3

out and characterised by chemical and spectroscopic methods ^64,68].
The complexes [ Ru(S PR ) L ] reacted with CO under very mild conditions

2 2 2 2

to form the monocarbonyl species [ Ru(S PR ) LCO] and underwent ligand
2 2 2

exchange reactions with other phosphorus ligands (L') of greater

basicity to give either [ Ru (S-S) ^LL' ] and/or [ Ru (S-S ) ^L'^] [ 45 , 49] .

Most of these compounds exhibited temperature variable nmr spectra

attributed to facile interconversion of optical enantiomers (for ®2?R2
complexes) and restricted rotation about the -CN bond (for the S CNR2 2

compounds).

The mechanism proposed for the former involved five steps [50,53] viz:

a) attack of solvent to form a seven coordinate intermediate

b) rupture of the metal-sulphur bond trans to L

c) exchange of bidentate and unidentate ligands

d) reattack of the free sulphur atom in such a position that when the
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solvent is expelled the attacking sulphur atom becomes trans to L„

Very recently a similar interconversion process has been observed

for the monothiobenzoate complex cis-[ Ru(PhC0S)„(PMeoPh)„] , made by
——— Z Z

reaction of mer-[ RuCl (PMe Ph) ] with Nal PhCOS] „ Reaction with NH fPhCOS]
o Z o 4

in acetone, however, gave a nitrogen containing product, shown by X-ray

analysis to be [ Ru(PhCOS) (PMe Ph) (HNC(Me)CH CMe NH )] (XIX) and a
z z z z z z

mechanism of formation involving condensation of [ Ru(PhCOS) (PMe Ph) -
z z z

PMe Ph
PhC i 2

I0 ^ I ^ PMe„Ph
2

Ru

Me H N I * S „0

/ \ ^
Me C C

H2 XMe

(XIX)

(NH ) ] with mesityl oxide was suggested [ 66] .
O Z

The tris(chelate) complexes [ Ru(S PMe ) diene] were synthesised
Z Z Z

by reaction of ^RuCl^diene)} ] with Na[S^PMe^pH^O and the labile
diene group readily replaced by various bidentate ligands such as

Ph P(CH ) PPh (n = 1,2) and C H (AsMe ) fs3/„ In contrast, reactionZ Z n 2 64 22^-*

of [?Ru(arene)Cl } J with S PR gave the compounds [.Ru(arene) (S PR ) jz z z z z z z

which contain both uni- and bi-cfentate S PR ligands. Similar compounds
z z

f Rhj: Me ](S-S) ] were made with a wider range of dithioacid ligands andO D Z

kinetic line shape analysis studies indicated a dissociatively controlled

uni-/bi-dentate exchange process for the latter compounds. Other compounds

prepared included fRh(C Me )C1(S-S)], [Rh(C Me )(S CNMe )(S PMe )J and^ 55 J 1 552 2 Z Z J

[~Rh(C Me )(S CNMe )L,7BPh (L=PPh , CO, AsPh , C H N etc) [55,65]. Reaction•5522-14 3 355

of [Rh(C^Me^) (S-S)MeOHjBPh^ with C^CN)^, however, gave the triphenyl-
cyanoborate complexes |Rh(nC Me )(S-S)(NCBPh)l as verified by X-ray1 5 5 3 J

analysis for S-S = S^PMe^ [63,65j0
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Earlier, a variety of rhodium(III) dithioacid complexes had

been synthesised starting from mer-[RhCl (PMe Ph)]. These included
O a O

species such as [RhCl (S-S)(PMe Ph) ], [RhCl (S-S)(PMe Ph) ], [RhCl(S-S)-
A Z O A Z ^

(PMe Ph) ] BPh and [ Rh(S-S) (PMe Ph)J BPh . All these compounds were
Z «j 4 Z Z Z 4

characterised by extensive spectroscopic studies and a detailed

mechanism for the overall reaction postulated[5l] . Similar studies on

mer-[0sCl (PMe„Ph) ] produced an even wider range of new dithioacid
O Z «j

compounds of osmium(III) and (II) and, again, a mechanism for the

overall reaction was proposed[58].

Finally, in an attempt to prepare Et NC(Se)SeiSeC(Se)NEt by the
z z

oxidation of NaSe CNEt , the two disproportionation products Et NC-
z z z

(Se)Se.Se.Se.C(Se)NEt (XX) and Et N.C(Se)SeC(Se)NEt were obtained.
z z z

An X-ray structural analysis of (XX) showed it to be a bis(diethyl-

diselenocarbamato)selenium(II) compound with two types of Se-Se bond

[57] and this was correlated with earlier work on sulphur^ selenium and
44

tellerium(II) complexes of bidentate dithio and diseleno ligands.

Et NC
z

Se CNEt
2

(XX)
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NEW COMPLEXES OF RUTHENIUM (II) AND (III) WITH
TRIPHENYLPHOSPHINE, TRIPHENYLARSINE,

TRICHLOROSTANNATE, PYRIDINE AND
OTHER LIGANDS

T. A. Stephenson and G. Wilkinson

Inorganic Chemistry Research Laboratories, Imperial College of Science and Technology,
London, S.W.7.

(Received 5 August 1965)

Abstract—The interaction of triphenylphosphine, -arsine and -stibine with hydrated ruthenium
trichloride in methanol leads to a variety of complexes such as [RuCkCPPh,,),], [RuCl2(PPh3)3],
[RuCl3(PPh3)2CH3OH], [RuCl3(AsPh3)2CH3OH] and [RuCl2(SbPh3)3], The corresponding bromo
complexes are also described. New mono and dicarbonyl complexes of ruthenium (II) and (III) have
also been prepared by the interaction of Ph3P, Ph3As, Ph3Sb, pyridine etc., with a carbonyl-containing
solution. Complexes of type cis and rranr-[RuCl2(CO)2L2], [RuCl2(CO)L3] and [pyH][RuCl,COpy]
are described.

Although much information is available on the preparation and properties of
tertiary phosphine and -arsine complexes of transition metals,'1' relatively little exists
for those of ruthenium. The insoluble hydrido-carbonyl species, [RuHCl(CO)(MPh3)3],
(M = P, As), have been prepared by refluxing hydrated ruthenium trichloride with
an excess of ligand in 2-methoxyethanol.'2' A preliminary note by Vaska'3' lists the
products of triphenylphosphine, -arsine and -stibine with osmium and ruthenium
halides in alcoholic media (ranging in b.p. from 25 to 270°) including the complexes
[RuBr3(CO)(PPh3)2], [RuBr3(AsPh3)2CH3OH] and [RuCl3(PPh3)2CH3OH] but de¬
tailed preparations are not available. The binuclear complexes [Ru2C13(PR3)6]C1 were
obtained by the prolonged interaction of the phosphine with hydrated trichloride in
boiling methanol (R = Et2Ph, EtPh2 etc.);'4' although these complexes do not react
with an excess of tertiary phosphine to give mononuclear complexes, [RuC12(PR3)4],
analogous preparative methods using dimethylphenylarsine gave cis and trans-
[RuCl2(AsMe2Ph)4] (but not [Ru2Cl3(AsMe2Ph)6]Cl).'5a) The preparation of the mixed
alkyl/aryl tertiary phosphine and arsine complexes [RuCl3(P(As)Et2Ph)3], [RuC12(CO)-
(PEt2Ph)3], [RuHX(CO)(PEt2Ph)3] (X = CI, Br, I), m-[RuX2(CO)2(P(As)R3)2]
(R = Et2Ph, X = CI (and for P only), Br, I; R = Et3 (for P only), X = CI) and
fra«5-[RuCl2(CO)2(PR3)2] (R = Et^Ph, Et3) by a variety of methods has been de-
scribed.(5a) Complexes such as [RuCl2(PEt2Ph)2L2] (L2 = bipy, o-phen,'4' C8H12<6')

<1) See G. Booth, Advances in Inorganic Chemistry and Radiochemistry, Vol. 6, p. 1. Academic
Press, New York (1964).

121 L. Vaska and J. W. DiLuzio, J. Amer. Chem. Soc. 83, 1262 (1962).
I3) L. Vaska, Chem. and Industr., 1402 (1961).
<4) J. Chatt and R. G. Hayter, J. Chem. Soc. 896 (1961).

<5a) J. Chatt, B. L. Shaw and A. E. Field, J. Chem. Soc. 3466 (1964).
(b> B. L. Shaw. Personal communication (1965).
<cl J. M. Jenkins and B. L. Shaw, Proc. Chem. Soc. 279 (1963).
161 For reference see R. G. Guy and B. L. Shaw Advances in Inorganic Chemistry and Radiochemistry,

Vol. 4, p. 93. Academic Press, New York (1962).
945
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were prepared via [Ru2Cl3(PEt2Ph)6]Cl and finally, the cis-dicarbonyl complexes
[RuI2(CO)2L2] (L = PPh3, AsPh3, SbPh3, py, CH3CN etc.) were prepared by action of
the appropriate ligand on ruthenium carbonyl iodide.<7)

In the present paper we report (1) the results of a further study of the interaction
of Ph3P, Ph3As and Ph3Sb with hydrated ruthenium trichloride, (2) the utilization of
the reaction, briefly reported by Chatt et alS5&) in order to prepare new mono- and
dicarbonyl complexes of ruthenium (II) and (III) with various ligands.

co co

CL
ill

Triphenylphosphine, -arsine and -stibine complexes
On passing carbon monoxide into a boiling solution of ethanolic commercial

RuC133H20 for several hours, a deep red solution was formed ;(5a) addition of
triethylphosphine (2 mole) then gave //•an.y-[RuCl2(CO)2(PEt3)2]. The composition of
the red solution itself has only been briefly examined. Removal of the solvent gave an
intractable oil. The solution has a high conductivity indicating the presence of an
electrolyte. Addition of tetramethylammonium chloride to the solution gave an
immediate orange precipitate, which had three strong carbonyl bands in the infra-red
spectrum but whose analysis clearly showed it to be a mixture; attempts to separate
this mixture by crystallisation and by chromatographic methods were unsuccessful.
However, we have now prepared the complexes cw-[RuCI2(CO)2(MPh3)2] (M = P,
As, Sb) and [RuCl2(CO)(MPh3)3] (M = As, Sb) via this red solution; the products
formed depend upon the amount of ligand used. The similarity of the position of the
carbonyl stretching frequencies (Table 1) to those of mixed alkyl/aryl phosphine and
arsine complexes(5a) (for which dipole-moments were measured) suggest they possess
a similar configuration (I). However, this configuration for the white compounds of
formula [RuC12(CO)2(PR3)2] now appears(5b> to be different from that given earlier ;(5a)
this result comes from NMR studies on the dimethylphenylphosphine ruthenium
complex using the technique described for complexes of other metals.(5c) It is in
agreement with our observed infra-red spectra (Table 1).

With mole ratios of 3:1, crystalline complexes whose infra-red spectra contained
three carbonyl bands were initially deposited. On recrystallization from acetone or a
dichloromethane/methanol mixture, the lowest frequency band disappeared, giving

R. J. Irving, J. Chem. Soc. 2879 (1956); W. Hieber and H. Heusinger, Angew Chem. 68, 678
(1956); J. Inorg. Nucl. Chem. 4, 179 (1957).
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Table 1.—Colours and carbonyl-stretching frequencies of some ruthenium complexes

Complex Colour r(CO)(cm J)*
cis- [RuCl,(CO)a(PPha)s] White 2064, 2001
c;.r-[RuBr2(CO)2(PPh3)2] White 2061, 1980
/ra/u-[RuCl2(CO)2(PPh3)2] Pale yellow 2005

/ra/w-[RuBrt(CO)2(PPh3)2] Fawn 2004

c«-[RuCi2(CO)2(AsPh,)2] White 2063, 2002
c/r-[RuBr2(CO)2(AsPH3)2] White 2060, 1988
c/'j-[RuCl2(CO)2(SbPh3)2] White 2056, 1992
c;'j-[RuCl2(CO)2py2] Orange-yellow 2059, 1988
a.s-!RuCl2(CO)2(/?-pic)2] Pale yellow-green 2061, 2007,1980
trans- [RuCl2(CO)2(qu in) 2 ] Orange-brown 1942

[RuCl2CO(AsPh3)3] Fawn 2010 vw, 1961
[RuCl2(CO)(SbPh3)3] Orange-brown 2010 vw, 1961
[pyH][RuCl«(CO)py] Orange 2052, 2046
[AsPh4][RuCl4(CO)py] Orange-brown 2042, 2040
[Ru2Cl3(SnCI3)(CO)2(PPh3)3(Me2CO)2] Lemon-yellow 1957

[Ru2Cl3(SnCI3)(CO)2(PPh3)4] Pale yellow 1969

[Me4N]2[RuCl2(CO)2(SnCI3)2] Yellow 2058, 2000
* In Nujol mulls. Bands strong unless otherwise noted.

pure cA-[RuCl2(CO)2(MPh3)2] (M = P, As). In the reaction with Ph3P, further pre¬
cipitation (deeper yellow) gave a material which also analysed for [RuCl2(CO)2(PPh3)2].
The greater intensity of the lowest carbonyl band (1920 cm-1) suggested that it con¬
tained a trans isomer but attempts to separate this isomer resulted in conversion to the
more stable cw-form. A purer sample of the c/j-form could initially be obtained by
refluxing the red solution with a fourfold excess of Ph3P or Ph3As.

If a sixfold excess of Ph3As was added to the cold freshly-prepared red solution,
the complex [RuCl2(CO)(AsPh3)3] (II) was slowly deposited. The corresponding Ph3P
complex could not be isolated in a pure form. However, the corresponding Ph3Sb
complex, [RuCl2(CO)(SbPh3)3], was obtained as insoluble orange-brown crystals by
adding a two to threefold excess of ligandtotheredsolution. Cw-[RuCl2(CO)2(SbPh3)2]
could, however, be obtained indirectly via a stannous chloride-containing intermediate.
Thus, when the red solution was refluxed for 30 min with a fourfold excess of an¬

hydrous stannous chloride, a pale yellow solution containing anionic trichlorostannate
complexes is formed. The addition of NMe4Cl to this solution gave a yellow precipi¬
tate but this was invariably contaminated with [Me4N]SnCl3. On refluxing the yellow
solution with excess Ph3P or Ph3As, the complex cw-[RuCl2(CO)2(MPh3)2] was
obtained. By preparing the initial solution in the presence of excess lithium bromide
(a green solution is now formed), the corresponding bromides, cw-[RuBr2(CO)2(MPh3)2]
could be obtained analogously.

Attempts to prepare the monocarbonyl complexes of PPh2Et and PEt3 directly
from the red solution in a similar way by using a large excess of ligand gave instead
green crystals of empirical formula [RuCl4(PR3)3] which showed no carbonyl bands
in the infra-red. Since these compounds in nitromethane give conductivities corre¬
sponding almost to those for 1:1 electrolytes, (e.g., for R = EtgPh; A0.001M = 60 fl-1
cm2 mole-1), contain P—H stretching frequencies at ca. 2400 cm-1, and have magnetic
moments of ca. 1-8 BM., indicative of ruthenium (III) spin-paired complexes, they are
best formulated as the salts [R3PH][RuC13(PR3)2], The salts were insoluble in and
decomposed by water.
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Attempts were also made to prepare the Ph3P and Ph3As complexes of ruthenium
(III) of formula [RuCl3(MPh3)3] by the method used(5) by Chatt to obtain
[RuCl3(PEt2Ph)3]. However, only the mono and dicarbonyl species could be isolated.
Further, completely substituted species could not be obtained either from the deep red
chloride solution or by interaction of the carbonyl complexes with excess ligand.
However, when an excess of Ph3P and hydrated ruthenium trichloride (6:1 mole ratio)
was shaken in methanol at room temperature, dark-brown diamagnetic crystals of
[RuCl2(PPh3)4] were deposited. These gave non-conducting yellow-brown solutions
in acetone, benzene, chloroform which rapidly turned green on exposure to air. The
oxidized solutions contained triphenylphosphine oxide. Molecular weight measure¬
ments carried out in acetone under nitrogen gave values about a third of those expected
for a monomer suggesting dissociation in solution:

[RuCl2(PPh3)4] -f solvent ^ [RuCl2(PPh3)2(solvent)2] + 2PPh3.
This dissociation is similar to that found for (Ph3P)3RhCl ;<8) the solvated ruthenium
complex also acts as a homogeneous hydrogenation catalyst for olefins, but is less
efficient than the rhodium complex. This facile dissociation was confirmed by the
rapid interaction of the solutions with carbon monoxide at room temperature and
pressure and also with<9) norbornadiene to give respectively trans-[RuCl2(CO)2(PPh3)2]
and [RuCl2(C7H8)(PPh3)2], Recrystallization of the trans-carbonyl complex
[r(CO), 2005 cm-1] from a dichloromethane/methanol mixture gave the m-isomer
[v(CO), 2064,2001 cm-1]. This trans-complex is apparently different from that
obtained (but not isolated in a pure state) from the red solution [v(CO), 1920 cm-1];
the similarity in the position of its carbonyl band to that in [RuCl2(CO)2(PEt3)2]
(1988 cm-1) suggests the same configuration (III). Hayter(10) has recently prepared
similar complexes [RuCl.^PHR^J (R = Et, Ph) by refluxing the trichloride and
excess ligand in ethanol for two hours.

When the methanolic solution of Ph3P and ruthenium trichloride was refluxed
under nitrogen instead of being shaken, red-brown crystals of empirical formula
[RuCl2(PPh3)3] were deposited. This compound has evidently been made independently
by Vaska in view of a recent X-ray diffraction study'11' on crystals obtained from him
but no preparative details are available. The structure is five co-ordinate with the
vacant octahedral site about the square-pyramidal configuration being effectively
blocked by a phenyl ring. Acetone and benzene solutions of the complex were
non-conducting, but the solutions again turned green on exposure to air. Molecular
weights in benzene (under nitrogen) were about half the value expected for a monomer,
and trans-[RuCl2(CO)2(PPh3)2] and [RuCl2(C7H8)(PPh3)2](9) were also obtained by
interaction with CO and C7H8 under very mild conditions. These facts suggest that in
solution the solvated species [RuCl2(PPh3)2(solv)2] is again present. In nitromethane,
conversion to an ionized complex, which is possibly [Ru2Cl3(PPh3)6]Cl or
[RuCl(PPh3)2MeN03]Cl, may occur, since the complex gives an air-stable pale yellow
solution which has a conductivity corresponding to that of a 1:1 electrolyte (A0.001JI =
68 Q-1 cm2 mole-1). [RuCl2(PPh3)4] also gave a pale yellow conducting solution in
nitromethane. We have been unstable to isolate pure salts from these solutions.

(8) J. F. Young, J. A. Osborn, F. H. Jardine and G. Wilkinson, Chem. Comm. 131 (1965).
(" S. D. Robinson and G. Wilkinson. J. Chem. Soc. (1966).

(101 R. G. Hayter, Inorg. Chem. 3, 301 (1964).
<u' S. J. La Placa and J. A. Ibers, Inorg. Chem. 4, 778 (1965).
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On shaking Ph3P and ruthenium trichloride (2:1 mole ratio) in excess methanol
for several days, green crystals of the complex [RuCl3(PPh3)2CH3OH], briefly reported
by Vaska(3) were deposited. The infra-red spectrum contained bands at ca. 1000 cm-1
assigned to co-ordinated methanol plus weak hydroxy bands at 3509 and 3448 cm-1
The magnetic moment of 1 -9 BM confirmed that the complex was one of ruthenium
(III). Using ethanol as solvent, [RuCl3(PPh3)2C2H5OH] was also prepared. Dissolu¬
tion of these alcohol complexes in benzene, chloroform etc. gave deep brown solutions.
However, from the solution in cold acetone, brown crystals of [RuCl3(PPh3)2(Me2CO)]
were quickly deposited, demonstrating the lability of the alcohol ligand. The position
of the carbonyl stretching frequency (1656 cm-1) in the acetone complex is similar to
those of similar adducts, e.g. F3B.OCMe3, vco = 1640 cm-1;1121 the other acetone
bands are readily assigned.

The corresponding reactions with Ph3As and Ph3Sb do not give the same range of
complexes. Thus, on refluxing ruthenium trichloride with excess Ph3As(6:l mole
ratio), paramagnetic (T79 BM) green crystals of [RuCl3(AsPh3)2CH3OH] were
formed; these showed methanol bands in the 1000 cm-1 region. On treatment with
acetone, brown crystals of the acetone complex [RuCl3(AsPh3)2(Me2CO)] (vco 1656
cm-1) are obtained. With pyridine under very mild reaction conditions, the complex
gives [RuCl3(AsPh3)(py)2] suggesting that one of the Ph3As groups is comparatively
labile, especially in the presence of ligands having a lower /rani-effect. It would also
suggest that the Ph3As groups are trans to each other.

The interaction of ruthenium trichloride and excess Ph3Sb (6:1 mole ratio), shaken
or refluxed in methanol or refluxed in 2-methoxyethanol, rapidly produces diamagnetic,
red microcrystals which analyse for the empirical formula [RuCl2(SbPh3)3]. The
complex is sparingly soluble in solvents such as acetone, ethanol, benzene etc.,
although on warming with pyridine or quinoline, green and red solutions respectively
are formed. It may well be quasi-octahedral like [RuCl2(PPh3)3], In contrast to the
reactions with Ph3P and Ph3As, no evidence was found for the formation of a hydrido-
carbonyl complex containing Ph3Sb on refluxing in 2-methoxyethanol.

By shaking the hydrated trichloride for several hours with excess lithium bromide
and then treating the solution with Ph3P and Ph3As as discussed above, we have also
prepared the corresponding bromides [RuBr2(PPh3)4], [RuBr2(PPh3)3], [RuBr3(PPh3)2-
CH3OH] (red-brown) and [RuBr3(AsPh3)2CH3OH] (dark brown). Although the first
two form fairly air-stable reddish-brown solutions in acetone, benzene etc. (slowly
turning dark brown), reactions with carbon monoxide and norbornadiene give
//■an.y-[RuBr2(CO)2(PPh3)2] and [RuBr2(C7H8)(PPh3)2], Furthermore, a molecular
weight determination on the tetrakis complex indicates some dissociation in solution.

Nitrogen-containing complexes
The reaction of excess pyridine with a freshly-prepared red solution led to the

isolation of cw-[RuCl2(CO)2py2]. No evidence was found for the direct formation of
[RuCl2(CO)py3] and it was also not formed on refluxing the dicarbonyl complex with
excess pyridine. However, reaction of excess norbornadiene or cyclo-octa-1,5 diene
with the red solution gave(9) complexes of empirical formula [RuCl2(CO)(diene)]; on
warming these with excess pyridine, crystals of [RuCl2(CO)py3] are readily obtained.
lISI P. Chalandon and B. P. Susz, Helv. Chim. Acta 41, 697 (1958).
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If the red solution was left to "age" for 24 hr, refluxing with excess pyridine
followed by addition of diethylether then gave an orange precipitate of empirical
formula [RuCl4(CO)py2]. Since (1) the infra-red spectrum contained pyridinium
bands ;<13) (2) a solution of the complex in nitromethane has the conductivity of a 1:1
electrolyte (A0.001M = 87 O-1 cm2 mole-1) and (3) it has a magnetic moment of 1 -8 BM,
the complex is best formulated as [pyH][RuCl4(CO)py]. Some cii,-[RuCl2(CO)2py2]
was also obtained from the reaction. Addition of a concentrated, slightly acid solution
of tetraphenylarsonium chloride to an aqueous solution of the complex deposited
[AsPh4][RuCl4(CO)py], which showed only a single band in the 1600 cm-1 region
(assigned to a pyridine ring vibrational mode) as expected. It is interesting to note
that with a freshly-prepared red solution, addition of pyridine followed by ether gave
only an oil. The "ageing" process is possibly an oxidative one but since excess
diethylphenylphosphine and triethylphosphine give ruthenium (III) species with a
freshly-prepared solution, the changes involved are doubtless not simple. Attempts
to prepare substituted pyridine and quinoline derivatives of ruthenium (III) by similar
methods were unsuccessful. With freshly-prepared red solutions, /?-picoline(3-
methylpyridine) gave the c/s-dicarbonyl complex. However, quinoline gave orange-
brown crystals of tra/is-[RuCl2(CO)2(quin)2] (single carbonyl band) which were
unaffected by, and insoluble in, most organic solvents.
Trichlorostannate complexes

If the red solution is allowed to stand with a mixture of anhydrous stannous
chloride and Ph3P in the presence of acetone, lemon-yellow crystals which analysed
for [Ru2Cl3(SnCl3)(CO)2(PPh3)3 (Me2CO)2] were quickly deposited. The infra-red
spectrum contained bands at 1701 and 1661 cm-1 assigned to free and co-ordinated
acetone groups respectively (plus other acetone bands) and a single carbonyl stretch
at 1957 cm-1. The complex is incompletely ionized in warm nitromethane (A0.001M =
30 Q-1 cm2 mole-1) and appears not to be a salt containing the SnCl3~ ion. On
standing for longer periods, other products were precipitated from the solution, and
these have carbonyl bands at 2067, 2015, 2000 and 1919 cm-1; the rate of production
of these products is accelerated by using more triphenylphosphine. Therefore, to
obtain the pure acetone complex, a deficiency of triphenylphosphine (only a twofold
excess) and excess acetone must be employed and the crystals removed within 25 min
of formation. Warming the acetone complex in benzene gave a pale yellow solution
from which an acetone-soluble product containing no acetone and a single carbonyl
band at 1969 cm-1 was isolated. The same product can also be obtained by refluxing
a mixture of red solution, stannous chloride and Ph3P in the presence of acetone; it
analyses for [Ru2Cl3(SnCl3)(CO)2(PPh3)4], If however, analogous reactions are carried
out with acetone replaced by diethylether, no single product could be isolated.
Attempts to separate the mixture of trichlorostannate complexes by recrystallization
resulted in the loss of stannous chloride with the formation of OT-[RuCl2(CO)2(PPh3)2].

An anionic carbonyl complex of ruthenium with co-ordinated trichlorostannate
can be obtained by interaction of polymeric Ru(CO)2C12 with stannous chloride
solutions. No carbon monoxide is displaced and bridge cleavage occurs to give the
discrete octahedral anion [RuCl2(CO)2(SnCl3)2]2-.
n" N. S. Gill, R. H. Nuttall, D. E. Scaife and D. W. A. Sharp, J. Inorg. Nucl. Chem. 18, 79

(1961).
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EXPERIMENTAL

Microanalyses and molecular weight measurements (Mechrolab osmometer at 37°) were by the
Microanalytical Laboratory, Imperial College. Mp's were determined with a Kofler hot-stage
microscope and are uncorrected. Infra-red spectra were taken on a Grubb-Parsons "Spectromaster"
grating instrument using Nujol and hexachlorobutadiene mulls. Magnetic measurements were made
by the standard Gotty method. The commercial ruthenium trichloride hydrate (Johnson-Matthey Ltd.)
used in this work is a mixture of hydrated trichloride, tetrachloride and various polynuclear species.
However, the complexes described below were obtained even when the salt was evaporated to dryness
several times with concentrated hydrochloric acid in order to convert it to ruthenium (III) chloro
complexes.

Analyses of the new ruthenium compounds are given in Table 2.

Ruthenium (II) complexes
Dichlorotetrakis{triphenylphosphine)ruthenium (II). Ruthenium trichloride trihydrate (0-2 g) was

dissolved in methanol (50 ml) and a sixfold excess (1-2 g) of triphenylphosphine added. After vigorous
shaking, the solution was filtered and the deep brown solution shaken at room temperature under
nitrogen for ca. 24 hr. The dark brown crystals of the complex were washed with methanol and
diethylether and dried in vacuo (60°) for several hours (yield 70 per cent).

The compound gives yellow-brown solutions under nitrogen in warm chloroform, acetone,
benzene and ethyl acetate which quickly turn green on exposure to air. It is insoluble in water, ether
and only sparingly soluble in alcohols.

Dibromotetrakis(triphenylphosphine)ruthenium (II). As for the chloro complex except that a
methanolic solution of the trichloride was first shaken with a large excess (6:1 mole ratio) of lithium
bromide for 24 hr. Addition of excess triphenylphosphine to the resulting purple solution followed by
filtration and shaking for a few hours gave reddish brown crystals of the complex (yield 65 per cent).

Dichlorotris(tripheny!phosphine)ruthenium (II). As for the tetrakis complex, except the solution
was refluxed under nitrogen for several hours. The resulting reddish-brown crystals of the complex
were well washed with methanol and ether and dried in vacuo (60°) (yield 75 per cent).

The compound has properties very similar to the tetrakis complex, but is somewhat more soluble in
cold organic solvents.

Dibromotris(triphenylphosphine)ruthenium (II). As for the chloro complex except that the tri¬
chloride was first shaken with a large excess of lithium bromide. Addition of excess triphenylphosphine
followed by filtration and refluxing gave dark-brown crystals of the complex (60 per cent).

Dichlorotris(triphenylstibine)ruthenium (II). Ruthenium trichloride trihydrate (0-2 g) was dissolved
in methanol (50 ml) and a six-fold'excess of triphenylstibine (1-7 g) was added. Filtering and shaking
gave within 10 min, deep red microcrystals of the complex, which were purified as above (70 per cent).
The same compound can be obtained by refluxing a mixture of trichloride and excess triphenylstibine
either in methanol or 2-methoxyethanol:- in methanol (Found: C, 52-6; H, 3-7; CI, 5-65%); in
2-methoxyethanol (Found: C, 53-2; H, 4-3%).

cis-Dicarbonyl complexes of ruthenium (II):- cis-dichloro{dicarbonyT)bis(triphenylphosphine)-
ruthenium (II). Carbon monoxide was bubbled through a boiling solution of hydrated trichloride
(1 g) in ethanol (30 ml) for 5 hr, giving a deep red solution.

(a) To 5 ml of freshly-prepared red solution, a fourfold excess of triphenylphosphine (0-7 g) in
ether (10 ml) was added, and the whole diluted to 35 ml with ethanol. On refluxing gently under
nitrogen, very pale yellow crystals were quickly deposited (ca. 10 min). Recrystallization from a
dichloromethane/methanol mixture gave pure white crystals of the complex, which were washed with
methanol and ether and dried in vacuo (60°) (45 per cent).

(b) Dichlorotetrakis(triphenylphosphine)ruthenium (II) (01 g) was dissolved under nitrogen in
warm acetone (35 ml) and then, carbon monoxide bubbled into the solution. It immediately became
pale yellow but no crystals separated. However, on concentrating the solution on a steam bath, white
crystals of the complex were deposited (same infra-red spectrum and m.p.). They are also obtained by
recrystallization of the trans complex (dichloromethane/methanol) or by interaction of [RuCl2(Frh3)3]
with carbon monoxide under the same conditions.

The compound is soluble in dichloromethane, acetone, benzene, nitromethane; insoluble in
alcohols, ethers etc.
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cis-Dibromo(dicarbonyl)bis(triphenylphosphine)ruthenium (II). As for the chloro complex except
the initial solution was made by passing carbon monoxide through a boiling solution of hydrated
trichloride and excess lithium bromide (6:1 mole ratio) in ethanol for 5 hr, giving a green solution.
Addition of excess triphenylphosphine to this followed by refluxing deposited pale yellow crystals,
recrystallized from a dichloromethane/methanol mixture to give pure white crystals of the complex
(45 per cent).

cis-Dichloro(dicarbonyl)bis(triphenylarsine)ruthemium (II). As for the triphenylphosphine complex
but using a fourfold excess of triphenylarsine (0-9 g). Pale yellow crystals were deposited after
refluxing ca. 30 min and had to be filtered while still hot to avoid contamination from the monocarbonyl
complex (impure) which separates out from the cooled solution. Recrystallization from a dichloro¬
methane/methanol mixture gave white crystals of the complex, purified in the usual way (50 per cent).

The compound is similar in properties to the phosphine complex.
cis-Dibromo(dicarbonyl)bis(triphenylarsine)ruthenium (II). As for the phosphine bromo complex

except using excess triphenylarsine, giving white crystals (recrystallized dichloromethane/methanol)
(50 per cent).

c\s>-Dichloro{dicarbonyV)bis(triphenylstibine)ruthenium (II). The red solution (5 ml) was refluxed
with an excess of anhydrous stannous chloride (0-8 g) (diluted with ethanol) under nitrogen for ca. 30
min to give a pale yellow solution. To this, a sixfold excess of triphenylstibine (1-4 g) in ether (10 ml)
was added and the mixture gently refluxed under nitrogen. Within 10 min, very pale yellow crystals
were deposited. Recrystallization from a dichloromethane/methanol mixture gave pure white crystals
of the complex (40 per cent). The test for tin (II) (cacotheline test) was negative.

cis-Dichloro(dicarbonyl)bis(pyridine)ruthenium (II). To 10 ml of freshly-prepared red solution,
excess pyridine (7 ml) was added and the whole diluted to 35 ml with ethanol. After refluxing under
nitrogen for ca. 3 hr, the solution was allowed to cool in air. After a short period, orange-yellow
crystals separated out which were recrystallized from ethanol to give the pure complex (60 per cent).
The compound is soluble in acetone, benzene, dichloromethane; insoluble in water and ethers.

ch-Dichloro{dicarbonyl)bis(jj-picoline)ruthenium (II). As for pyridine, depositing pale yellow-green
crystals of the complex, which were washed with ether and dried in vacuo (60°) (60 per cent).

trans-Dicarbonyl complexes of ruthenium (II):- trans-dichloro(dicarbonyl)bis-(cjuinoline)ruthenium
(II). To 5 ml of freshly-prepared red solution, excess quinoline (3 ml) was added and the solution
diluted to 35 ml with ethanol. On refluxing under nitrogen, the solution became dark brown and
quickly deposited orange-brown crystals of the complex. These were washed with ethanol and ether
and dried in vacuo (60°) (65 per cent). The compound is completely insoluble in dichloromethane,
benzene, acetone, ether, ethanol etc.

trans-Dichloro(dicarbonyl)bis(triphenylphosphine)ruthenium (II). Dichlorotetrakis(triphenylphos-
phine)ruthenium (II) (01 g) was dissolved under nitrogen in warm acetone (15 ml) and then, carbon
monoxide was bubbled into the solution. It immediately became pale yellow and deposited yellow
crystals. These were washed with ether and dried in vacuo (60°) (since recrystallization gives the white
Ci'i-isomer). The same compound can be obtained from [RuCl2(PPh3)3] and carbon monoxide
(concentrated solution). The compound is converted to the cir-isomer at ca. 200° without melting.

lra.ns-Dibromo(dicarbonyl)bis(triphenylphosphite)ruthenium (U)- As for the chloro complex, using
very concentrated solutions of the tetrakis or trisphosphine bromo complex, a fawn powder being
deposited. Recrystallization from a dichloromethane/methanol mixture gives the cir-isomer.

Monocarbonyl complexes of ruthenium (II). Dichloro(carbonyl)tris(triphenylarsine)ruthenium (II).
To 5 ml of freshly prepared red solution (cold), a sixfold excess of triphenylarsine (1-4 g) in ether (10 ml)
was added and the solution allowed to stand under nitrogen. Within 1 hr, a fawn powder was slowly
deposited which was washed with ethanol and ether and dried in vacuo (40°). The compound is very
soluble in dichloromethane, nitromethane (non-electrolyte) and warm acetone.

Dichloro{carbonyl)tris(triphenylstibine)rutheniurn (II). To 5 ml of freshly-prepared red solution
(cold), a two to threefold excess of triphenylstibine (0-6-0-9 g) in acetone (6 ml) was added. Within
10 min, orange-brown crystals of the complex began to appear and were slowly deposited over a
period of several hours. These were washed with acetone and ether and dried in vacuo (40°) (50 per
cent).

The compound is insoluble in methanol, acetone, benzene, ethyl acetate, nitromethane, water and
sparingly soluble in warm dichloromethane.
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Trichlorostannate complexes of ruthenium (II)
[Ru2Cl3(SnCl3)(CO)2(PPh3)3(Me2CO)2]. To 5 ml of freshly-prepared red solution, a fourfold excess

of anhydrous stannous chloride (0-5 g) in ethanol (5 ml) was added, followed immediately by tri¬
phenylphosphine (0-35 g) in acetone (7 ml). On standing for a short period under nitrogen (ca. 15-20
min), lemon-yellow crystals of the complex were deposited. These were removed immediately (to
avoid contamination from other products which separate out at a later stage of the reaction), washed
with acetone, ether and air-dried.

The compound is insoluble in acetone, ethanol, ether but dissolves in warm benzene, nitromethane
and ethyl acetate giving an acetone-soluble complex containing no acetone (vc0 1969). The same
compound is deposited if the red solution, stannous chloride and phosphine (same quantities) are
refluxed instead of shaken. Tt analyses for [Ru2CI3(SnCl3)(CO)2(PPh3)4]. The tin (II) (cacotheline
test) was positive.

Bis(tetramethylammoniurri)dicarbonyldichlorobis{trichlorostannato)rulhenate (II). * (a) Dicarbonyl-
dichlororuthenium (II) (0-3 g) was refluxed in 3M-hydrochIoric acid (25 ml) with SnCl22H20 (1-2 g)
for 1 hr. Addition of NMe4Cl (0-5 g) in water (5 ml) to the yellow solution precipitated the yellow
complex (0-7 g, 75 percent); recrystallized from 3M-hydrochloric acid-ethanol. The salt is soluble in
acetone, nitromethane and dimethylformamide. In dimethylformamide, a conductivity measurement
showed the salt to be a 2:1 electrolyte (A0.001M = 97 CI'1 cm2 mole-1).

(b) (Me4N)2[RuCl2(SnCl3)2]1141 (0-5 g) was suspended in acetone (15 ml) and treated with carbon
monoxide at 85 atm and 120° for 3 days. Most of the salt remained undissolved and unreacted, but
evaporation of the acetone solution yielded a very small amount of solid showing carbonyl bands in
the infra-red spectrum; it was not investigated further.

Ruthenium (III) complexes
Trichlorobis(triphenylphosphine){methanol)ruthenium (III). Ruthenium trichloride trihydrate (0-2 g)

was dissolved in methanol (50 ml) and a twofold excess of triphenylphosphine (0-4 g) was added.
Filtering and then shaking for several days at room temperature gave green crystals of the complex,
which were carefully washed with petroleum (40-40°) and air-dried (40 per cent).

Tribromobis{triphenylphosphine)(metlianol)ruthenium (III). As for the chloro complex except that
a methanolic solution of the trichloride was first shaken with a large excess of lithium bromide for
24 hr, further shaking with a two-fold excess of triphenylphosphine then giving reddish-brown crystals
of the complex (50 per cent).

Trichlorobis(triphenylphosphine)(ethanol)ruthenium (III). Exactly as for the methanolic derivative
using ethanol as solvent. Green crystals were deposited.

Trichlorobis{triphenylphosphine)(acetone)ruthenium (III). [RuCI3(PPh3)2CH3OH] was shaken with
excess acetone. Immediately, brown crystals of the complex were deposited, which were carefully
washed with acetone and ether and air-dried.

Trichlorobis(triphenylarsine)(methanol)ruthenium (III). The hydrated chloride (0 2 g) and a six-fold
excess of triphenylarsine (1 -5 g) were refluxed together in methanol (after filtration). Within two hours,
green crystals of the complex were deposited, washed with ether and air-dried (70 per cent).

Tribromobis(jriphenylarsine){methanol)ruthenium (III). As for the phosphine bromo complex except
for refluxing or shaking with an excess of triphenylarsine, dark-brown crystals being deposited (70
per cent). The complex has a magnetic moment of 1-74 BM.

Trichlorobis(triphenylarsine)(acetone~)ruthenium (III). As for the phosphine complex giving yellow-
brown crystals.

Trichloro(triphenylarsine)bis{pyridine)ruthenium (III). [RuCl3(AsPh3)2CH3OH] was gently warmed
with dry pyridine to give a bright yellow solution. Addition of excess petroleum (100-120°) precipi¬
tated an orange-yellow po^vder, recrystallized from an acetone/diethylether mixture as orange-brown
crystals (65 per cent).

Pyridinium tetrachloro(carbony[)pyridine ruthenate (III). The red solution was allowed to stand in
contact with air for 24 hr. Then, 10 ml of it were refluxed with excess pyridine (7 ml) (diluted with
20 ml of ethanol), for ca. 3 hr. Addition of excess diethylether or petroleum (100-120°) gave the
complex in the form of an orange powder. This was thoroughly washed with ether and dried in vacuo

* We thank Dr. J. F. Young who first made this complex in these laboratories for this information.
1141 J. F. Young, R. D. Gillard and G. Wilkinson, J. Chem. Soc. 5176 (1964).
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(60°) (40 per cent). The compound is soluble in acetone, water, ethanol and nitromethane; insoluble
in ethers and benzene.

Tetraphenylarsoniumtetrachloro(carbonyl)pyridine ruthenate (III). The pyridinium complex was
dissolved in warm distilled water and filtered into a concentrated acidified (HC1) solution of tetra-
phenylarsonium chloride. The resulting colloidal orange-brown precipitate (coagulated by addition
of sodium chloride) was centrifuged, well-washed with water and diethylether and dried in vacuo (30°)
for several hours.

Diethylphenylphosphonium tetrachlorobisidiethylphenylphosphine) ruthenate (III)- Excess diethyl-
phenylphosphine (1 ml) was added to 5 ml of freshly-prepared red solution under nitrogen. The
solution immediately turned bright-green and deposited green crystals of the complex which were
washed with petroleum (30-40°) and air-dried (60 per cent). The compound is soluble in warm nitro¬
methane, methanol and cold dichloromethane giving red solutions; insoluble in ethers and water
(decomposes).

Triethylphosphonium tetrachlorobis(triethylphosphine)ruthenate (III). Exactly as the diethyl-
phenylphosphine complex giving green crystals (60 per cent).

Acknowledgements—We thank E. I. du Pont de Nemours and Co. for financial assistance (T.A.S.) and
Johnson-Matthey Ltd. for loan of ruthenium salts.



40. TETRAKIS(TRIPHENYLPHOSPHINE)DICHLORO-
RUTHENIUM(II) AND TRIS(TRIPHENYLPHOSPHINE)-

DICHLORORUTHENIUM (II)
Submitted by P. S. HALI.MAN,* T. A. STEPHENSON,* and G. WILKINSON*

The interaction of triphenylphosphine with methanolic solutions
of commercial hydrated ruthenium trichloridef leads to mono¬
nuclear complexes [RuCl2fP(C6H6)3}4] and [RuCl2{P(C6H5)3}3],
the product depending upon the reaction conditions.1 However,
similar reactions, involving mixed alkyl aryl tertiary phosphines,
yield binuclear complexes of the type [Ru2C13(PR3)6]C1 [R =

(C2H6)2(C6H5), (C2H6)(C6H5)2, etc.].2

* Imperial College of Science and Technology, London, S.W. 7, England,
f Johnson Matthey Ltd., London, supply "ruthenium trichloride trihydrate"

with ca. 44.6% Ru; other suppliers' products are similar. These materials are
mainly ruthenium(IV) complexes. On repeated evaporation almost to dryness
with concentrated hydrochloric acid, a solution containing the ruthenium (III)
complex ion RuC163~ is obtained. For the present purpose, the commercial
material may be used; identical complexes are obtained by using the Ru(III)
solutions, however.
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A. TETRAKIS(TRIPHENYLPHOSPIIINE)-
DICHLORORUTHENIUM(II)

25°P

RuC13-3H20 + n(C6H5)3P [RuC12{P(C6H5)3 J 4] +other productsNt atm.
24 hours

in
methanol
solution

Checked by RICHARD SINGLER* and ROBERT D. FELTHAM*

Procedure

Ruthenium trichloride trihydrate (0.6 g., 2.2 mmoles) is
dissolved in methanol (150 ml.), filtered, and then refluxed for
5 minutes under nitrogen. The solution is allowed to cool in
this inert atmosphere, and a sixfold excess (3.6 g., 13.7 mmoles)
of triphenylphosphine is added. The solution, which becomes
deep brown, is shaken at ca. 25°C. under nitrogen for 24 hours.
The dark brown crystals which separate out are collected under
nitrogen, washed with degassed methanol and diethyl ether,
and dried under vacuum. The yield is approximately 1.85 g.

(70% based on ruthenium); m.p. 130-132°C. Anal. Calcd. for
C72H60C12P4Ru: C, 70.8%; H, 5.0%; CI, 5.8%; P, 10.1%.
Found: C, 70.0%; H, 5.2%; CI, 6.2%; P, 10.5%.

B. TRIS(TRIPHENYLPHOSPHINE)DICHLORORUTHENIUM(II)

RuC13-3H20 + n(C6H5)3P methaQ0'9olD' ,V '
65°C., 3 hours Ni atm.

[RuC12{P(C6H5)3}3] + other products

Checked by RICHARD HOLMt

Procedure

Ruthenium trichloride trihydrate (1.0 g., 3.8 mmoles) is dis¬
solved in methanol (250 *ml.) and the solution refluxed under

* Department of Chemistry, University of Arizona, Tucson, Ariz. 85721.
t Department of Chemistry, Massachusetts Institute of Technology, Cambridge,

Mass. 02139.
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nitrogen for 5 minutes. After cooling, triphenylphosphine
(6.0 g., 22.9 mmoles) is added in the ratio of 6 moles of (C6H6)3P
per mole of RuC13-3H20, and the solution is again refluxed under
nitrogen for 3 hours. The complex precipitates from the hot
solution as shiny black crystals; on cooling, they are filtered
under nitrogen, washed several times with degassed ether, and
dried under vacuum. The yield is ca. 2.7 g. (74% based on

ruthenium); m.p. 132-134°C. Anal. Calcd. for C56H45CI2P3RU:
C, 67.6%; H, 4.7%; CI, 7.4%; P, 10.3%; Ru, 10.6%. Found:
C, 67.9%; H, 4.9%; CI, 7.1%; P, 10.4%; Ru, 9.9%.

Properties

The tetrakis- and tris(triphenylphosphine)ruthenium(II) com¬

plexes are moderately soluble in warm chloroform, acetone,
benzene, and ethyl acetate to give yellow-brown solutions.
These solutions are air-sensitive, becoming green. Molecular-
weight determinations1 give low values indicating dissociation.
The x-ray crystal structure of [RuC12{P(C6H5)3}3]3 indicates a
distorted octahedral structure with a vacant site which is

occupied by an a-hydrogen atom of one of the phenyl rings of
a phosphine ligand.

Solutions of the complexes behave similarly. Thus they
react with carbon monoxide1 at room temperature and pressure,
and with norbornadiene4 to give, respectively, inms-[RuCl2-
(CO)2{P(C6H6)3}2] and [RuC12(C7H8) {P(C6H5)3}2]. The tris
complex in ethanol-benzene has been shown6 to be a homo¬
geneous hydrogenation catalyst for reduction of 1-alkenes; how¬
ever, the active catalytic species is chlorohydridotris(triphenyl-
Dhosphine)ruthenium(III), formed by hydrogenolysis.6'6

References

. T. A. Stephenson and G. Wilkinson, J. Inorg. Nucl. Chem., 28, 945 (1966).
. J. Chatt and R. G. Hayter, J. Chem. Soc., 896 (1961).



240 Inorganic Syntheses

3. S. J. LaPlaca and J. A. Ibers, Inorg. Chem., 4, 778 (1965).
4. S. D. Robinson and G. Wilkinson, J. Chem. Soc., A, 300 (1966).
5. D. Evans, J. A. Osborn, F. H. Jardine, and G. Wilkinson, Nature, 208, 1203

(1965).
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ANIONIC RUTHENIUM (III) COMPLEXES OF TERTIARY

PHOSPHINES AND ARSINES

T. A. Stephenson

Department of Inorganic Chemistry, The University, Newcastle upon Tyne, U.K

(Received T7 August 1968)

Although quite a wide variety of ruthenium (II) tertiary phosphine and

arsine complexes have been synthesized in recent years (1) , relatively few

complexes of ruthenium (III) containing these ligands have been reported. We

now wish to report some convenient methods of preparing the ruthenium (III)

anionic complexes M[RuX^ (AsPh^) (M=AsPh^ , (CH^) ^N+; X=C1, Br) and

M[RuC14(PR3)21 (M=AsPh4+, (CH3)4N; PR3=PPh3, PEt3 , PMe^h) . The
preparation of R PH[RuCl (PRJ ] (PR =PEt , PEt Ph) via an ethanolic carbonyl-

O 4 o Z o o Z

containing ruthenium solution has been briefly mentioned (2) .

Reaction of(kuCl3 (LPh3) ^CHgOH] (L=P, As) (2) with a large excess
of MCI in acetone slowly forms red crystals of M[RuC14(LPh3) ] (7 5-80% yield);
with [RuBr3(AsPh3>2CH3OH] (2) and MBr, purple acetone-soluble crystals of
the bromo anion are readily isolated. The PPhg anion can also be obtained
from the reaction of [RuClg(PPh3) g or 4\ (2) and MCI. As for PEt3 and PEt2Ph,
the phosphonium salt of the PMe Ph anion can be isolated as a dark brown

crystalline material by treating an ethanolic carbonyl-containing

ruthenium solution with PMe Ph (35-40% yield); other products from this

687
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reaction are [RuCl CO(PMe Ph) ] and trans-[RuCl (CO) (PMe Ph) ] (3).
u o Z Z Z Z

Reaction of these phosphonium salts with MCI in concentrated ethanol

or acetone solution readily gives M[RuCl4 (PR^) 2]. However, a more
convenient method of preparing these anions in much higher yield is

by treatment of MtRuCl^PPh^)^ with the appropriate phosphine when
quantitative conversion to M[RuCl^(PR^)occurs over a period of
several days.

Evidence for the correct formulation of these anions is

based on elemental analyses, (e.g. for (CH^^NtRuCl^tPPh^)^] prepared
from RuCl2(PPh3)4; Found: C, 57.0; H, 5.04; CI, 16.9; N, 1.70;
P, 7.26%. C4QH42Cl4NP2Ru requires C, 57.0; H, 5.0; CI, 16.9;
N, 1.66; P, 7 .4%), magnetic moments at room temperature corresponding

to ruthenium (III) spin-paired complexes and conductivity measurements in

nitromethane which are in close agreement with the value expected for

an uni-univalent electrolyte in this solvent (4). The latter measurements

were always made on freshly prepared solutions because of the ready

conversion to green [RuCl.(LPh-) CH NO_] (L=P, As); these complexes
o o iZ o Z

were also synthesized by direct interaction of [RuCl^(LPh^)gCH^OH] and

CH^NC^. Representative magnetic and conductance data are given in
Table 1.

A direct attempt to establish the configuration of the

[RuCl4(PMe2Ph) ] ion using the NMR technique developed by Shaw et al (5)
was unsuccessful because of the broadness of the methyl resonance

(cf. mer-[RuCl„ (PMe„Ph)(6) ). However, the close similarity between

the infrared spectra (4000-200 cm ^) of this paramagnetic ion and the

diamagnetic [M^Cl^PMe^h),^] ions (Mi=Rh, Ir), shown by NMR (5,7) to
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TABLE 1

T°K u.eff(B.M.) A (O.OOlM)cm?

(CH3)4N[RuCl4(AsPh3)2] 292 2.21 67

(CH3)4N[RuBr4(AsPh3)2] 295 1.84 73

(CH3)4N[RuCl4(PPh3)2] b 294 1.97 74

AsPh4[RuCl4(PPh3)2] b 295 2.00 62

Me2PhPH[RuCl4(PMe2Ph)2] 293 2.10 60

AsPh4(RuCl4(PMe2Ph)2] 295 1.94 51

[F<uCl3(AsPh3)2CH3N02] 295 2.00 4

aMeasured at 295°K ^Prepared from RuCl2(PPh3)4

have a trans structure suggests the same configuration for this ruthenium

ion. The absence of any strong bands below 300 cm ^ in the other

ruthenium anions , (indicative of no chloride trans to a tertiary phosphine or

arsine (1)J coupled with the exchange of PMe^Ph for PPh^ under very mild
reaction conditions suggests a similar configuration for them.

Similar high yield syntheses of the corresponding rhodium(III)

and iridium (III) anions are now being developed.

Acknowledgement We thank Johnson-Matthey Ltd. for a loan of ruthenium

trichloride.
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Some Anionic Ruthenium(in)1 and Rhodium(m) Complexes of Tertiary
Monophosphines and Arsines
By T. A. Stephenson,t Department of Inorganic Chemistry, University of Newcastle upon Tyne, NE1 7RU

Various methods of preparing ruthenium(Ml) anions of formula M [RuCI4(PR3)2] (M = Me4N+. Ph4As+; PR3 =
PPh3, PMe2Ph, PEt„. P(OPh)3), and M[RuX4(AsPh3)2] (M = Me4N+, Et4N+, Ph4As+; X = CI. Br) are described
including one involving 'oxidation' of RuCI2(PPh3)3 or 4 by concentrated hydrochloric acid. Methods of
synthesising the isomorphous complexes Ph4As[RhCI4(PR3)2] (PR3 = PPh3, PMe2Ph) via RhCI(PPh3)3 and trans-
[RhCICO(PPh3)2] are also described. A comparison of the stability of these anions towards solvolysis and various
exchange reactions is made. From n.m.r. and i.r. spectral studies, the probable structures of the complexes are
shown to be trans.

Although a wide variety of the complexes of ruthenium-
(11) with tertiary phosphines and at sines have been
synthesised,2 there have been few reported preparations
of the analogous compounds of ruthenium(ni). Those
described in the literature are as follows.

(a) A brief note on the preparation of RuBr3CO(PPh3)2
(ref. 3). The only other ruthenium(m) carbonyl com¬
plexes are M2[RuCOC18] [M = NH4+ (ref. 4), Cs+ (ref. 5)],
[Ru(CO)2{(PhCH2)2NCS2}2]Cl (ref. 6), and M[RuC14-
CO py] (M = pyH+, Ph4As+).7

(b) The synthesis of [RuCl3(LPh3)2MeOH] (L = P,
As) 3,7 obtained by treatment of RuC13,xH20 with a
stoicheiometric amount of triphenylphosphine in
methanol and by heating RuC13,xH20 under reflux with
an excess of triphenylarsine. The bromo-compounds
can also be obtained; reaction with acetone gives
[RuCl3(LPh3)2Me2CO] and with pyridine [RuCl3(AsPh3)-
(py)2l-7

(c) Various methods for the preparation of the com¬
plexes mex-[RuX3(LR3)3] (X = CI, Br; L = As, P;
R = alkyl and/or aryl) have been reported, culminating
in a recent paper by Chatt et al.s in which a general
preparative method has been given. Further papers
have discussed the e.s.r.9 and configurations 10 of these
and other platinum-metal tertiary phosphine and arsine
complexes.

(d) The binuclear complexes [RuC13(PR3)2]2 and
[Ru2C15(PR3)4] (R = Pr11, Bun) have been recently
reported.11 The former is formulated as a halogen-
bridged dimer and the latter has been shown by X-ray
analysis 12 to be analogous to the [Ru2C13(PR3)8]C1 com¬
plexes (postulated to contain a triple chloride bridge)13
with two chloride ions replacing two phosphine groups to
give a neutral complex with formal mixed oxidation
states of (ii) and (hi).

(,e) A brief report of the preparations of R3PH[RuC14-

f Present address: Department of Chemistry, University of
Edinburgh, EH9 3JJ.

1 Preliminary communication, T. A. Stephenson, Inorg.
Nuclear Chem. Letters, 1968, 4, 687.

2 For detailed references see M. S. Lupin and B. L. Shaw,
J. Chem. Soc. (A), 1968, 741.

3 L. Vaska, Chem. and Ind., 1961, 1402.
4 J. Halpern, B. R. James, and A. L. W. Kemp, J. Atner.

Chem. Soc., 1966, 88. 5142.
6 M. J. Cleare and W. P. Griffith, J. Chem. Soc. (A), 1969,

372.
6 J. V. Kingston and G. Wilkinson, J. Inorg. Nuclear Chem.,

1966, 28, 2709.
h h

(PR3)a] (PR3 = PEt3 and PEt2Ph) is available,7 obtained
by treatment of ethanolic carbonyl-containing ruthenium
solutions with excess tertiary phosphine.

Here we describe more convenient methods of prepar¬
ing the ruthenium(m) anions of tertiary phosphines and
arsines, particularly those of triphenyl-phosphine and
-arsine which cannot be prepared by method (e), the
only products being [RuCl2CO(LPh3)3] and [RuC12-
(CO)2(LPh3)2] (L = P, As).7 The preparation of the
isomorphous rhodium(m)-tertiary phosphine anions aie
also described. Various reactions of these anions will
be discussed in later publications.

Ruthenium(m) Anions of Triphenyl-phosphine and
-arsine.—The ready reaction of [RuCl3(LPh3)2MeOH]
(L = P, As) with solvents and Lewis bases 7 prompted
an attempt to displace the solvent group with halide ion
to form anionic ruthenium complexes. Although an
attempt with potassium chloride produced no obvious
reaction, when [RuCl3(LPh3)2MeOH] was suspended in
acetone and thoroughly shaken for several hours with a
large excess of tetramethylammonium chloride, an 80%
conversion of the initially formed [RuCl3(LPh3)2Me2CO]
into the red crystalline Me4N[RuCl4(LPh3)2] occurred.
Similar crystalline complexes were obtained upon treat¬
ment [RuCL(LPh»)MeOH] with an excess of Ph4AsCl,HCl
and Et4NCl,H20.

Similarly, treatment of [RuBr3(AsPh3)2MeOH] in
acetone with hydrobromic acid followed by addition of a
large excess of Ph4AsBr or Me4NBr and removal of the
solvent gave the purple crystalline M[RuBr4(AsPh3)2]
(M = Ph4As+, Me4N+).

In all cases, the complexes were characterised by
elemental analyses, by magnetic moments at room
temperature [ranging from 1-80 to 2-20 B.M. indicative
of ruthenium(in) spin-paired complexes] and by con¬
ductance measurements on 10~3m-solutions in nitro-
methane at 25° (Table 1). These gave values almost in

7 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear Chem.,
1966, 28, 945.

8 J. Chatt, G. J. Leigh, D. M. P. Mingos, and R. J. Paske,
J. Chem. Soc. (A), 1968, 2636, and references therein.

9 A. Hudson and M. J. Kennedy, J. Chem. Soc. [A). 1969,
1116.

10 J. Chatt, G. J. Leigh, and D. M. P. Mingos, J. Chem. Soc.
(A), 1969, 1674.

11 J. K. Nicholson, Angew. Chem. Internat. Edn., 1967, 6, 264.
12 G. Chioccola, J. J. Daly, and J. K. Nicholson, Angew. Chem.

Internat. Edn., 1968, 7, 131; G. Chioccola and J. J. Daly, J.
Chem. Soc. (A), 1968, 1981.

13 J. Chatt and R. G. Hayter, J. Chem. Soc., 1961, 896.
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the range expected for 1 : 1 electrolytes in this solvent.14
A molecular-weight measurement in acetone on Me4N-
[RuBr4(AsPh3)2] gave a value of half that expected for a
monomeric complex (since a 1 : 1 electrolyte in acetone).

The attempt to obtain the corresponding bromo-
phosphine anion via [RuBr3(PPh3)2MeOH] and MBr was
unsuccessful; the red-brown solids isolated contained
no large cations (i.r. evidence) and were non-electrolytes
in acetone and nitromethane solution. Treatment
of a suspension of Me4N[RuCl4(PPh3)2] in acetone with
an excess of lithium bromide immediately gave a purple
solution but after complete removal of the solvent or
addition of excess water, the paramagnetic product
contained no Me4N+ (characterised by a strong band in
the i.r. region at ca. 950 cm;1) and had an analysis very
close to that for [RuBr3(PPh3)2H20]H20. This formu¬
lation was supported by the very low conductance
(Table 1) in acetone and nitromethane solutions and by
the presence of weak bands at 3300 and 1600 cm;1 in
the i.r. spectrum of the complex which were assigned to
hydroxy stretching and bending vibrations respectively.

It is interesting to note that a similar reaction between
the [RuCl4(AsPh3)2]" anion and lithium bromide pro¬
duced the bromo-anion, provided that the solvent was
removed within minutes of the reactants; when they
were not, solvation occurred to give [RuBr3(AsPh3)2-
H20]H20. The anion could, however, be washed with
hot water without any apparent effect. Results pre¬
sented later for the chloro-anions, both with reference
to the rate of solvolytic attack and exchange reactions
with other tertiary phosphines, clearly indicate the in¬
creased lability of the Ph3P anion compared to the Ph3As
anion. It is concluded, therefore, that the inability to
prepare the bromophosphine anion stems from its
kinetic instability with respect to the solvated bromo-
complex.

Because of this ready solvolysis, few attempts have
been made to generate a series of ruthenium(m) anions
[RuX4(LPh3)2]~ (X = SCN-, I", etc) by metathetical re¬
actions. In contrast, similar reactions with [RhCl4-
(PPh3)2]~ readily produced [RhX4(PPh3)2]- (X = Br-,
SCN") which did not undergo solvolysis.

A feature of the tetraphenylarsonium salts of the ruth-
enium(in) triphenyl-phosphine and -arsine anions was
that they crystallised with two molecular equivalents of
acetone. This was shown by direct oxygen analyses and
by the i.r. spectra of the complexes which contained
bands characteristic of acetone at ca. 1700 (vco)
and 1220 cm.-1 (vCo)-15 The position of vCo indicated
that the acetone was probably present as molecules of
solvation and not co-ordinated, [c/. vco 1656 cm.-1 in
[RuCl3(AsPh3)2Me2CO] 7; 1640 cm.-1 in F3BOCMe2].15

11 J. E. Fergusson and R. S. Nyholm, Nature, 1959, 183, 1039;
R. D. Feltham and R. G. Hayter, J. Chem. Soc., 1964, 4587.

15 P. Chalandon and B. P. Susz, Helv. Chim. Acta, 1958, 41,
697.

16 R. H. Prince and K. A. Raspin, J. Chem. Soc. (A), 1969,
612.

17 K. A. Raspin, J. Chem. Soc. (A), 1969, 461.
18 N. W. Alcock and K. A. Raspin, J. Chem. Soc. (A), 1968,

2108.

However, the quaternary ammonium salts crystallised
out with no associated solvent. This suggests that
either the solvent molecules are associated only with
the tetraphenylarsonium ion or that the crystal packing
is such that acetone is incorporated in the lattice cavities
as in a clathrate complex.

In view of the success in preparing these ruthenium-
(iii) anions, an attempt was made to synthesise the un¬
known ruthenium(n) anion [RuCl4(PPh3)2]2- via RuC12-
(PPh3)3 or 4.7 There is only one example in the literature
of a ruthenium(n) anionic complex containing a tertiary
phosphine group: the rather strange [Ru2Cl3(PEt2Ph)6]-
[RuCl3(PEt2Ph)3] prepared by heating [Ru2Cl3(PEt2-
Ph)#]Cl at 60° in methyl acetate.16,17 At 120° in this
solvent, [Ru2Cl4(PEt2Ph)5] is formed.16,18 However,
the corresponding halogenocarbonyl anions Cs[RuX3-
(CO)3] (X = CI, Br)5 as well as M2[RuX4(CO)2] [M = Cs+
(refs. 5 and 19), NH4+ (ref. 4); X = CI, Br, I] and
M2[RuC14C0(H20)] [M = Cs (ref. 5); NH4+ (ref. 20)] are
well known.

However, reaction of RuCl2(PPh3)3 or 4 with an excess
of Ph4AsCl,HCl in acetone produced orange crystals of
Ph4As[RuCl4(PPh3)2](Me2CO)2, identical to the product
obtained from [RuCl3(PPh3)2MeOHJ. With Me4NCl,
there was no apparent reaction except on pre-treatment
of the acetone solution with concentrated hydrochloric
acid when the air-sensitive yellow-brown solution was
converted into an air-stable reddish-brown solution.
Addition of an excess of Me4NCl to a portion of this then
rapidly deposited orange Me4N[RhCl4(PPh3)2], Re¬
moval of the solvent from the remainder of the acidified
solution gave an air-stable, paramagnetic, yellow-brown
powder which was partially ionised in nitromethane and
acetone (Table 1) and had an analysis close to that for
H30[RuCl4(PPh3)2]. However, an i.r. spectrum of the
carefully dried compound contained no evidence for
either hydroxonium ion or aquo-groups and a better
formulation may be H[RuCl4(PPh3)2] (cf. H[RuC14(o-
phen)] obtained by reduction of [RuCl4(o-phen)] with
alcohol in the presence of hydrochloric acid).21 The
structure of these complexes may be similar to that
postulated for H4(Ru(CN)6] 22 with hydrogen bonding
between the hydrogen and chloride groups.

Rutheniutn(in) Anions of other Tertiary Monophos-
pliines.—Although the Ph3P anion can be readily ob¬
tained from RuCl3(PPh3)2MeOH, similar routes for the
preparation of other ruthenium(ni)-tertiary phosphine
anions are unavailable because the corresponding starting
materials containing a labile alcoholic group are un¬
known. Instead, refluxing methanolic 13 or 2-methoxy-
ethanolic2 solutions of R3P and RuC13,vH20 gives
[Ru2C13(PR3)6]C1; in an acidified ethanolic solution

19 R. Colton and R. H. Farthing, Austral. J. Chem., 1967, 20,
1283.

20 J. Halpern and A. L. W. Kemp, J. Amer. Chem. Soc., 1966,
88. 5147.

21 F. P. Dwyer, H. A. Goodwin, and E. C. Gyarfas, Austral.
J. Chem., 1963, 16, 42.

22 D. F. Evans, D. Jones, and G. Wilkinson, J. Chem. Soc.,
1964, 3164; A. P. Ginsberg and E. Koubek, Inorg. Chem., 1965,
4, 1186.
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wer-RuCl3(PR3)3 is formed8 and attempts to obtain
anionic complexes by reactions of these compounds with
MCl-hydrochloric acid mixtures have been unsuccessful.

An attempted preparation of the unknown complex
RuCl2(PEt3)3, by treatment of monomelic23 RuC12-
(PPh3)3 with an excess of neat triethylphosphine gave
a deep emerald-green solution. In view of the recent
paper by Leigh et al.,M in which it is suggested that in
solution [RuX2(PMe2Ph)3(EtOH)] (X = CI or Br) readily
decomposes to give green [RuX2(PMe2Ph)3], the method
is probably successful; only a very soluble oil could,
however, be isolated. When the solution was set aside
for several hours, the green colour was discharged and
very pale yellow crystals were deposited; these had an

crystals of R3PH[RuC14(PR3)2]. This reaction has now
been extended to the preparation of the phosphonium
salt of Me2PhP; reaction of an excess of Me2PhP with a
cold freshly prepared ' red solution ' produced a mixture
of Me2PhPH[RuCl4(PMe2Ph)2] (ca. yield 40%), RuC12CO-
(PMe2Ph)3, and RuCl2(CO)2(PMe2Ph)2. The carbonyl
complexes have been well characterised by previous
workers.26 Treatment of the phosphonium salts with
MCI in a minimum volume of solvent then gave M[RuC14-
(PR3)2] (M = Ph4As+ or Me4N+).

A more direct method of obtaining these salts is by
treatment of M[RuCl4(LPh3)2] with an excess of neat
tertiary phosphine for several days under nitrogen, when
almost quantitative conversion into the corresponding

Table 1

Molar conductivities (25°) and magnetic moments of some ruthenium and rhodium complexes
Complex A(o-ooim) (cm.8 Ohm"1 mole"1) Solvent (BM) T (°k)

Ph4As[RuCl4(AsPh3)2] (Me2CO) 2 50 MeN02 1-97 291
36 CH2C12«

Me4N[RuCl4(AsPh3)2] 67 MeN02 2-21 292
Et4N[RuCl4(AsPh3)2] 73 MeNOj 2-10 293
Ph4As[RuCl4(PPh3) 2J (Me2CO) 2 62,4 63 4 MeNOa 2 00,* 1-96« 295

Me4N[RuCl4(PPh3)2] 74,d 72 c MeNOa 1-97,4 2 02" 294
'

H[RuCl4(PPh3)2] ' 23 MeNOj 2-3 293
29 Me2CO

Ph4As[RuBr4(AsPh3) 2] (Me2CO) 2 66 MeNOj 1-87 296
37 CH2C12«

Me4N[RuBr4(AsPh3)2] 73 MeNOj 1-84 295
82 Me,CO

[RuBr3(PPh3)2H20]H20 5 MeNOj 2-00 293
6 Me2CO

[RuCl3(AsPh3) 2MeN02] 4," 5 MeNOj 2-00« 295

[RuCl3(PPh3)2MeN02] 4 MeNOj 1-97/ 295

Me2PhPH[RuCl4(PMe2Ph)2] 60 MeNOj 2-10 293

Ph4As[RuCl4(PMe2Ph)2] 51," 49 h MeNOj 1-94 » 296

Ph4As[RuCl4(PEt3)2] 64,* 62« MeNOj 1-89 » 294

Ph4As[RhCl4 (PPh3) 2] (Me2CO) 2 49,' 531 MeNOj Diamagnetic '• 296
43' CHjClj"

Me4N[RhCl4(PPh3)2] 80 MeNOj Diamagnetic 296

Ph4As[RhBr4(PPh3)2](Me2CO) 54 MeNOj Diamagnetic 294

Ph4As[Rh(SCN)4(PPh3)2] 98 Me2CO Diamagnetic 294
" PhjAsClHCl in CH2C12; A„.001M = 48 cm.2 ohm"1 mole"1. 4 Prepared from RuCl2(PPh3)4. ' Prepared from RuCl3(PPh3)2MeOH,

d Prepared from RuCl2(PPh3)3. • From RuCl3(AsPh3)2MeOH. 1 From Ph4As+ salt. ' From phosphonium salt. * From Ph3P
anion. ' From RhCl(PPh3)3. > From fra«s-[RhClCO(PPh3)2].

analysis which was consistent with the empirical formula
[RuCl2(PEt3)3], The far-i.r. spectrum [nov(RuCl) > 270
cm.-1], conductivity in nitromethane (A^jm = 49
ohnr1 mole-1 cm.2), and melting point were identical with
those of a sample of [RuCl3(PEt3)8]Cl, prepared from
RuC13,xH20, Et3P, and 2-methoxyethanol.2 A similar
result was obtained when RuH2(PMe2Ph)4 was treated
with hydrochloric acid when [Ru2Cl3(PMe2Ph)6]Cl, and
not the expected [RuCl2(PMe2Ph)4], was isolated.25 It
is concluded, therefore, that although mononuclear
halide complexes of ruthenium(n) with R3P do exist,
they are unstable with respect to the halogeno-bridged
binuclear complex. The only exceptions are RuC12-
(PPh3)3 or 4.

As briefly reported earlier,7 treatment of a ruthenium
carbonyl-containing solution with a large excess of
Et3P or Et2PhP gives immediate precipitation of green

23 S. J. La Placa and J. A. Ibers, Inorg. Chem., 1965, 4, 778.
21 J. Chatt, G. J. Leigh, and R. J. Paske, J. Chem. Soc. (A),

1969, 854.

tertiary phosphine anionic complex occurred. Care
must be taken to avoid solvents in these exchange re¬
actions because of ready solvolysis of all the anions;
further, since the compounds are thermally unstable,
heat must be avoided. The rate of exchange was also
sensitive to whether Ph3P or Ph3As was being displaced
and on the particular cation present. Qualitatively,
this rate of exchange was found to be [RuCl4(PPh3)2]+ >
[RuCl4(AsPh3)2]- and Ph4As+ > Me4N+ for the same
anion. This exchange reaction was also used to prepare
the first tertiary phosphite complex of ruthenium(m).
Treatment of Me4N(RuCl4(PPh3)2] with an excess of neat
triphenyl phosphite for several months gave orange
Me4N[RuCl4{P(PhO)3}2],

Magnetic moments and conductivity data are given
in Table 1.

25 K. C. Dewhirst, W. Keim, and C. A. Reilley, Inorg. Chem.,
1968, 7, 546.

26 J. M. Jenkins, M. S. Lupin, and B. L. Shaw, J. Chem. Soc.
(A), 1966, 1787.
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Solvolysis of Ruthenium(m) Anions.—When the red
anionic complexes M[RuCl4(LPh3)2] were dissolved in
nitromethane, the initial yellow solutions rapidly turned
green and if concentrated solutions were used, green
crystals could be isolated. This colour change was
accelerated by heat and the rate of conversion was
qualitatively the same as that found for the exchange
with tertiary phosphines. Similarly, when the green
triethylphosphonium compound (and its Ph4As+ salt)
was dissolved in dichloromethane, the initial green
solution rapidly turned yellow-brown; dissolution of
the brown dimethylphenylphosphonium salt in acetone
followed by addition of water rapidly gave a green
solution.

Similar colour changes have been reported in related
systems. For example, persistent treatment of red
H[RuC14],2H20 with alcohol gives a green solid 27 and
Griffith 28a has suggested that these may be cis- and
fraws-isomers of the [RuC14(H20)2]~ anion. A recent
X-ray analysis29 of red Ph4As[RuCl4(H20)2]H20 has
shown it to contain cis-aquo-groups. The brown com¬
plexes phenH[RuCl4(phen)] and bipyH[RuCl4(bipy)] are
also known 21 and for steric reasons must have a cis-

configuration. In contrast, e.s.r.9 and far-i.r.1-10 evidence
for green Et3PH[RuCl4(PEt3)2] suggest that this anion
has a fraws-configuration.

Therefore, on the basis of this evidence, the most
likely explanation for the colour changes observed in this
work was the existence of both cis- and b-aws-isomers:
a red cis- and a green /raws-form. However, in every
case, the colour change could be suppressed by addition
of an excess of MCI to the solution, and, further, the
addition of MCI to the green solids (from the [RuC14-
(LPh3)2]~ anions) in acetone rapidly gave the original red
complexes. Furthermore, the green complexes were
found to be non-conducting in nitromethane and to
contain no large cation (i.r. evidence); in fact, they had
melting points and analyses identical to [RuCl3(LPh3)2-
MeN02], which was obtained by treating [RuCl3(LPh3)2-
MeOH] with nitromethane. A similar behaviour was
observed in acetonitrile solutions. Thus the red-green
colour change can be ascribed to the equilibrium;

[RuCl4(LPh3)2]- + S^
[RuCl3(LPh3)2S] + CI" (S = MeN02, MeCN)

A similar behaviour has been found for the complexes
M[IrX4(SbPh3)a] (M = Na, K; X == CI, Br) which on
dissolution in methanol slowly give [IrX3(SbPh3)2-
CHgOH].30 Rather surprisingly, the i.r. spectra of the
ruthenium complexes showed no evidence for solvent
co-ordination,- although the nitrogen analyses clearly
indicated their presence. The reason for the absence

27 R. Charronat, Ann. Chim. [France), 1931, 16, 179, 188,
235.

28 W. P. Griffith, ' The Chemistry of the Rarer Platinum
Metals,' Interscience, London, 1967, (a) p. 141; (6) ch. 6.

29 T. E. Hopkins, A. Zalkin, D. H. Templeton, and M. G.
Adamson, Inorg. Chem., 1966, 5, 1427.

30 A. Araneo and S. Martinengo, Gazzetta, 1965, 95, 825; A.
Araneo, S. Martinengo, and F. Zingales, 1965, 95, 1435.

of characteristic solvent absorptions is unknown.
Investigation of the colour change in dichloromethane
of the Et3P anion led to isolation of a red-brown solid,
nonconducting in dichloromethane and nitromethane
and containing no large cation (i.r. evidence).

Therefore, it is concluded that the colour changes
observed arise from solvolysis of the anions and not a
cis-trans isomerisation. It also suggests that the colour
change observed when [RuC14(H20)2]~ is treated with
ethanol is probably due to the formation of green
[RuCl3(H20)2(Et0H)].

Rhodium(m) Anions of Tertiary Monophosphines.—
Although a substantial literature exists for a variety
of rhodium(m) complexes of tertiary phosphines,286
there is only one reported example of a rhodium(ui)
anion containing a tertiary phosphine group, namely
[RhCl4(PMe2Ph)2]~, isolated as its phosphonium salt
(2—3% yield) in the reaction of RhCl3,3H20 and Me2PhP
to give mer- and /ac-[RhCl3(PMe2Ph)3].31 Reaction of
the phosphonium salt with Ph4AsCl,HCl then gave
Ph4As[RhCl4(PMe2Ph)2], Attempts to prepare this
anion in larger yields by treatment of mer- [RhCl3-
(PMe2Ph)3] with an excess of Me4NCl have proved un¬
successful since only slow isomerisation to the fac-
complex occurred (cf. the recent report by Shaw et al.32
on photochemical isomerisation of platinum-metal
phosphine complexes).

However, when a suspension of RhCl(PPh3)3 in acetone
was treated with a large excess of Ph4AsCl,HCl, conversion
into orange crystalline Ph4As[RhCl4(PPh3)2] occurred
during several hours. As for the ruthenium anion, the
complex crystallises out with two molecular equivalents
of solvent acetone. With Me4NCl, the same anion was
isolated (with no solvent acetone) provided that the
suspension was pretreated with concentrated hydro¬
chloric acid. Attempts to obtain the unknown rhodium-
(i) anion [RhCl2(PPh3)2]~, analogous to the well-known
[RhCl2(CO)2]-,33 with a stoicheiometric quantity of
Ph4AsCl,HCl were unsuccessful; only the rhodium(m)
anion and unchanged RhCl(PPh3)3 were isolated from
the reaction mixture.

The rhodium(m) anion was also obtained as a side-
product (ca. 20% yield) by prolonged treatment of trans-
[RhCl(CO)(PPh3)2] with a large excess of Ph4AsCl,HCl
in an acetone-chloroform mixture. The main product
was A«»s-[RhCl3CO(PPh3)2], previously obtained by
direct interaction of chlorine with 2ra«s-[RhCl(CO)-
(PPh3)2].34 Although carbonyl groups have been re¬
placed in metal carbonyls by halide ion to give halogeno-
carbonyl anions,35 this appears to be the first reported
reaction involving carbonyl displacement by halide ion
in a monocarbonyl complex.

31 P. R. Brookes and B. L. Shaw, J. Chem. Soc. [A), 1967,
1079.

32 P. R. Brookes and B. L. Shaw, Chem. Comm., 1968, 919.
33 L. M. Vallarino, Inorg. Chem., 1965, 4, 161; D. N. Lawson

and G. Wilkinson, J. Chem. Soc., 1965, 1900.
31 L. M. Vallarino, J. Inorg. Nuclear Chem., 1958, 8. 288.
35 For detailed references see A. A. Chalmers, J. Lewis, and

S. B. Wild, J. Chem. Soc. [A), 1968, 1013.
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As for the ruthenium anions, treatment of this tri-
phenylphosphine anion with neat Me2PhP gave Ph4As-
[RuCl4(PMe2Ph)2]; however with Et3P and (PhO)3P,
only the unchanged arylphosphine anion could be
isolated. The decreased lability of the rhodium anions,
compared with ruthenium was also illustrated by the
relative stability of these complexes in solution; where¬
as the ruthenium ions underwent rapid solvolysis, the
rhodium ions appeared quite stable in nitromethane,
acetonitrile, etc. Furthermore, treatment of the rhodium
triphenylphosphine chloro-anion with various lithium
salts gave [RhX4(PPh3)2]~ ions (X = Br~ and SCN")
which were quite stable in solution. Unlike reactions of
»!6T-[RhCl3(PMe2Ph)3] with lithium salts, which require

Far-i.r. absorptions (400—200

Complex
Ph4As[RuCl4(AsPh3),] (MeaCO) 2

Ph4As[RuBr4(AsPh3) J (Me2CO) 2

Ph4As[RuCl4(PPh3)2](Me2CO)2 "
Ph4As[RhCl4(PPh3)2] (Me2CO) 2 »
Ph4As[RhBr4(PPh3)2](Me2CO)
Ph4As[RuCl4(PMe2Ph)2'
Ph4As[RhCl4(PMe2Ph),]
Ph4As[RuCl4(PEt3)2'
Me4N[RuCl4(AsPh3),]
Me4N[RuBr4(AsPh3)2]
Me4N[RuCl4(PPh3)2] d
Me4N[RhCl4(PPh3)2]
Me4N[RuCl4(PEt3)2]
Et4N(RuCl4(AsPh3)2]
Me2PhPH[RuCl4(PMe2Ph),]
Et3PH [RuC14 (PEt3) 2]
• H[RuCl4(PPh3)2] '
RuCl3(AsPh3)2CH3NOa"
RuCl3(PPh3)aCH3NO '
[Ru Cls(PEt,),]Cl
mer-fRuCljtPPhsb]'
met--RuCl3(PMePh) 3«

* Shoulder.
« From RuCl2(PPh3)4. " From tri

CH3OH. t From Ph4As+ salt. ' Prepared as in ref. 8.

several hours at reflux temperature for complete ex¬
change,31 these exchange reactions occurred quite rapidly
at room temperature.

Conductance data on these diamagnetic rhodium(m)
anions are given in Table 1.

Configuration of Ruthenium(m) and Rhodium(m)
Anions.- The far i.r. spectra (400 200 cm.-1) of the
various complexes are given in Table 2. There is a
close similarity between the i.r. spectra (4000—200 cmr1)
of the paramagnetic [RuCl4(PMe2Ph)2]~ ion and the
diamagnetic [MCl4(PMe2Ph)2]~ (M = Rh 31 and Ir 38) ions;
in particular, the absence of strong bands below 300 cm."1,
assignable to v(MCl), suggests there is no chloride trans
to a tertiary phosphine. Although the XH n.m.r. of the
paramagnetic ruthenium ion shows only a weak, broad
methyl resonance (cf. ref. 10), that of the corresponding
rhodium 31 and iridium37 anions show a well-defined

36 J. M. Jenkins and B. L. Shaw, J. Chem. Soc., 1965, 6789.
37 J. M. Jenkins and B. L. Shaw, J. Chem. Soc. (A), 1966,

1047; J. Chatt, R. S. Coffey and B. L. Shaw, J. Chem. Soc.,
1965, 7391.

'

triplet' indicative of fraws-Me2PhP groups. The
complex Ph4As[RhCl4(PMe2Ph)2] reported in this paper
has an identical m.p. and n.m.r. and far-i.r. spectral
properties (except for the absence of the characteristic
doublet of the Ph4As+ ion at 351 and 339 cm."1 in ref. 31)
to that reported by Shaw et al.31 Similar i.r. evidence
suggests a ^raws-structure for the [RuCl4(PEt3)2]_ ion
and this has been recently substantiated by e.s.r.
measurements 9 on Et3PH[RuCl4(PEt3)2],

For the chloro-Ph3P and -Ph3As anions, no strong
bands below 300 cm."1 are found in their far-i.r. spectra.
Superposition of the far-i.r. spectra of the chloro- and
bromo-ions enables v(MX) to be assigned and the ratio
of v(MCl) : v(MBr) (1-25—1-30) is in the range found by

other workers 38 and supports these assignments. How¬
ever, unlike «icr-[MCl3(PR22R1)3](M = Ru,10 Rh,10'31
Os.W lr>10,36 and Re10. R2 = R1 = alkyl or R2 = alkyl>
Rr = aryl) strong bands, assignable to v(RuCl) below
300 cm."1 are also absent in the far-i.r. spectra. Thus,
it appears that the criteria established by Shaw and his
co workers for distinguishing between chloride trans to
chloride or trans to tertiary phosphine may be invalid for
triphenylphosphine (and arsine) complexes. The reason
for this presumably arises from the fact that Ph3P is a
weaker a-donor than Et3P or Me2PhP and that in
octahedral complexes of the platinum metals, the trans-
bond weakening effect of a ligand seems to depend on its
a bond properties.39

Although far-i.r. evidence is, therefore, by no means
conclusive, the ready exchange of Me2PhP, etc., for Ph3L

38 J. R. Durig, B. R. Mitchell, D. W. Sink, J. N. Willis, jun.,
and A. S. Wilson, Spectrochim. Acta, 1967, 23.4, 1121, and
j-pfprpngpc thPfPlTl

38 B. L. Shaw and A. C. Smithies, J. Chem. Soc. (A), 1968,
2784.

Table 2

cm."1) for some ruthenium and rhodium complexes; metal-halogen frequencies
are tentatively assigned

Frequency of other bands (cm."1) y(M—X) cm."1
358s, 338m, 332s, 319vs, 296m,* 253w, 245w, 225m, 220w 311vs,* 296m *
352s, 347m,* 328s, 322s,* 306w, 224m, 220w 246s
358s, 344m,* 228w 317vs, 307vs
356s, 342m,* 290w, 236m, 230w * 334vs, 323s *
357s, 347m,* 229m 263s
354s, 341s, 322s,* 240w, 217w, 213w 311vs, 299vs
364s, 351s, 339s, 326s,* 213m 316vs, 303m
392m, 360m, 351m, 253m, 244m, 224m 308vs, 300vs
346w, 328s,* 316vs, 292m,* 226m 312vs, 303s *
340w, 328s, 318s, 309m,* 257m,* 226m 250s
325s,* 226w 314vs, 307m ♦
340s,* 268w, 242w, 230m 326vs
392m, 228m 315s,* 308vs
338m,* 320vs, 272w, 220w 308s*
322m,* 214w 312vs, 302s *
344w, 272w, 228m 308vs
340s, 312s,* 229m 333s
316vs, 267w, 220w 312s*
330s,* 227m 327vs
392m, 232m, 227m 266m

348(m), 278w, 230w 318vs, 312s,* 302m *
352m, 222m 330vs, 302m, 272s

;-[RhClCO(PPh3)2], ' From Ph3P anion. d From RuCl2(PPh3)3. e From RuCl3(AsPh3)2-
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under very mild reaction conditions to give trans-
isomers strongly suggests that the starting materials are
also trans. However, in view of the different isomers
obtained during oxidative addition reactions of trans-
[IrX(CO)L2] (X = halogen, L = tertiary phosphine,
arsine, or olefin) and recent observations on the influence
of solvent on the isomer formed in some of these re¬

actions,40 this evidence is also not conclusive.
In Ph4As[Rh(SCN)4(PPh3)2], the unsplit v(CN) absorp¬

tion (2105 cm;1) is consistent with a fraws-configuration.
Comparison with the i.r. spectrum of the chloro-anion

results from 400—200 cm.-1. Conductivity measurements
were made on a Mullard conductivity bridge: magnetic
susceptibilities were determined by the Faraday method.
N.m.r. spectra were obtained on a Bruker Spectrospin
HFX3 at 90 MHz and X-ray powder photographs in Linde-
mann glass tubes were taken with a Debije-Scherrer Powder
Camera, 15-75-cm. radius with cobalt radiation; ca. 10 hr.
exposure.

Analytical data for the ruthenium(iu) and rhodium(m)
anions are given in Table 3.

Materials.—These were obtained from the following
sources. Commercial ruthenium trichloride and rhodium

Table 3

Analytical data for ruthenium(iu) and rhodium(iu) anions
Found (%)

Complex C H As X"

Ph4As[RuCl4(AsPh3)2] (Me2CO) 2 58-5 4-4 17-7 11-0

Me4N[RuCl4(AsPh3)2] 51-6 4-5 15-8 15-4

Et4N[RuCl4(AsPh3)2] 53-9
f 63-6
162-3

5-5 14-5

Ph4As[RuCl4(PPh3) 2] (Me2CO) 2
4-8
4-5 11-1

Me4N[RuCl4(PPh3)2]
b 156-9

157-0
4-9
5-0

16-8
16-9

Ph4As[RuBr4(AsPh3) 2] (Me2CO) 2 51-6 4-0 15-8 21-9

Me4N[RuBr4(AsPh3) 2J 43-2 4-0 28-1

Me2PhPH[RuCl4(PMe2Ph)2] 44-0 5-4 20-9

Ph4As[RuCl4(PMe2Ph)2] (52-7
153-8

4-7
4-9

15-8

Ph4As[RuCl4(PEt3)2] s 16-1

Me4N[RuCl4(PEt3)2] 1 36-2 7-6

Ph4As[RuBr4(PEt3)2] 41-9 4-7

Me4N[RuCl4(P(PhO)3(2] 50-7 4-9

Ph4As[RhCl4(PPh3)2](Me2CO)2
9 [62-7

161-7
4-5
4-5

6-4
5-8

11-8
11-8

Me4N[RhCl4(PPh,)2] 55-9 4-9 16-5
Ph4As[RhBr4(PPh3) 2] (Me2CO) 53-4 4-1 24-3
Ph4As[Rh(SCN)4(PPh3)2] » 61-3 4-2

Ph4As[RhCl4(PMe2Ph)2] 53-2 4-9
* Found S, 11-1%; Required 10-3%.

N

1-9

1-7
1-7

O
2-7

2-5

2-7

71
7-3

2-9
2-3 5-0 }

« X = CI or Br.
1 From Ph,P anion.

1-7

4-5

From RuCl3(PPh3)2CH3OH. « From RuCl2(PPh3

Required (%)
C H As X° N O

58-5 4-6 16-6 10-5 2-4
51-7 4-5 16-1 15-3 1-5
53-6 5-1 14-4

62-6 4-9 11-3 2-5

57-1 5-0 16-9 1-7

51-7 4-1 14-8 20-9 2-1
43-4 3-8 28-9
43-8 5-2 21-6

53-2 4-7 15-7

16-5
34-7 7-6
41-6 4-8
51-2 4-5

62-4 4-9 5-9 11-2 2-5

56-9 5-0 16-8 1-7
54-4 4-0 23-1
61-4 4-0 4-5
53-2 4-7

7-4

4-9

From RhCl(PPh3 From 0,ans-RhCl(CO)(PPh3)2.
From RuCl2(PPh3)3. From phosphonium salt

shows there is no additional band in the M-NCS range
(780—860 cm.-1) but that a weak extra band occurs at
638 cm."1, close to the range expected for the (pre¬
dominantly) C~S stretching mode of vibration of an
S-bonded thiocyanate ligand (690—720 cm."1).41 The
region 690—720 cm."1 is obscured by bands due to the
triphenylphosphine ligands.

Finally, X-ray powder photographs of Ph4As[MCl4-
(PPh3)2] (M = Ru and Rh) are identical indicating that
the compounds are isomorphous; this also provides
support, although by no means proves, that the com¬
pounds have the same isomeric form.

experimental

Microanalyses were by the Microanalytical Laboratory,
Imperial College or A. Bernhardt, West Germany. Mole¬
cular weights were determined on a Perkin-Elmer Hitachi
osmometer (model 115) at 35°. I.r. spectra were recorded
in the region 4000—400 cm."1 on a Perkin-Elmer model 125
spectrometer and in the region 400—200 cm."1 by means of
a Grubb-Parsons DM4 mark II spectrometer; an R.I.I.C.
Fourier spectrometer F.S. 520 with a Melinex beam divider
and an effective resolution of 5 cm."1 was also used to obtain

trichloride, Johnson Matthey Ltd: triphenylphosphine,
triphenylarsine, tetramethyl- and tetraethyl-ammonium
chloride, dimethylphenylphosphine, B.D.H. Laboratories;
triethylphosphine, B. Newton Main Ltd; tetraphenylarson-
ium chloride and HC1, Koch-Light Ltd.

Ruthenium Complexes
Tetraphenylarsonium Tetrachlorobis (triphenylarsine)ruth-

enate(iu).—Diacetone.—Trichlorobis (triphenylarsine) (meth¬
anol) ruthenium(in) (0-15 g.) was suspended in solvent
acetone- (35 ml.) and thoroughly shaken with tetraphenyl-
arsonium chloride and hydrochloric acid (0-80 g.) for
several hours to produce complete conversion of the
initially formed brown trichlorobis (triphenylarsine) -

(acetone)ruthenium(m) to deep red crystals of the complex-,
these were washed with cold acetone (20 ml.), water (15
ml.), methanol, and diethyl ether and were then dried in
vacuo at 40° for several hours (0-27 g., 70%), m.p. 195°
(decomp.) (vco 1709 cm."1; vcc 1219 cm."1). The complex
is reasonably stable in dichloromethane but decomposes in
hot acetone.

40 A. J. Deeming and B. L. Shaw, Chem. Comm., 1968, 751,
and references therein.

41 J. L. Burmeister, Co-ordination Chem. Rev., 1968, 3, 225.
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Tetramethylammonium Tetrachlorobis(triphenylarsine)ruth-

enate(m).—This was prepared as for the Ph4As+ salt with
[RuCl3(AsPh3)2MeOH] (0-25 g.) and Me4NCl (1-20 g.) in
an acetone (25 ml.)-methanol (6 ml.) mixture. Orange-red
crystals of the complex were deposited and purified as above
(0-23 g., 83%), m.p. 262—263° (decomp.). The complex is
insoluble in dichloromethane.

Tetraethylammonium Tetrachlorobis(triphenylarsine)ruthen-
ate(ui).—This was prepared as for the other salts from
[RuCl3(AsPh3)3MeOH] (0-25 g.) and Et4NCl,H20 (1-00 g.)
in acetone (30 ml.); it was obtained as orange-brown
crystals (0-24 g., 82%), m.p. 218° (decomp.). This com¬
pound is more soluble than the Me4N+ salt.

Tetraphenylarsonium Tetrachlorobis(triphenylphosphine)-
ruthenate(ui).—Diacetone.—Method (A). This was prepared
as for the corresponding triphenylarsine salt from [RuC13-
(PPh3)2MeOH] (0-15 g.) and Ph4AsCl,HCl (0-80 g.) in
acetone (30 ml.); it was obtained as orange crystals (0-20
g., 79%), m.p. 207° [vco 1708 cm.-1; vcc 1216 cm.-1].

Method (B). Dichlorotetrakis(triphenylphosphine)ruth-
enium(n) (0-15 g.l dissolved under nitrogen in warm acetone
(25 ml.) gave a yellow-brown solution to which Ph4AsCl,HCl
(0-60 g.) in acetone (5 ml.) was added. An air-stable, red-
brown solution was produced which on prolonged shaking
deposited orange crystals of the complex which were purified
as above (0-11 g., 70%), m.p. 208° (vco 1708 cm.-1; vcc 1216
cm.-1). The same product is formed if RuCl2(PPh3)3 is
used.

Tetramethylammonium Tetrachlorobis(triphenylphosphine)-
ruthenate{m).—This was prepared as for the Ph4As+ salt
with [RuCl3(PPh3)2MeOH] (0-15 g.) and Me4NCl (0-60 g.)
and gave orange crystals (0-12 g., 80%), m.p. 220° (decomp.).
This compound is insoluble in dichloromethane.

Reaction of Dichlorotris(triphenylphosphine)ruthenium(ll)
with Hydrochloric Acid.—RuCl2(PPh3)3 (0-15 g.) dissolved
under nitrogen in warm acetone gave a yellow-brown solu¬
tion which upon addition of concentrated hydrochloric
acid (2 ml.) immediately gave an air-stable red-brown solu¬
tion. Removal of the solvent from this under reduced

pressure gave a yellow-brown solid which was washed with
light petroleum (b.p. 60—80°) and diethyl ether and dried
in vacuo at 40° for several hours (OTO g., 86%), m.p. 122—
125° (decomp.) (Found: C, 54-7; H, 5-0; CI, 18-1%
H[RuCl4(PPh3)2] requires C, 56-3; H, 4-2; CI, 18-5%). A
closer formulation is H30[RuCl4(PPh3)2] (Requires C, 55-0;
H, 4-2; CI, 18-0; O, 2-0%) but the i.r. spectrum shows no
evidence for aquo or hydroxonium groups; in view of the
i.r. spectrum of [RuCl3(LPh3)2MeN02] (no evidence for
MeN02), this may be inconclusive. An oxygen analyses
was, in fact, obtained (5-5%) but the delay was considerable
and some hydrolysis has probably occurred.

When a methanol (3 ml.) solution of Me4NCl (0'60 g.) was
added to the red-brown solution, orange crystals of tetra¬
methylammonium tetrachlorobis(triphenylphosphine)ruthenate-
(iii) were slowly deposited (0-09 g., 68%), m.p. 220—222°
(decomp.). The same compound can be obtained from
RuCl2(PPh3)4.

Tetraphenylarsonium Tetrabromobis(triphenylarsine)-
ruthenate(ill).—Diacetone.—[RuBr3(AsPh3)2MeOH] (0-30 g.)
was suspended in acetone (35 ml.) and treated with con¬
centrated hydrobromic acid (3 ml.) to give a deep red-
brown solution. Ph4AsBr (0-80 g.) was added to this
solution and the mixture was thoroughly shaken for several
hours. Concentration of the solution under reduced
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pressure gave dark purple crystals of the complex, which
were washed with small portions of cold acetone, hot water,
ethanol, and diethyl ether and then dried in vacuo
at 40° for several hours (0-30 g., 65%), m.p. 180° (decomp.)
(vco 1701 cm.-1; vcc 1211 cm.-1). The compound can also
be made by treating the corresponding chloro-salt with an
excess of lithium bromide in acetone; removal of the solvent
under reduced pressure (within 5 min.) gave the purple
solid, purified as above (m.p. 182°) (vco 1700 cm.-1). The
compound is soluble in dichloromethane and nitromethane
to give purple solutions; the latter rapidly turns red-brown.

Tetramethylammonium Tetrabromobis (triphenylarsine) ruth-
enate(lii).—This was prepared as for the Ph4As+ salt from
[RuBr3(AsPh3)2MeOH] (0-30 g.) and concentrated hydro¬
bromic acid (3 ml.), Me4NBr(0-80 g.) in an acetone (35 ml.)-
methanol (6 ml.) mixture. A purple solution was obtained
which upon removal of the solvent under reduced pressure
gave a purple-black solid, which was washed with methanol
and diethyl ether (0-20 g., 60%), m.p. 230—231° (decomp.)
[Found: M(acetone) 608. Required, 553 (for 1:1 elec¬
trolyte)].

Reaction of Tetramethylammonium Tetrachlorobis(triphenyl-
arsine)ruthenate(m) with Lithium Bromide.—Me4N-
[RuCl4(AsPh3)2] (0-30 g.) was shaken with lithium bromide
(1-50 g.) in acetone (30 ml.) to give a purple solution.
After 3—4 min., a portion (10 ml.) of this was decanted
off and an excess of water was added to it; the purple
precipitate was filtered off and washed with water, methanol,
and diethyl ether (0-11 g., 87%), m.p. 230° (decomp.);
its i.r. spectrum was identical with that of Me4N[RuBr4-
(AsPh3)2],

The remaining solution was left for a further 2 hr. Re¬
moval of the solvent from this under reduced pressure gave
a dark brown residue which was washed with water and

diethyl ether and dried in vacuo at 40° for several hours
(0-15 g., 80%), m.p. 154—156° (decomp.) (Found: C, 43-8;
Fl, 3-6% [RuBr3(AsPh3)2H20]H20 requires C, 43-5; H,
3-5%). The i.r. spectrum shows weak bands at 3400 and
1600 cm.-1; no band at 950 cm.-1 corresponding to Me4N+.

Reaction of Tetramethylammonium Tetrachlorobis(tri-
phenylphosphine)ruthenate(m) with Lithium Bromide.—This
was prepared as for the triphenylarsine complex from
Me4N[RuCl4(PPh3)2] (0-30 g.) and lithium bromide (1-50 g.)
in acetone (20 ml.). The purple solution was filtered after
2—3 min., and an excess of distilled water was added to it.
The resulting red-brown precipitate was washed with water
and diethyl ether (0-28 g., 87%), m.p. 148—150° (decomp.)
(Found: C, 48-0; H, 3-5; Br, 26-5% [RuBr3(PPh3)2H20]-
HaO requires C, 48-0; H, 3-8; Br, 26-6%). The same
product is obtained if the solvent is removed under reduced
pressure or if RuBr3(PPh3)2MeOH is treated with a
mixture of Me4NBr and HBr.

Trichlorobis(triphenylarsine)(nitromethane)ruthenium(m).
—Ph4As[RuCl4(AsPh3)2] (0-20 g.) was gently warmed with
nitromethane (5 ml.) and the solution was cooled. The
initial yellow solution slowly turned green and after ca.
30 min., green crystals of the complex were deposited; these
were washed with water, methanol, and diethyl ether and
dried in vacuo at 40° for several hours (0-10 g., 76%), m.p.
198—199° (decomp.) (Found: C, 51-5; H, 3-9; N, 1-8%.
C37H33As2C13N02Ru requires C, 50-4; H, 3'8; CI, 12-2; N,
1-6%).

Similarly, a solution of RuCl3(AsPh3)2MeOH (0-20 g.) in
nitromethane (5 ml.) when warmed gently, rapidly (2 min.)
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deposited lime-green crystals of the complex (0-16 g., 78%),
m.p. 200° (decomp.) (Found: C, 50-0; H, 4-0; CI, 12-7; N,
1-3%).

With Me4N[RuCl4(AsPh3)2], a mixture of unchanged solid
and green complex is obtained when the reaction mixture is
set aside for several hours. Treatment of the green com¬
plex in acetone with an excess of Me4NCl regenerated red
Me4N[RuC14(AsPhj)2] (2 hr.).

Trichlorobis(triphenylphosphine) (nitromethane)ruthenium-
(in),.—This was prepared as for the Ph3As complex from
Ph4As[RuCl4(PPh3)2] (0-20 g.) and nitromethane (5 ml.);
the reaction almost immediately gave green crystals of the
complex (OTO g., 80%), m.p. 180° (decomp.) (Found: CI,
13-6; N, 2-0%. C37H33C13N02P2Ru requires C, 13-5; N,
1-8%). Similarly, Me4N[RuCl4(PPh3)2] and MeN02 (10
min.) gave the complex.

Dimethylphenylphosphonium Tetrachlorobis (dimethyl-
phenylphosphine)ruthenate(m).—Carbon monoxide was
bubbled through a boiling solution of commercial ruthenium
trichloride hydrate (1-10 g.) in ethanol (75 ml.) for 5 hr.
to give a deep red solution. An excess of dimethylphenyl-
phosphine (2-50 g.) was added to the cool solution; the
mixture when kept at 0° for 1 hr. gave yellow crystals of
[RuCl2CO(PMe2Ph)3] [vco 1961, configuration (I)] and
[RuCl2(CO)2(PMe2Ph)2] [vco 1996cm."1, configuration (VI)].26
Partial removal of the solvent under reduced pressure from
the filtered solution gave more carbonyl complexes mixed
with dark brown crystals of the complex; these were washed
with benzene (to remove the carbonyl complexes) and diethyl
ether and dried in vacuo at 40° (1-05 g., 40%), m.p. 157°
(decomp.) [vpH 2450 cm."1]. The compound is soluble in
dichloromethane, acetone, nitromethane, and chloroform
but is insoluble in ethanol and water.

Tetraphenylarsonium Tetrachlorobis(dimethylphenylphos-
phine)ruthenate(m).—Method (A).—The phosphonium salt
(0-30 g.) was dissolved in acetone (10 ml.) and an excess
of Ph4AsCl,HCl was added (120 g.) to it, red-brown crystals
of the complex (0-36 g., 90%), m.p. 215° (decomp.) were
deposited.

Method (B). Neat Me2PhP (1-5 ml.) was added to
crushed Ph4As[RuCl4(PPh3)2] (0-15 g.) which was then
set aside at room temperature under nitrogen for 4 days.
The excess phosphine was then decanted off and the red-brown
complex was washed with acetone and diethyl ether (OTO g.,
95%), m.p. 212° (decomp.). With Me4N[RuCl4(PPh3)2]
and Me2PhP, the i.r. spectrum after 4 days showed the
presence of Ph3P and indicating incomplete exchange.
The complex is soluble in CH2C12 and MeNOj but insoluble
in ethanol and water.

Tetraphenylarsonium Tetrachlorobis(triethylphosphine)-
ruthenate(iu).—This was prepared as for the Me2PhP salt
from Ph4As[RuCl4(PPh3)2] (0-15 g.) and neat Et3P (1-0 ml.)
during 6 days. The greenish-brown complex was washed
with water and diethyl ether and dried in vacuo (0-09 g.,
93%), m.p. 198° (decomp.). With the corresponding
Ph3As salt, 30 days are required to give the Et3P salt. The
complex was also prepared from Et3PH[RuCl4(PEt3)2] and
Ph4AsCl,HCl in acetone [m.p. 200° (decomp.)]. The com¬
pound is soluble in CH2C12, and methanol to give green
solutions which rapidly turn yellow-brown.

Tetramethylammonium Tetrachlorobis (triethylphosphine) -

ruthenate(m).—This was prepared as the preceding complex
from Me4N[RuCl4(PPh3)2] (0-20 g.) and neat Et3P (1-0 ml.).
The complex was obtained as green crystals (8 days) (0-13 g.,

90%), m.p. 170° (decomp.). With the Ph3As anion, ca.
15% conversion into the green Et3P anion occurred during
30 days. The complex is very soluble and unstable in
solution (e.g. in dichloromethane) and the green solution
rapidly turns yellow-brown; the brown solid isolated con¬
tained no Me4N+.

Tetraphenylarsonium Tetrabromobis(triethylphosphine)-
ruthenate(ui).—Ph4As[RuBr4(AsPh3)2] (OTO g.) was treated
with neat Et3P (1-0 ml.) for 2 months to give a dark green
solid which was washed with water and diethyl ether (0'06
g., 93%), m.p. 196—198° (decomp.).

Tetramethylammonium Tetrachlorobis (triphenylphosphite) -

ruthenate(hi).—Me4N[RuCl4(PPh3)2] (OTO g.) was treated
with neat triphenylphosphite (1-0 ml.) for 3 months to
give the crystalline orange complex', this was washed with
diethyl ether and dried in vacuo at 40° (0-19 g., 95%),
m.p. 158—160° (decomp.). The i.r. spectrum shows un¬
mistakable evidence for (PhO)3P [cf. RuCl2{P(PhO)3}4] 42
plus an extra band at 940 cm."1 (Me4N+).

Tri-y.-chloro-hexakis(triethylphosphine)diruthenium(u)
Chloride.—RuCl2(PPh3)3 (0-20 g.) was treated under nitrogen
with neat Et3P (1-5 ml.). A deep emerald-green solution
was rapidly formed (20 min.) and after several hours the
green colour was discharged and pale yellow crystals of the
complex were deposited; these were washed with diethyl
ether and dried in vacuo at 40° (0-20 g., 92%), m.p. 145°
(decomp.) (Found: C, 40-3; H, 8-4; CI, 13-2%. Calc. for
C39H90C14P6Ru2: C, 41-1; H, 8-6; CI, 13-5%). The inter¬
mediate green colour was also obtained in acetone solution
but removal of the solvent gave an oil, which was very
soluble in diethyl ether, and light petroleum, etc.

Rhodium(u\) Complexes
Tetraphenylarsonium Tetrachlorobis(triphenylphosphine)-

rhodate(ui).—Diacetone Method (A). Tristriphenylphos-
phinechlororhodium(i) 43 (0-60 g.) was suspended in solvent
acetone (40 ml.) and Ph4AsCl,HCl (1-5 g.) was added to it;
the mixture was shaken for several hours under nitrogen
until all the purple starting material was converted into
orange-yellow crystals of the complex. These were washed
with water, acetone, and diethyl ether and dried in vacuo
for several hours at 40° (0-60 g., 73%), m.p. 206°) (vco 1710
cm."1; vco 1221 cm."1).

Method (B). b"aws-Chlorocarbonylbis(triphenylphos-
phine)rhodium(i) 44 (0-30 g.) was heated under reflux with
Ph4AsCl,HCl (0-80 g.) in a chloroform (15 ml.)-acetone (7
ml.) mixture for ca. 30 min. and was then set aside for
several days. The yellow solution slowly turned red and a
mixture of unchanged [RhCl(CO)(PPh3)2] (vco 1961 cm."1)
and fraws-[RhCl3CO(PPh3)2] (vco 2105 cm."1) was deposited.
The solution was filtered, more acetone (10 ml.) was added,
and the mixture was set aside for a further 24 hr. Orange-
red crystals of the complex were obtained and were worked
with chloroform, acetone, water, methanol, and diethyl
ether (0-14 g., 25%), m.p. 206—208°) (vC0 1709; vcc 1219
cm."1). The compound is sparingly soluble in chloroform
but soluble in CH2C12 and MeNOz.

Tetramethylammonium Tetrachlorobis(triphenylphosphine)-
rhodate(\u).—RhCl(PPh3)3 (0-60 g.) was suspended in an
acetone (15 ml.)-methanol (25 ml.) mixture and treated
with concentrated hydrochloric acid (6 ml.); it was then

42 S. D. Robinson, Chem. Comm., 1968, 521.
43 J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson,

/. Chem. Soc. (A), 1966, 1711.
44 L. M. Vallarino, J. Chem. Soc., 1957, 2287.
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shaken for 1 hr. with Me4NCl (2-7 g.). The solution was
filtered and set aside 24 hr. when orange-yellow crystals of
the complex were deposited; these were purified as above
(0-40 g., 73%), m.p. 230—234° (decomp.).

Tetraphenylarsonium Tetrabromobis (triphenylphosphine) -

rhodate(ui)-Acetone.—A suspension of Ph4As[RhCl4(PPh3)2]
(0T0 g.) was shaken with lithium bromide (3-0 g.) in acetone
(35 ml.) for 24 hr. The yellow-brown solution was filtered,
two-thirds of the solvent were removed under reduced

pressure, and the unchanged lithium bromide and chloride
were filtered off; removal of the remainder of the solvent
gave a yellow-brown powder, which was washed with water
and diethyl ether and dried in vacuo at 40° (OTO g., 88%),
m.p. 170° (decomp.) (vco 1705 cm."1; vco 1220 cm."1). The
compound is very soluble in acetone and methanol.

Tetraphenylarsonium Tetrathiocyanatobis(triphenylphos-
phine)rhodate(m).—This was prepared as for the bromo-
complex, with lithium thiocyanate (2-0 g.); removal of the
solvent from the yellow solution gave the lemon-yellow
powder which was purified as above (0-09 g., 91%), m.p.
96—98°) (von 2105 cm.-1). The compound contained no
acetone (i.r.) and is very soluble in acetone and methanol.

Tetraphenylarsonium Tetrachlorobis(dimethylphenylphos-

phine)rhodate(m).—This was prepared as for the correspond¬
ing ruthenium complex from the Ph3P anion (0-15 g.) which
was treated with neat Me2PhP (1-5 ml.) for 10 days under
nitrogen; the red-brown complex was purified as before
(0-09 g., 92%), m.p. 224—226° (decomp.); the n.m.r. in
CH2C12 showed methyl resonance (1:2:1 triplet) at x 8-07
apparent coupling constant /(P-H) 4-0 c./sec.

Similar attempts to prepare the rhodium(ni) anions of
Et3P and (PhO)3P gave only the unchanged Ph3P anion.

Reaction of mer-Trichlorotris(dimethylphenylphosphine)-
rhodium{u\) with Tetramethylammonium Chloride.—mer-
[RhCl3(PMe2Ph)3] (0-20 g.) was dissolved in chloroform (10
ml.) and Me4NCl (2-0 g.) in methanol (10 ml.) was added to
it. After several days, a crystalline pale yellow solid was
deposited, m.p. 217—221° (decomp.), which had an i.r.
spectrum identical with that of /ac-[RhCl3(PMe2Ph)3].31
More of this complex was obtained when the reaction mix¬
ture was set aside but no anionic complex was isolated from
the residue.

We thank Johnson Matthey Ltd., for generous loans of
ruthenium and rhodium trichlorides.

[9/1574 Received, September 12th, 1969]
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SYNTHESIS OF SOME RUTHENIUM (II)

ANIONIC COMPLEXES

T.A. Stephenson and Ellen Switkes

Department of Chemistry, University of Edinburgh, Edinburgh, Scotland
(Received 6 May 1971)

In spite of a wealth of information on coordination complexes of

ruthenium (II), particularly with ligands such as PRj, , CO, and various

organic molecules, few anionic ruthenium (II) complexes have been

characterised other than those for nitrosyl derivatives (l). In fact, the

only anionic tertiary phosphine complex of ruthenium (II) is the rather

strange [Ru2C13 (P Et2Ph)6][RuC13 (P £ t2Ph)3 ] (2).

In this preliminary communication, we wish to report the synthesis and

characterisation of the ruthenium (II) carbonyl (bicyclo-[2,2,l]-2,5 heptadiene)

anion, M[RuC13 (C0)C7He ], (M = Cs+, Pl^BzP*) and the ruthenium (il)

thiocarbonyl triphenylphosphine anion M[RuC13 (CS) (PPh3 )2] , (M = PhtAs+,
Ph3BzP+, Et4N+).

(Phj3 Bzp)[RuCl3 (C0)C7H8 ] was prepared by shaking [RuCl2 (C0)C7Hs ]2 (3)

with a large excess of PhoBzPCl and a few drops of concentrated hydrochloric

acid in acetone for several days. The resultingorange solid was

recrystallized from dichloromethane/heptane in 62% yield, (mp. 177-180P ).

[Found: C, 57.8; H, 4.4; CI, 15.8; 0, 2.5; P, K.1%.

C33C13H30OP Ru requires: C, 58.2; H, 4-5; CI, 15.6; 0, 2.4; P, 4.6%].

The compound is diamagnetic, a 1:1 electrolyte in dichloromethane and the

infrared spectrum shows a single carbonyl band at 2009cm-1(nujol). The

'H nmr spectrum (Table) suggests configuration I (Figure I) for the anion.

805
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T"

TABLE

'H nmr Spectrum of (Ph3BzP) [RuC13 (CO )C7H8 ]a
Ratio Assignment^

2.38 )
)

2.90 )

4.80

4.78

5.48

5.80

6.34

8.71

20

2

2

2

X

1

2

1.25Hz, J.

doublet

triplet

triplet

broad singlet

broad singlet

triplet

phenyl

methylene (Jp ^ 14.0Hz)
H.2 j 6

H3,5

Hi

H4

H7 J 8

H7
= 1.50Hz, J = JT,

JH!-He " JHi-H2 3"°Hz' JH3-H4 h4-h5

H2-H3 H5 -Hg
= 3.0Hz

4.5Hz,

a
Measured in CDC13 ^ See Figure I

This assignment was confirmed by decoupling experiments and the

coupling constants shown in the Table were obtained. Note that it is the

effect of the ligands cis to the diene which produce the nonequivalence of

the norbornadiene protons along a plane through the olefin bonds and the

bridgehead carbon. In the more common case, such as in [RhCl(C7H8) —

(Ph3P)] (4 a, b), it is dissimilar trans groups which produce nonequivalence
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of olefin protons along a plane through the bridgehead carbon and protons

and Eg (see Figure II).

For the anion [RuC13 (C0)C7Hs ] , only one isomer has been found.

Furthermore, addition of free diene (to the Ph3BzP+ salt) or excess CsCl

(to a D20 solution of the caesium salt) does not affect the nmr spectrum.

Rather surprisingly, attempts to prepare the Ph4As+ salt have resulted

in the formation of the cis-f RuC14 (C0)2 1s~ anion (with Vnn 1940, 2030 cm-1,0 u

nujol) compared to Cs2 [RuC14 (C0)2 ] (5) withV-. 1935 and 2036 cm-1). AnL<U

intermediate in this reaction appears to be the previously unknown

jtrans-[RuCl4 (C0)2]2-anion(VC0 2010cm--^jwhich rapidly isomerises to the cis
form.

Although it was expected that [RuC13(C0)C7h8)] might prove an excellent

precursor for a general synthesis of the series [RuCl3C012] , preliminary

experiments with various tertiary phosphines indicate that a chloride ion as

well as the diene group is readily displaced to give the neutral complexes

[RuCl2C0(PR3)3]. However, the products formed are very sensitive to the

particular reaction conditions employed and detailed studies with a wider

range of ligands are now in progress.

A tertiary phosphine ruthenium (II) anion has however been synthesised

by the reaction of [RuC12 (CS) (Ph3 P)2 ]2 (6) with MC1/HC1 (M = PhtAs+,
PhaBzP+, Et4N+) to give M[RuC13 (CS) (Phg P)2 ]. The red crystalline complexes
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were characterised by elemental analyses (e.g. for PI14As[RuCl3 (CS)(Ph3P)2]

2.(CH3)2C0; Found; C, 62.8; H, 4.7; S, 2.6./° C8 ,1^2 AsC1302P2SRu requires:

C, 63.1; H, 4.9; S, 2.5/?). The diamagnetic complexes are 1:1 electrolytes

(dichloromethane) and infrared spectra show the characteristic cation bands,

triphenylphosphine and a thiocarbonyl band at 1272cm-1(nujol).

In other attempts to synthesise ruthenium (II) anions, reaction of

[RuC12(PhsP)2 acetone] (7) with MCl/HCl or MCI alone gave only the

ruthenium (ill) complexes M[RuC14 (Phs P)2 ] (M = Ph4As+, Et4N+) previously

obtained by the reaction of [RuC12 (PhgP)^ ^ or [RuC13 (Ph3P)2CH3 OH] with
Mei/HCl (8). With [RuC12 (Me2PhP)3EtOH] (9) and MCl/HCl, instead of the

expected [RuC13 (Me2PhP)3 ] anion, the well known (10) mer-[RuCl3 (Me2PhP)3 ] was

obtained. Finally, with [RuC12C7H8 ]fl(ll) and MCl/HCl, the polymeric diene

complex was recovered unchanged.
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OF RHODIUM(I) AMD RHODIUM(III)

D. F. Steele and T. A. Stephenson

Department of Cheruistrjp. University of Edinburgh, Edinburgh, Scotland

(Received 18 May 1971)

Recently, the reaction of [RhCl(C0)a]a with tripfcenylphosphine (1:2

mole iatio) to give the complex trans-[RhCl(CO)a(PPha)1(la) has been reported

(l). -Further papers have discussed oxidative addition reactions of la (2,3)..

reaction with electronegative olefins (l>4) and with various bidentate ligands

(1,4). However, in a very recent communication (5), this compound has been

reformulated as the hinuclear monocarbonyl complex [RhCl(CO)(PPh3)]a (lb).

In this noto, further evidence supporting the dimeric structure is presented

and the synthesis and reactions of the mixed ligand complexes trans-[RhCl(CO)

(PPh3)L' ] (il) (L' = AsPh3 , SbPh3 , CeH5N, KesS etc) are briefly discussed.

OC PPh3
\ /

Rh
/ \

CI CO

(la)

Ph,P CI CO
\ / \ /

Rh Rh
/ \ \

OC CI ?Ph3

(lb)

Treatment of benzene or dichloromethane solutions of I with an excess of

L' , followed by concentration and precipitation with pentane gave good yields

of the mixed ligand complexes II. These complexes have been characterised by

elemental analyses (e.g. for [PhCl(CO)(PPh3 )(AsPh3)]; Found: C, 60.4; H, 4.1

As, 9.7; 0, 2.2% C37H30AsClOPRh requires C, 60.5; H, 4.1, As, 10.2; 0, 2.2%)

and infrared spectra which confirms the presence of both PPh3 and L'. Thin

877
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layer chromatography on II (Ii'= AsPh3 ) reveals that this is not an equimolar

mixture of [RhCl(C0)(PPh3)2] and [RhCl(CO)(AsPh3 )2]. In fact, this compound

can he recrystallised from an acetone/dichloromethane solution (unlike the

SbPh3 and C5H5N compounds, which readily decompose) and an osmometric molecular

weight determination (in CHC13) confirms its monomeric formulation (found 737j

required 73A-). The tran3 configuration of II is assigned on the basis of the

similarity of the positions of both^^ (ca 1960cm-1) and VRhCl (ca 310cm-1)
to those found for trans-[RhCl(CO )(PPh3 )2 ] (6,7).

As expected,the chemistry of the mixed complexes is analogous to that

established for trans-[RhCl(CO)(PPh3)2]. Thus II (L' = AsPh3) readily under¬

goes oxidative addition reactions to give the rhodium(lll) compounds

[RhClXY(CO)(PPh3)(AsPh3)] (XY=Cla, I2, CHaC0Cl, CH3I etc.). WithCHaI,

the infrared spectrum shows the acetyl complex [RhClI(CH3CO)(PPhs )(AsPh3 )]

(V 1718 cm-1) is also.formed.

Further evidence for the revised formulation of "_trans-[RhCl(CO)2PPh3 ]"

is as follows:-

a) I is a dimer measured osmometrically in chloroform (found 865; calc 857).

A similar result is found in benzene (5).

b) Reaction of I with AsPh3 or PPhs gives negligable amounts of carbon

monoxide (mass spectral evidence) and this supports structure lb.

c) Reaction of I with carbon monoxide in either benzene or dichloromethane

gives a complex with two V at 2010cm-1 and 2090cm-1. Removing the solvent
u 0

or simply bubbling nitrogen through the solution regenerates I ( V 1980cm-1).

This behaviour is identical to that observed in toluene (5) and attributed to

the equilibrium
-2C0

2 cis-[RhCl(CO)2(PPh3)] [RhCl(CO)(PPh3)]2

d) Belluco et al (l) support their formulation of the compound as ]a on the

observed position of VRhCl (295°ni-1 ), which is in agreement with a chloride

trans to a tertiarv arylphosphine in a rhodium(l) complex (7). However,

since VRhCl is assigned at 28A, 27!fCm-1 and 303cm-1 in the bridged chloro



Vol. 7, No. 9 MIXED LiGAND CARBONYL COMPLEXES 879

compounds [RhCl(C0)2]2 and [RhCl(PPh3 )a ]2 respectively (7), it ic reasonable

to expect that YRhCl will occur for the mixed dimer [RhCl(CO)(PPh3)]2 in the

region 285-295cm-1.

e) Finally, the product from the reaction of I with Cl2 (previously formulated

as the dicarbonyl monomer [RhCl^ (C0)2 (PPh3 ) J (V^q 2111cm""1- ) (2)), reacts with
AsPh3 without evolution of carbon monoxide, to give [RhCl3 (C0)(PPh3 )(AsPh3 )]

(Vqq 2102cm-1). Therefore, it is suggested that the rhodium(IIl) dicarbonyl
compounds, reported in reference 2 should be reformulated as the binuclear

rhodium(lll) monocarbonyl complexes [RhClXY(CO)(PPhg )]2.
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Mixed Ligand Carbonyl Complexes of Rhodium(i) and Rhodium(ui)1
By D. F. Steele and T. A. Stephenson,* Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ

Evidence is presented which suggests that the compounds trans-[RhX(CO)2PPh3] (la) (X = CI, Br, I), made from
[RhCI(CO)2]2 and triphenylphosphine (1 :2 molar ratio), should be reformulated as the dimeric complexes trans-
[RhXCOPPh3]2 (lb). Similar compounds with X = SCN.OCOMe are also described. Detailed i.r. solution
studies of the preparative reaction for X = CI are interpreted in terms of the initial formation of a labile intermediate
c/s-[RhCI(CO)2PPh3]„ (III) {n probably 2), followed by partial decarbonylation and isolation of (lb) and a small
amount of c/s-[RhCI(CO)PPh3]2 (Ic). The compounds (lb) undergo bridge cleavage reactions with various Lewis
bases, giving [RhX(CO)(PPh3)L] (L = PPh3,PMePh2. P(C6HU)3, AsPh3, SbPh3. C5H5N. Me2S, etc.). With
SbPh3, the five-co-ordinate complex [RhCI(CO)PPh3(SbPh3)2] is also formed. The 1H n.m.r. of (RhCI(CO)-
(PPh3)(PMePh2)] shows only a singlet for the methyl resonance, indicative of easy phosphine exchange in a
strongly coupled PP' complex. As expected, [RhCI(CO)(PPh3)(AsPh3)] readily undergoes oxidative addition
reactions, giving [RhCIYZCO(PPh3)(AsPh3)] (YZ = Cl2. I2. CH3I). The latter product is in equilibrium with its
acyl isomer [RhCII(COCH3)(PPh3)(AsPh3)]0-5CH3l. However, pure [RhCII (CH3) (CO) (PPh3) (AsPh3)] can be
synthesised by reaction of the acyl—alkyl mixture [RhCII(CH3)(CO)PPh3]2 (IV) and [RhCII (COCH3) PPh3]2 (V)
(previously formulated as the single compound [RhCII(CO) (COCH3)PPh3]) with AsPh3. Similarly, [RhCII(CH3)-
(CO)PPh3L] (L = PPh3 or SbPh3) can be obtained. These compounds readily undergo isomerisation to the more
stable acyl isomer. Finally, [RhCI3(CO)PPh3(AsPh3)] can also be prepared by reaction of trans- [RhCI3(CO) -

PPh3]2 (originally formulated as rrar?s-[RhCI3(CO)2PPh3]) with AsPh3.

Recently the reaction of [RhCl(CO)2]2 with triphenyl¬
phosphine (1:2 molar ratio) was reported to give the
complex 0"«ws-[RhCl(CO)2PPh3] (la; X = CI).2 Further
papers by the same authors discussed oxidative addition
reactions of complex (la),3'4 reaction with electro¬
negative olefins 2-5 and with various bidentate ligands.2'5

Our initial interest in this novel starting material was
based on the observation 2 that reaction of (la, X = CI)
with more PPhs gave the well-known 6 fra«s-[RhCl(CO)-
(PPh3)2]. Thus, by reacting other ligands L (L = AsPh3,
SbPh3, PMePh2, C5H5N, etc.) with (la), we hoped to
synthesise the mixed ligand complexes [RhXCO(PPh3)L]
(II), which may be useful catalytic precursors for olefin
hydroformylation, etc. (cf. trans-[RhC1CO(PPh3)2] 7).
Although some mixed ligand complexes containing
tertiary phosphines have been recently reported, e.g.
[HRh(PPh3)3(AsPhg)]0-5C6H6 8 and [RhCl3(PBu»3)2-
(PfOMe^)],9 the only reported complex of type II is
! RhICO(PPh3)(P^C6H11^3)], made by reacting trans-
[RhICO(PPh3)2] with P(C6Hn)3 (ten-fold excess) in
toluene at 25° for 24 h.10 In this instance, 100% con¬
version to the mixed ligand complex is observed. How¬
ever, in all other systems investigated by this method,10
the result has been either mixtures of [RhXCOL2],
[RhXCOLL'J, and [RhXCOL'2] or completely exchanged
products (i.r. evidence).
results and discussion

[a) Reaction of I with Arsenic-, Nitrogen-, and Sulphur-
containing Ligands.—Reaction of ' f>wis-[RhCl(CO)2-
PPh3] ' with excess of L (L = AsPh3, C5H5N, p-

1 Preliminary communication: D. F. Steele and T. A. Stephen¬
son, Inorg. Nuclear Chem. Letters, 1971, 7, 877.

2 P. Uguagliati, G. Deganello, L. Busetto, and U. Belluco,
lnorg. Chem., 1969, 8, 1625.

3 G. Deganello, P. Uguagliati, B. Crocianci, and U. Belluco,
J. Chem. Soc. (A), 1969, 2726.

1 P. Uguagliati, A. Palazzi, G. Deganello, and U. Belluco,
Inorg. Chem., 1970, 9, 724.

5 L. Busetto, G. Carturan, A. Palazzi, and U. Belluco,
J. Chem. Soc. (A), 1970, 424.

6 L. M. Vallarino, J. Chem. Soc., 1957, 2287.

CH3C6H4NH2, Me2S) in benzene solution at room temper¬
ature, followed by concentration in vacuo and precipi¬
tation with pentane or ether, gives good yields of the
mixed ligand complexes [RhClCO(PPh3)L] (II). These
compounds have been fully characterised by elemental
analyses, molecular weights (Table), and detailed i.r.
spectra (4000—200 cm"1), which confirm the presence
of PPh3, L, and CO. The compounds are non-electro¬
lytes and diamagnetic. T.l.c. of (II; L = AsPh3) clearly
shows that the observed single spot has an Rp value
intermediate between that of the bis-phosphine and
-arsine compounds, proving that the compound is not
an equimolar mixture of fnms-[RhClCO(PPh3)2] and
traMS-[RhClCO(AsPh3)2]. In fact this compound can
be recrystallised from dichloromethane-acetone and
appears indefinitely stable both in solid and solution
state. In contrast, (II; L = C5H5N) decomposes slowly
in solution and (II; L = Me2S) gradually loses Me2S on
prolonged air-exposure of the solid. A trans-configur¬
ation for (II) [i.e., L trans to PPh3) is assigned on the
basis of the similarity of the positions of both v(CO) (ca.
1960 cm"1) and v(RhCl) [ca. 310 cm"1) to those found for
trans-[RhCICO (PPh3)2]. 12

As expected, [RhClCO(PPh3)(AsPh3)] readily under¬
goes oxidative addition reactions, giving [RhClYZCO-
(PPh3)(AsPh3)] (YZ = Cl2, I2, CH3I, etc.). For YZ =

Cl2, I2, analytical and mass spectral data indicate the
presence of some CC14 solvate [ca. 0-25 mol/rhodium).
Refluxing for short periods [ca. 30 min) with methyl
iodide gives a brown solid with i.r. bands 2060s, 1980w,
1712m cm"1 and, in addition, the absorptions expected

7 For detailed references, see G. Yagupsky, C. K. Brown, and
G. Wilkinson, J. Chem. Soc. (A), 1970, 1392.

8 R. W. Baker, B. Umaier, P. J. Pauling, and R. S. Nyholm,
Chem. Comm., 1970, 1077.

9 F. H. Allan, G. Chang, K. It. Cheung, T. F. Lai, L. M. Lee,
and A. Pidcock, Chem. Comm., 1970, 1297.

10 W. Strohmeier, W. Rehder-Stirnweiss, and G. Reischig,
J. Organometallic Chem., 1971, 27, 393.

11 J. Chatt and B. L. Shaw, J. Chem. Soc. (A), 1966, 1437.
12 M. A. Bennett, R. J. H. Clark, and D. L. Milner, Inorg.

Chem., 1967, 6, 1647.
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Analytical data for some rhodium(i) and rhodium(m) complexes

Found (%)

Complex
[RhCl(CO)(PPh,)(AsPh,)j
[RhCl(CO)(PPh3)(C5H3N)]
[RhCl(CO)(PPh8)(MeC4H4NH8)]
[RhCl(CO)(PPh,)(Me,S)]
[RhCl(CO)(PPh,)(PMePht)l
[RhCl(CO)(PPh3)(P$C,Hn$8)]
[RhCl(CO)(PPhs)(SbPhj)j
[RhCl(CO)(PPh,)(SbPhj)j] b
[RhCl3(CO)(PPh,)(AsPh,)]0-25CCl4<
{RhClIjCO(PPh3)(AsPhs)]0-25CCl4 e
[RhCll(COCH3)(PPh8)(AsPh8)]-

0-5CHsl c.d
[RhCl3(CO)(PPh3)(SbPh3)] e
[RhClI(COCH3)PPh3|2/
[RhClI(CH8)(CO)(PPh,)AsPh3] 9

[RhClI (CH3) (CO)(PPh3),] a

[RhClI(CH3)(CO)(PPh,)SbPh3] 9

[RhBr(CO)PPh,]j
rRhBr(CO)(PPh3)(AsPh3)j
[RhBr(CO)(PPh3)(C5H6N)]
[RhSCN(CO)PPh3]a
[RhNCS(CO)(PPh8)(AsPha)j
[Rh(OCOMe)(CO)PPh,]j
[Rh(OCOMe)(CO)(PPh3)(AsPh8)j
[RhI(CO)(PPh3)AsPh3)j i

Osmometrically in CHC13 (37°).

Colour M.p. (°C) C
Pale yellow 230 (d) 60-4
Buff-yellow 180 (d) 56-8
Yellow 128—130 (d) 56-5
Yellow-brown 105 50-9
Lemon-yellow 150—153 61-2
Pale yellow 190(d) 62-6
Yellow 220 (d) 571
Red-brown 230 (d) 57-7
Yellow 210 (d) 52-1
Brown 235 (d) 41-6
Dark brown 125—129 48-7

Yellow 126—129 50-4
Dark brown 131 43-4
Orange-yellow 168—170 (d) 51-1

(52-0) A
Orange-yellow 160—162 55-2

(55-1) A
Orange-yellow 165—167 49-6

(49-6)A
Orange-brown 153—156 (d) 48-2
Orange-brown 200—205 56-6
Buff-brown 165 (d) 52-6
Pale yellow 150 (d) 50-8
Yellow 205 (d) 60-2

Red-orange 127 (d) 55-5

Golden-yellow 150—153 (d) 621
Brown 164—166 52-0

H
4-1
3-9
4-4
41
4-5
6-5
3-9
3-9
3-6
2-8
3-6

3-5
3-4
3-7

(3-8) A
41

(4-1) h
3-6

(3*7) *
3-2
3-8
3-7
3-3
40
41
4-1
3-4

Others

As, 9-7 ; O, 2-2
N, 3-1; O, 4-7
N, 2-7

P, 4 4; Sb, 16-2
P, 2-9; Sb, 20-7
CI, 13-7
CI, 7-2; 1,25-5
I, 21-9

I, 22-3, CI, 4-7
CI, 4-2; 1, 14-3

CI, 5-2; I, 12-8

CI, 4-1; I, 14-0

N, 2-9
N, 3-6;
N, 2-0

O, 3-4

M a

737
570

1022

935
740

816

Required (%)

C
60-5
56-8
56-0
51-4
61-1
62-7
56-9
58-2
52-0
43-5
48-7

H
4-1
3-9
5-0
4-3
4-5
6-8
3-8
4-0
3-6
2-9
3-7

49-4

48-3
57-0
52-3
53-2
60-3
55-9
61-7
53-8

Others

As, 10-2; O, 2-2
N, 2-8; O, 3-2
N, 2-6

P, 4-0; Sb, 15-6
P, 2-7; Sb, 21-5
CI, 16-7
CI, 6-9; I, 24-7
I, 20-2

521 3-5
42-1 3-2 1, 22-3;
52-1 3-8 CI, 41;

CI, 6-2
I, 14-5

54-8 4-0 CI, 4-3; 1,15-3

3-6 CI, 3-85; 1,13-8

3-2
3-9
3-6
3-3
4-0
4-0
4 3
3-6

N, 2-5
N, 3-1; O, 3-3
N, 1-9

M
734
507

781

944
778

826

b From [RhCl(CO)PPh3]3 and an excess of SbPh3.
[RhClI(CH3)(CO)PPh8AsPh3]. "« From [RhCl8(CO)PPh3]2 and SbPh3. / In equilibrium
(plus alkyl isomer). A Analytical figures for aged samples (14 days) in parentheses. *
PPh3(AsPh,)].

c From [RhCl(CO)(PPh3)(AsPh)3]. d ln equilibrium with a small amount of
with a small amount of [RhClI(CH8)(CO)PPh3]2. o From [RhClI(COCH3)PPh8]2
Too insoluble for molecular weight determination, i Contains some [RhI8(CO)-

for PPh3 and AsPh3. After 4 h under reflux, a
deeper brown solid is isolated with very weak bands at
2060, 1980cm"1 and a strong, broad band at 1712 cm"1.
This dark brown solid analyses closely for [RhClI-
(COCH3)PPh3AsPh3]0-5CH3I (Table). The presence of
methyl iodide solvate is confirmed by mass spectroscopy.
These results are consistent with those reported in
detail by Douek and Wilkinson 13 for the reaction of
ir««s-[RhXCO(PR3)2] with CH3I, viz. rapid oxidative
addition of CH3I giving initially'[RhXI(CH3)(CO)(PR3)2],
followed by a slower isomerisation to the acetyl complex
[RhXI(COCH3)(PR3)2]. Neither in this work nor in
that reported by Wilkinson et al.13 has it been possible
to separate the two isomers when prepared by this
method (but see section /).

(b) Reformulation of ' trans-[RhCl(CO)2PPh3].'—
Rather surprisingly, the reactions of ' <nms-[RhCl(CO)2-
PPh3] ' with L show very little evidence of carbon
monoxide evolution (visual and subsequently mass
spectral evidence), an observation which casts grave
doubt on the ' dicarbonyl' formulation. An osmo-
metric molecular weight determination on complex (la)
in chloroform indicates a dimeric structure and, together
with a direct oxygen analysis, suggests that ' trans-
[RhCl(CO)2PPh3] ' should be reformulated as the
binuclear complex ira«s-[RhCl(CO)PPh3]2 (lb, X = CI).
Uguagliati et al.2 support their formulation of the com¬
pound as (la) on the observed position of v(RhCl) (295
cm-1), which is in agreement with that expected for a
chloride atom trans to a tertiary arylphosphine in a
rhodium(i) complex.12 However, since v(RhCl) is
assigned at 284, 274, and 303 cm-1 in the bridged chloro-
compounds, [RhCl(CO)2]2 and [RhCl(PPh3)2]2 respect¬
ively,12 it is reasonable to expect that v(RhCl) will occur

I. C. Douek and G. Wilkinson, /. Chem. Soc. (A), 1969,
2604.

for the mixed dimer [RhClfCOJPPh^ in the region
285—295 cm"1. In fact, reaction of equimolar amounts
of [RhCl(CO)2J2 and [RhCl(PPh3)2]2 in benzene does give
a small amount of complex (lb). The extreme in¬
solubility of the phosphine dimer is probably the reason

CO PPh,
\ /

Rh
/ \

X CO

la

OC PPh,
\ /

Rh
/ \

OC ct

nia

Ph3P X CO
\ 1/ \ 1/

Ph3P X CO
\ /\ /

Rh Rh
/ \ / \

OC X PPh3

lb

Ph,P CI CO
3\ /V /

Rh Rh
/ \ / \

Ph3P CI CO

Id

Rh Rh
/ i \ / i \

OC ^ X
IY

Z PPh3

Ph3P CI , COCH3
\ / \ I / 3

Rh Rh
/ |\ / \

PPh,ch3oc > ci

J. Powell and B. L. Shaw, /. Chem. Soc. (A), 1968, 211.

why this reaction was not more successful (cf. the
preparation of [RhCl(CO)C2H4]2),14 although the possi¬
bility that [RhCl(PPh3)2]2 simply acts as a source of
free PPh3 cannot be discounted. It is very easy to
formulate this compound wrongly, since the expected
C, H, P, and CI percentages for (la) and (lb) are very
similar: only the oxygen percentage [(la), 7-0%; (lb),
3-7%; Found, O. 3-6%], molecular weight [(la), 457;
(lb), 857; Found, 865] and certain chemical reactions
enable a distinction to be made. In an independent
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investigation, Poilblanc and Gallay 15 reached the same
conclusions as those given in this work on the basis of
gas evolution and molecular weight measurements. In
addition, they synthesised the complex <ra«s-[RhCl(CO)-
(PMe3)]2, where the analytical and molecular weight
data unequivocably support the dimeric formulation.
(Ib) (X = CI) has also been recently prepared by reaction
of [C5H5Rh(CO)PPh3] with HC1.16

The complexes ' £ra«s-[RhX(CO)2PPh3] ' made by
metathetical reactions on (la) 3 can also be reformulated
as the dimers (Ib) (X = Br,3 I,3 SCN, OCOMe) (see
Table). Examination of the i.r. spectrum of the thio-
cyanato-complex shows vCN- 2135 cm-1, close to that
expected for a bridging SCN group [cf. 2153—2162 cm"1
in similar palladium(n) compounds].17 The acetate
complex has i.r. bands at 1572 and 1439 cm"1, attributed
to asymmetric (vj and symmetric (vs) carboxylate
stretching frequencies respectively (cf. ["Rh(CO)2(OCO-
Me)]2 1560 and 1439 cm-1).18 The separation (A) of 133
cm"1 between these frequencies is indicative of sym¬
metrical co-ordination of the acetate ligand.19'1 These
complexes also readily undergo bridge cleavage with
AsPh3, etc., giving monomcric mixed ligand complexes
;RhXCO(PPh3)L] (Table). Examination of the i.r.
spectrum of [Rh(NCS)(CO)(PPh3)(AsPh3)] (vUN 2064, vcs
840 cm"1) indicates that the thiocyanate ligand is bound
through the nitrogen atom. This is a feature common to
all known rhodium(i) compounds containing a terminal
SCN group.17'20 The acetato-complex [Rh(OCOMe)-
CO(PPh3)(AsPh3)] has vas 1606, vs 1323, A 283 cm"1, in¬
dicative of unidentate co-ordination 19a (cf. [Rh(OCOMe)-
CO(PPh3)2] made from (Rh(CO)2(OCOMe)]2 and excess
PPh3 with vas 1610, vs 1325, A 285 cm"1).*

The compounds [RhXCO(PPh3)(AsPh3)] can also be
synthesised directly from [RhCl(CO)(PPh3)(AsPh3)J and
LiX. Pure products are obtained with LiBr and LiSCN
provided that short reaction times (5—20 min) are em¬
ployed. Longer reaction times lead to contamination
by rhodium(m) species (vco > 2000 cm"1).11 With Lil,
even short reaction times give a small amount of
rhodium(in).

The i.r. spectrum of the orange-yellow product (Ib,
X = CI), isolated by the method given in ref. 2, shows
two very weak bands at 2091 and 2023 cm"1 (Nujol);
2090 and 2023 cm"1 (benzene) in addition to the strong,
broad absorption at 1980 cm"1. The compound giving rise
to these weak absorptions can be removed by refluxing
compound (Ib) in benzene for ca. 30 min, after which
pure <r«ws-rRhCl(CO)PPh3]2 (vco 1980 cm"1) is recovered
(Uguagliati et at.2 note that their product ' la ' readily
disproportionates to transfRhCl(CO)(PPh3)2] (vco 1960

* This compound lots also been recently lepoiLed by Csontos
et al.VJb who formulate it as a five-co-ordinate complex with a
bidentate acetato-group va, 1610, v, 1470, A 140 cm"1. Un¬
fortunately, the quoted ' v, ' occurs in the same region as a
strong triphenylphosphine absorption which tends to negate their
conclusion.

15 R. Poilblanc and J. Gallay, J. Organometallic Chem., 1971,
27, C53.

16 F. Faraone, 0. Ferrara, and F.. Rotondo, J. Organometallic
Chem., 1971, 33, 221.

cm"1 in warm benzene solution!). Carbonylation of (Ib)
with or without the extra i.r. bands) in benzene, toluene,
or chloroform gives a lemon-yellow solution, whose i.r.
spectrum contains two sharp, intense bands at 2090 and
2008 cm"1 (benzene); 2094 and 2013 cm"1 (chloroform);
2090 and 2007 cm"1 (toluene). If nitrogen is bubbled
through the yellow benzene solution, it rapidly turns
orange and the i.r. spectrum shows several interesting
changes: the band at 2090 cm"1 decreases considerably
in intensity, the 2008 cm"1 band disappears and is
replaced by a weaker one at 2023 cm"1, and a very strong
band appears at 1980 cm"1. Removal of solvent re¬
generates (Ib), together with the complex with weak
i.r. bands at 2090 and 2023 cm"1. Deganello et at?
have reported the isolation of a red labile intermediate
with very similar i.r. absorptions (2082 and 2019 cm"1
(Nujol)]. This readily converts to ' la' at room
temperature and has been assigned the structure ' cis-
[RhCl(CO)2PPh3] ' (Ilia).3 Poilblanc and Gallay15
observed similar behaviour, on carbonylation of (Ib) in
toluene, to that reported here (i.e. two v00 2088 and 2002
cm"1) and showed that the CO uptake was one CO per
rhodium. Furthermore, they observed that a compound
with the same i.r. spectrum was formed in solution
when (RhCl(CO)2]2 and PPh3 (1 : 2 molar ratio) were
mixed. Attempts to isolate this species resulted in CO
evolution (one CO/Rh) and formation of ^ra«s-[RhCl(CO)-
(PPh3)]2. We have also followed the i.r. changes of this
reaction in benzene and confirm that the first step is the
loss of [RhCl(CO)2]2 carbonyl bands and the growth of
two strong bands at 2090 and 2008 cm"1. Then, concen¬
tration of the solution results (as just described) in the
appearance of two weak absorptions at 2090 and 2023
cm"1 and the strong band at 1980 cm"1.

Poilblanc et at.15 interpreted their observations in
terms of equation (1) with the same postulated inter¬
mediate as Deganello et al.,3 «'s-[RhCl(CO)2PPh3] (Ilia).

[Rh2Cl2(CO)4] + 2PPh3 —*- 2 «s-[RhCl(CO)2PPh3]
<n?7fs-[RhCl(CO)(PPh3)]2 + 2CO (1)

However, this infers that PPh3 initially reacts with
|RhCl(CO)2]2 with halide bridge cleavage and formation
of complex (Ilia). On attempted isolation, one CO
group is lost from each molecule of (Ilia) and the co-
ordinatively unsaturated fragments recombine to give
the halide bridged species (Ib). Finally, with more
PPh3, (Ib) is cleaved giving <raws-[RhCl(CO)(PPh3)2].
We suggest that a more plausible interpretation is that
the yellow labile intermediate [vCo 2090 and 2008 cm"1 •

(benzene)] is the dimeric cfs-[RhCl(CO)2PPh3]2 (Illb),
probably with trans-addition of PPh3 to minimise steric

17 For detailed references, see M. A. Jennings and A. Wojcicki,
Inorg. Chem., 1967, 6, 1854.

18 D. N. Lawson and G. Wilkinson, J. Chem. Soc., 1965, 1900.
19 (a) For detailed discussion, see T. A. Stephenson, S. M. More¬

house, A. R. Powell, J. P. Heffer, and G. Wilkinson, J. Chem.
Soc., 1965, 3632; (b) G. Csontos, B. Heil, and L. Marko, J.
Organometallic Chem., 1972, 37, 183.

20 N. J. De Stefano and J. L. Burmeister, Inorg. Chem., 1971,
10, 998.
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repulsions. This intermediate readily loses CO to give
mainly (lb). In this way, bridge cleavage and subse¬
quent recombination need not be invoked to explain the
observations. Because of the low stability of this com¬
pound it has proved impossible to directly verify whether
the compound is of formula (Ilia) or (Illb). However,
carbonylation of /raws- [Rh (OCOMe) CO (PPh3) ] 2 gives an
orange solution with vc0 2094 and 2009; v!ts 1570,
vs 1435, A 135 cm"1, indicative of symmetrical acetate
co-ordination, as expected for (Illb) and not unidentate
co-ordination as expected for (Ilia).

OC CI CO
\ / \ /

Rh Rh
/ \ / \

OC CI CO

^2pPh3
PPh3

OC I CI CO
\ 1 / \ /

Rh Rh
/ \ / I \

OC CI I CO
pph3

Hlb (vco2090, 2008cm )

■»2C0 -2C0

Ph3P CI CO
\ /\ /

Rh Rh
/ \ / \

OC CI PPh3

Ph,P

and

CI PPh3
"\ /\ /

Rh Rh
/ \ / \

OC CI CO

lc (vro2090, 2023cm 1)

Ph3P CI
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Rh
/ \

OC L

♦ L (PPh3,AsPh3 etc.)

OC I CI PPh3
\ I / \ /

Rh Rh
/ \ / | \

Ph3P CI ! CO
II (vcoca.1960cm ' )

J.C.S. Dalton
(PPh3)(AsPh3)] in benzene solution. This could indicate
either that vc0 and v(RhCl) are the same for [RhCl(CO)-
(PPh3)(AsPh3)]„ (n = 1 and 2), that the dimeric inter¬
mediate is very labile or that it never forms!

We suggest that the other complex isolated with (lb) is
«s-[RhCl(CO)PPh3]2 (Ic; vc0 2091 and 2023 cm"1), formed
simultaneously with (lb) by CO displacement from
(Illb) and readily isomerised to (lb) by warming in
benzene. Although the i.r. spectrum is also consistent
with the other cis-dicarbonyl isomer (Id) [and would
possibly be more compatible with the observed v(CO)
values than (Ic)] * the observation that recarbonylation
of a mixture of (lb) and another dicarbonyl compound
gives only the single product (Illb) suggests that we can
discount the formulation (Id). Reaction of [RhCl-
(CO)2]2 and PPh3 at a lower temperature gave the same
products but an attempted chromatographic separation
was unsuccessful. Only a single ' streaky ' band was
obtained (t.l.c.) suggesting similar Rv values for the
isomers. For clarity, our suggestions are summarised
in the Scheme shown opposite.

(c) Reaction with Triphenylstibine.—Reaction of
[RhCl(CO)PPh3]2 with triphenylstibine (1 :2 molar
ratio) in benzene gives an orange solution which, on
concentration and pentane addition, gives the yellow
solid [RhCl(CO)(PPh3)(SbPh3)]. In addition, the filtrate
contains another rhodium complex; the red-brown
five-co-ordinate [RhCl(CO)PPh3(SbPh3)2]. A better
method'of making this compound is to react benzene
solutions of [RhCl(CO)PPh3]2, [RhCl(CO)(PPh3)(AsPh3)],
or [RhCl(CO)(PPh3)(C5H5N)] with a four-fold excess of
SbPh3. However, if the reaction of (lb) (X = CI) and
excess SbPh3 is carried out in CH2C12, concentration of
the deep red solution gives a yellow precipitate of trans-
[RhCl(CO)(PPh3)2] and the filtrate contains [RhCl(CO)-
(SbPh3)3] and some free PPh3. Furthermore, in the
absence of excess SbPh3, [RhCl(CO)PPh3(SbPh3)2] in
benzene readily dissociates to [RhCl(CO)(PPh3)(SbPh3)]
and SbPh3 (cf. the behaviour of [RhCl(CO)(SbPh3)3]).21
This suggests that in solution the following complexes
are present in equilibria (equation (2)):

3[RhCl(CO) (PPh3) (SbPh3)] + 3SbPh3

Scheme Proposed mechanism for reaction of [RhCl(CO)2]2
with PPh3

A similar intermediate [RhCl(CO)(PPh3)L]2 could be
postulated for the reaction of (lb) with L (PPh3, AsPh3,
etc.) followed by halide bridge cleavage and formation
of [RhCl(CO)PPh3L], However, an i.r. study of the
reaction of (lb, X == CI) with AsPh3 shows that the
immediate yellow solution has vco 1976, v(RhCl)
310 cm"1 identical with that found for [RhCl(CO)-

3[RhCl(CO) (PPh3) (SbPh3)2] =5=^
[RhCl(CO) (PPh3)2] + 2[RhCl(CO)(SbPh3)3] + PPh3

(2)

[RhCl(CO)(SbPh3)3]C6H6 can be prepared directly from
[RhCl(CO)2]2 and excess SbPh3 21,22 in benzene and also
from /raws-[RhCl(CO)(AsPh3)2] and excess SbPh3. The
most interesting features of this compound are the low
position of v(RhCl) (270 cm"1) (confirmed by preparing
the corresponding bromo-compound) and the presence of a

* We thank a referee for this suggestion.
21 R. Ugo, F. Bonati, and S. Cenini, Inorg. Chim. Acta, 1969,

3 220
22 W. Hieber and V. Frey, Chem. Ber., 1966, 99, 2614.
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strongly clathrated benzene molecule.21 The latter might
provide an explanation for the stability of [RhCl(CO)-
PPh3(SbPh3)2] in benzene compared to dichloromethane,
although a more likely explanation is the low solubility
of <ra«s- [RhCl (CO) (PPh3)2] in CH2C12 (as compared to
C6H6) which results in a shift of the equilibrium to the
right hand side of equation (2).

Reaction of [RhCl(CO)(SbPh3)3]C6H6 with excess
AsPh3 regenerates fraws-[RhCl(CO)(AsPh3)2]; similarly,
[RhCl(CO)PPh3(SbPh3)2] gives [RhCl(CO)(PPh3)(AsPh3)].
Thus, [RhCl(CO) (SbPh3)3] and [RhCl(CO)(PPh3)-
(SbPh3)2] are two members of a series containing five-
co-ordinate rhodium(i) and triphenylstibine. A third
is the cation [Rh(CO)2(SbPh3)3]+ recently prepared by
Hieber et al,22 Reaction of £ra»s-[RhCl(CO)(PPh3)2]
and excess triphenylstibine gives an orange-yellow
solution, probably containing the unknown [RhCl(CO)-
(PPh3)2SbPh3] complex but removal of solvent gives
only iraws-[RhCl(CO)(PPh3)2], This and earlier work 22
clearly indicates that, as SbPh3 groups are replaced by
PPh3 (and AsPh3), the stability of the five-co-ordinate
rhodium(i) complexes decrease. Similarly, Westland 23
concluded that ' for palladium(n) and platinum(n), the
tendency of ligand donor atoms to confer upon the metal
atom the ability to engage in five-co-ordination increases
in the sequence N < P < As < Sb.' However, the
reasons why antimony donor ligands promote five-co-
ordination in low-spin d8 complexes is not at present
obvious although, doubtless, both steric and electronic
factors play an important role, e.g., the longer rhodium-
antimony bond distances allow more SbPh3 molecules
to be packed around the rhodium atom.

All these results suggest that the only remaining six-
co-ordinate rhodium(i) complex containing triphenyl¬
stibine [Rh(C5H702)C0(SbPh3)3] (C5H702~ = acetyl-
acetonate ion) 24 is probably the five-co-ordinate
[Rh(C5H702)C0(SbPh3)2]. The quoted analytical figures
C, 54-5, H, 4-2, O, 3-7% are intermediate between those
required for [Rh(C5H702)C0(SbPh3l3] (C, 55-9, H, 4-0;
O, 3-2, Sb 28-4%) and [Rh(C5H702)C0(SbPh3)2] (C, 53-8,
H, 4-0; O, 5-1, Sb 26-0%). An antimony analysis is
required to distinguish between these possibilities but
the rarity of six-co-ordinate rhodium(i) complexes and
the close similarity of the compound to [RhCl(CO)-
(SbPh3)3] and [RhCl(CO) (PPh3) (SbPh3)2] strongly favours
the five-co-ordinate bis-stibine formulation.

(d) Reaction of Complex (lb) with Tertiary Phosphines.
—Treatment of [RhCl(CO)PPh3]2 with methyldiphenyl-
phosphine or tricyclohexylphosphine (1:2 molar ratio)
in acetone, followed by solvent removal and addition of
ether give the products [RhCl(CO)PPh3L], characterised
by analysis, m.p. (Table), and i.r. spectra. The 4H
n.m.r. spectra (methyl region) of [RhCl(CO)(PPh3)-
(PMePh2)] in deuteriochloroform shows only a single
resonance (x 7-86). Similarly, examination of the

23 A. D. Westland, J. Chem. Soc., 1965, 3060.
24 F. Bonati and G. Wilkinson, J. Chem. Soc., 1964, 3156.
25 K. C. Dewhurst, W. Keim, and C. A. Reilly, Inorg. Chem.,

1968, 7, 546.
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n.m.r. spectrum of an equimolar mixture of trans-
[RhClCO(PMePh2)2] and inms-ORhClCOfPPha)^ (in
CDC13) shows a single methyl peak (x7-82). In con¬
trast, fra«s-[RhCl(CO)(PMePh2)2] in CDC13 shows the
expected doublet of triplets 25 (/EhH TO Hz) centred at
t 7-84. Addition of <m«s-[RhCl(CO)(PPh3)2] to this
solution gives a single resonance (x 7-82) at a minimum
ratio (PMePh2 to PPh3 complex) of ca. 10 : 1. The
same effect is observed when the n.m.r. spectrum of
/ra«s-[RhCl(CO)(PMePh2)2] is run in CS2.

The only explanation which appears applicable in this
instance to explain the loss of P-H coupling is that given
by Fackler et al,26 to explain the 1H n.m.r. spectra of
compounds such as cfs-[PdCl2(PMePh2)2] and trans-
[RhCl(CO)(PMe2Ph)2],27 namely that P-H decoupling
occurs in strongly coupled PP' systems because of easy
phosphine exchange. The singlet observed in this
mixed ligand complex corresponds to the calculated
n.m.r. spectra given in Figure 2, ref. 26 (i.e. that
expected at intermediate exchange rates). Cooling a
CDC13 solution of [RhCl(CO)(PPh3)(PMePh2)J to -60°
produces the line broadening expected for a slower
exchange rate but not the triplet predicted in the slow
exchange limit. Similarly, heating in chlorobenzene
to 80° does not give the doublet expected in the fast
exchange limit. Presumably, the small amount of free
phosphine required to cause P-H decoupling in trans-
[RhCl(CO)(PMePh2)2] comes from either partial dis¬
sociation of the added [RhC^CO^PPiyj and/or some
displacement of PMePh2 by PPh3 and consequent
scrambling of phosphine groups in these labile, square-
planar d8 compounds. The singlet found for trans-
[RhCl(CO)(PMePh2)2] in CS2, could be the result of en¬
hanced dissociation in this solvent compared to CDC13
due to the ready formation of 1 : 1 adducts between
tertiary phosphines and CS^28 For [RhCl(CO)(PPh3)-
(PMePh2)] in solution, the existence of an equilibrium of
the type given by equation 3 would account for easy

2 [RhCl(CO) PPh3L]
[RhCl(CO)(PPh3)2] + [RhCl(CO)L2] (3)

phosphine exchange processes and consequent P-H de¬
coupling. There is more convincing evidence for the
existence of this equilibrium for compounds [RhCl(CO)-
PPh3L], Reaction of [RhCl(CO)PPh3]2 with tertiary
phosphines (L = PMe2Ph or PEt2Ph) gives oils on solvent
removal which on trituration with ethers or pentane gives
a precipitate of fra«s-[RhCl(CO)(PPh3)2] and evidence in
solution for [RhCl(CO)L2]. Similar results are found
when using excess AsEt3 and Me2SO. However, we
suggest that for all the [RhCl(CO)PPh3L] compounds
reported (and attempted) in this paper, the equilibrium
in solution lies predominantly to the left-hand side of
equation (3). Thus, precipitation from solution with

26 J. P. Fackler, jun., J. A. Fetchin, J. Mayhew, W. C. Seidel,
T. J. Swift, and M. Weeks, J. Amer. Chem. Soc., 1969, 91, 1941.

27 J. P. Facker, jun., Inorg. Chem., 1970, 9, 2625.
28 See L. Maier in ' Progress in Inorganic Chemistry,' ed.

F. A. Cotton, vol. 5, Interscience, 1963, p. 129.
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pentane, etc., gives pure samples of [RhCl(CO)PPh3L]
(L = AsPh3 (t.l.c.), PMePh2 (t.l.c.), SbPh3, etc.) since
these compounds are expected to be of similar low
solubility in these solvents to that of fra«s-[RhCl(CO)-
(PPh3)2], postulated to be present in only low concen¬
tration. However, when L is a more alkylated phos-
phine, arsine, or an alkyl sulphoxide, the mixed com¬
pounds (and [RhCl(CO)L2]) will be of higher solubility
in pentane, etc., than fraws-[RhCl(CO)(PPh3)2]. Thus,
preferential precipitation of the latter will occur and the
equilibrium will be pushed to the right-hand side of
equation 3.

An excellent confirmation of this hypothesis is pro¬
vided by the low pressure carbonylation of [RhCl(CO)-
PPh3]2 in various solvents. As discussed in detail
earlier, benzene, toluene and chloroform (in which
[RhCl(CO)(PPh3)2] is soluble) contain a complex with
two vc0 > 2000 cnr1, believed to be «'s-[RhCl(CO)2-
PPh3]„ (III) (with n probably 2). However, carbonyl¬
ation of a methanol suspension (or concentrated di-
chloromethane solution) of (lb) gives a precipitate of
traws-[RhCl(CO)(PPh3)2] and [RhCl(CO)2]2 can be isol¬
ated from the solution, i.e., Aaws-[RhCl(CO)(PPh3)2] is of
much lower solubility in these solvents than cis-
[RhCl(CO)2PPh3]n. Note that equation (3) predicts
that the other product should be [RhCl(CO)3] but it is
not inconceivable that this compound (at present un¬
known) might readily lose carbon monoxide and then
dimerise (cf. 2RhCl(PPli3)3 „ *- [RhCl(PPh3)2]2 +
2PPh3).29

(e) Oxidative Addition Reactions of Complex (lb).—
The reformulation of ' inms-[RhX(CO)2PPh3] ' as trans-
(RhX(CO)PPh3]2 also implies that the reported oxidative
addition products [RhXYZ(CO)2PPh3]3 (YZ = Cl2,
Phi, ClC02Et, etc.) are incorrect. This is readily verified
by an oxygen analysis on ' [RhCl3(CO)2PPh3] ' (required
6-1; found 3-3%), which suggests that the compound
should be reformulated as fn?»s-[RhXYZ(CO)PPh3]2
(IV, X = CI, YZ = Cl2; required O, 3-2%). The
position of v(RhCl) 354 and 340 cm"1 suggests trans-ad¬
dition of the halogen.30 This compound is too insoluble
for a molecular weight determination but it reacts with
excess triphenylarsine (without CO evolution) giving
[RhCl3(CO)(PPh3)(AsPh3)]: with SbPh3 a product close
in analysis to [RhCl3(CO)(PPh3)(SbPh3)] is formed but
partial reduction to [RhCl(CO)(PPh3)(SbPh3)] also
occurs. Triphenylphosphine gives mainly trans-[R\\C\-
(CO)(PPh3)2]. Rather surprisingly, extended reaction
with pyridine gives a sample of l,2,6-[RhCl3(C5H5N)3]
(the isomeric form was confirmed by comparison with
the i.r. spectrum of an authentic sample).31

It is therefore suggested that with the exception of
the methyl iodide reaction, the other oxidative addition
products reported in ref. 3 should be reformulated as

29 J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson,
J. Chum. Soc. (A), 1966, 1711.

30 P. R. Brookes and B. L. Shaw, J. Chem. Soc. (A), 1967,
1079.

31 R. D. Gillard and G. Wilkinson, J. Chem. Soc., 1964, 1224.

the dimeric compound (IV) (or isomers of this com¬
pound).

(/) Reaction of Complex (lb) with Methyl Iodide.—
Deganello et al.3 report that the reaction of methyl
iodide with ' [RhCl(CO)2PPh3] ' gives [RhClI(CO)-
(COMe)(PPh3)], probably via a labile intermediate
[RhClI(CH3)(CO)2PPh3]. The final product has an i.r.
spectrum exhibiting both terminal metal carbonyl
(2065 cm"1) and acyl carbonyl (1710 cm"1) stretching
frequencies. We have undertaken a detailed re-examin-
ation of this reaction and find that on prolonged reaction
between methyl iodide and complex (lb, X = CI)
(followed by i.r. spectroscopy) the terminal carbonyl
band decreases and the acyl carbonyl band increases in
intensity as the reaction proceeds. Unfortunately, the
compound is not sufficiently stable in solution for mole¬
cular weight measurements and a mass spectrum shows
only the fragmentation pattern of triphenylphosphine.
However, by analogy with the other oxidative addition
reactions of complex (lb) and earlier work by Wilkinson
et al.,13 we suggest that the terminal carbonyl stretch
arises from compound (IV) (YZ = CH3I, X = CI),
which is in equilibrium with an acetylrhodium(in)
dimer (V) and that, on extended reaction, most of the
product is present as the acetyl dimer. This explanation
is consistent with the results of a kinetic study carried
out by Uguagliati et al.4 where rapid formation of an
intermediate followed by a second slower rate deter¬
mining step was observed.

The reaction of this mixture of isomers with an excess

of L (L = AsPh3, PPh3, SbPh3) in chloroform or dichloro-
methane gives, on immediate precipitation with pentane
or ether, orange-yellow crystalline compounds, which
analyse for [RhClICH3(CO)PPh3L] (Table).

The i.r. spectra of these compounds shows a strong
terminal rhodium(m) carbonyl band, a very weak
rhodium(i) carbonyl band but no acyl band [e.g., L =

AsPh3, 2065s, 2056m, and 1980w cm"1 (Nujol); 2070s and
1980m cm"1 (CHC13)]. These compounds also pre¬
cipitate out when the reaction is carried out in concen¬
trated dichloromethane or methyl iodide solution.

There are few reports of the isolation of pure rhod-
ium(m) methyl carbonyl compounds because of the
ready isomerisation to the acyl form. Heck 32 reports the
preparation of [RhClI(CH3)(CO)(PBun3)2] which absorbs
CO at 1 atm and 25° to give the acyl compound
[RhClI(COCH3)CO(PBun3)2] and Wilkinson et al.33 by
reaction of acetyl chloride with RhCl(PPh3)3 at 0°, have
isolated the compound [RhCl2(CH3)(CO)(PPh3)2]. In
solution, this rapidly isomerises to [RhCl2(C0CH3)-
(PPh3)2J. Graham et al.34 also report the preparation of
i (C5H5)Rh(CH3)(CO)(PMe2Ph)]BPh4 by treatment of the
acyl complex [(C5H5)RhBr(Ac)(PMe2Ph)] with NaBPh4.
The chloroiodo-com pounds reported here are reasonably

32 R. F. Heck, J. Amer. Chem. Soc., 1964, 86, 2796.
33 M. C. Baird, J. T. Mague, J. A. Osborn, and G. Wilkinson,

J. Chem. Soc. (A), 1967, 1347.
34 A. J. Hart-Davis and W. A. G. Graham, Inorg. Chem., 1970,

9, 2658.
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stable if stored under nitrogen in the absence of
light. However, on light exposure, they slowly turn
darker brown and the i.r. spectrum shows the growth
of an acyl band (1712 cm"1) but the analytical figures
(carbon and hydrogen) remain virtually unchanged
(Table). Similarly, if the compounds are dissolved in
CHCI3-CH3I, the solution rapidly darkens in colour and
is accompanied by the growth of an acyl carbonyl band
and a decrease in the terminal carbonyl band intensity.
In CHCI3 alone, the acyl band also increases in intensity
but this is followed by the rapid growth of a band at
1980 cm"1, i.e., reductive elimination of methyl iodide is
probably occurring (cf. refs. 13 and 33) giving [RhClCO-
(PPh3)(AsPh3)].

Thus, it appears that cleavage of the mixture of
dimers (IV) and (V) by Lewis bases provides a con¬
venient preparation of pure rhodium methyl carbonyl
compounds. The reason for the formation of the pure
alkyl form from a solution predominantly containing
the acetyl complex (V) lies probably in the greater
lability of the alkyl dimer (IV) [compared to (V)]
towards bridge cleavage by Lewis bases and also to the
low solubility of the resultant monomeric alkyl com¬
pound in various solvents. Hence, the equilibrium in
solution is shifted towards the formation of more alkyl
dimer. A well established precedent is the isolation of
the more insoluble cis-[PdCl2(SbPh3)2] from solutions
containing predominantly the trans-isomer.35

CONCLUSION

The reaction of [RhCl(CO)2]2 with PPh3, originally
reported by Vallarino,6 to give fr«ws-[RhCl(CO)(PPh3)2]
reveals, on closer examination, a number of isolatable
intermediates which exhibit some interesting chemical
properties. It is likely that similar detailed studies on
other rhodium(i) dimers will be equally valuable both in
providing an insight into the reaction pathways of these
complicated reactions and synthesising new rhodium(i)
and (111) compounds.

EXPERIMENTAL

Microanalyses were by the N.P.L., Teddington, A. Bern¬
hardt, West Germany and the University of Edinburgh,
Chemistry Department. Analytical data for many of the
new compounds are given in the Table. Molecular weights
were determined on a Mechrolab Osmometer at 37° in
ethanol-free chloroform. I.r. spectra were recorded in the
region 4000—200 cm"1 on a Perkin-Elmer 225 grating
spectrometer using Nujol mulls on caesium iodide plates.
Solution spectra were run in potassium bromide cells.
Useful i.r. data is given below for each compound (measured
as mull unless otherwise stated). N.m.r. spectra were
obtained on a Perkin-Elmer model RS10 60 MHz spectro¬
meter and a Varian Associates HA-100 spectrometer. Mass
spectra were measured on an A.E.I. MS 9 mass spectro¬
meter and conductivity measurements on a model 310
Portland Electronics conductivity bridge. M.p.s were
determined with a Kofler hot-stage microscope and are
uncorrected.

35 J. Chatt and R. G. Wilkins, J. Chem. Soc., 1953, 70.

Materials.—Rhodium trichloride trihydrate (Johnson
Matthey); triphenylphosphine, dimethylphenylphosphine,
iodomethane, dimethylsulphide (B.D.H.); triphenylarsine
(Ralph Emanuel); triphenylstibine (Koch-Light); and
carbon monoxide (Air Products Ltd.). The other tertiary
phosphines were prepared by standard literature methods.

Rhodium(i) Compounds
tr&ns-Di-\j.-chloro-dicarbonylbis(triphenylphosphine)dirhod-

ium{i).—Triphenylphosphine (0-52 g, 2-0 mmol) in benzene
(20 ml) was added, dropwise with stirring to a solution of
di-p-chlorotetracarbonyldirhodium(i) 11 (0-39 g, 1-0 mmol)
in dry benzene (20 ml). The mixture was stirred for 15
min, the solution concentrated in vacuo, and pentane added
to precipitate the product as a golden yellow powder (0-8 g,
93%) [v0o 209lw, 2023w, 1980vs cm"1; v(RhCl) 295 cm"1].
Recrystallisation from hot benzene gives the pure trans-
isomer (v00 1980 cm"1).

tra.ns-Di-yL-bromo-dicarbonylbis(triphenylphosphine)dirhod-
ium(i).—[RhCl(CO)PPh3]2 (0-43 g, 0-50 mmol) Was sus¬
pended in acetone (25 ml) and an excess of lithium bromide
(ca. 3-0 g) was added. The suspension dissolved and after
shaking for 10 min, acetone was removed in vacuo and the
product precipitated with distilled water. The orange-
brown powder was filtered, washed well with methanol,
ether and dried in vacuo at 40° (0-43 g, 91%) [vco 1982
cm"1; v(RhBr) 230 cm"1]. trans-Di-^-iodo-dicarbonylbis-
(triphenylphosphine)dirhodium(i) (vqo 1980 cm"1) and trans-
di-\x-thiocyanato-dicarbonylbis{triphenylphosphine)dirhodium-
W (voo 2001; von 2135; vos 781 cm"1) were prepared by
analogous metathetical reactions with the appropriate
lithium salts.

tra.ns-Di-[L-acetato-dicarbonylbis (triphenylphosphine)di-
rhodium(i).—[RhCl(CO)PPh3]2 Was treated with an excess
of silver acetate in dry benzene for 1 h giving a dark
orange-red solution. After filtering off the excess of silver
acetate and precipitated silver chloride, the solution was
concentrated in vacuo and the orange crystalline product
was precipitated with dry pentane and dried in the usual
way [voo 1974; vas 1572; v8 1439 (CHC13); A 133 cm"1].

Chlorocarbonyl[triphenylphosphine)(triphenylarsine)rhod-
ium(i).—[RhCl(CO)PPh3]2 (0-39 g, 0-45 mmol) Was sus¬
pended in benzene (25 ml) and triphenylarsine (0-61 g, 2-0
mmol) in benzene (10 ml) was added. The suspension
immediately dissolved giving a pale yellow solution.
Removal of solvent and addition of pentane gave the
product, recrystallised from dichloromethane-acetone as
pale yellow needles (0-61 g, 91%) (voo 1961; vahoi
311 cm"1). Bromocarbonyl[triphenylphosphine)[triphenyl-
arsine)rhodium(i) (vqo 1959 cm"1), isothiocyanatocarbonyl-
[triphenylphosphine)[triphenylarsine)rhodium(i) (vqo 1981;
von 2064; v0s 840 cm"1) and acetatocarbonyl[triphenyl-
phosphine)(triphenylarsine)rhodium(i) (vco 1969; vas 1606;
vs 1323; A 283 cm"1) were also synthesised from the
respective dimers and excess AsPh3. The bromo- and
thiocyanato-compounds can also be prepared by reaction
of [RhCl(CO)PPh3AsPh3] with the appropriate lithium salts
(short reaction times). For Lil, even short reaction times
gave a mixture of [RhI(CO)PPh3AsPh3] (vCo 1982s cm"1)
and [RhI3(CO)PPh3AsPh3] (voo 2080w cm"1) [cf. analytical
figures in the Table],

Chlorocarbonyl(triphenylphosphine)[pyridine)rhodium{i).—
[RhCl(CO)PPh3]2 (0-20 g, 0-23 mmol) Was suspended in
benzene (20 ml) and dry redistilled pyridine (1-6 ml, 2-0
mmol) was added slowly with stirring. The suspension
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dissolved giving a pale yellow solution. Removal of
solvent in vacuo gave a red-brown oil which on trituration
with light petroleum (b.p. 60—80°) gave the buff-yellow
powder (0-20 g, 85%) (vco 1962; v^ci 304 cm-1).
Attempts to recrystallise or prolonged standing in chloro¬
form led to extensive decomposition. Bromocarbonyl[tri-
phenylphosphine)(pyridine)rhodium(f) (vco 1966 cm-1) was
similarly prepared from the bromo-dimer. Chlorocarbonyl-
(triphenylphosphine)(p-toluidine)rhodium(i) (vco 1960;
VRhCl 301 cm-1) and chlorocarbonyl{triphenylphosphine)(di-
methyl sulphide)rhodium(i) (vco 1965; v(RhCl) 310
cm-1) were prepared in analogous manner to [RhCl(CO)-
(PPh3)(C5H5N)] using [RhCl(CO)PPh3]2 and excess p-
toluidine or dimethyl sulphide respectively. The latter
compound slowly loses dimethyl sulphide on exposure to
air.

Chlorocarbonyl(triphenylphosphine)(triphenylstibine)rhod-
ium(i).—[RhCl(CO)PPh3]2 (0-30 g, 0-35 mmol) Was dis¬
solved in benzene (20 ml) and treated dropwise with a
benzene (10 ml) solution of triphenylstibine (0-25 g, 0-70
mmol). The orange solution rapidly gave a pale orange-
yellow solution. Removal of some solvent in vacuo and
addition of pentane precipitated the yellow product which
was washed with ether and dried in vacuo (0-80 g, 80%)
(vco 1959; v(RhCl) 311 cm"1). The orange-yellow
filtrate on evaporation of solvent gave the reddish-brown
crystalline solid chlorocarbonyl(triphenylphosphine)bis(tri-
phenylstibine)rhodium(i) (vco I960; v(RhCl) 317 cm"1).
The same compound can be made in high yield by reaction
of benzene solutions of either [RhCl(CO)PPh3]2, [RhCl(CO)-
(PPh3)AsPh3)] or [RhCl(CO)PPh3(C5H5N)] with a four-fold
excess of SbPh3. Removal of solvent and addition of
ether gave the same red-brown crystalline product. How¬
ever, in dichloromethane, the initial dark red solution from
[RhCl(CO)PPh3]2 and an excess of SbPh3 gave, on con¬
centration, the pale yellow solid irawi-[RhCl(CO)(PPh3)2]
(characterised by i.r. spectrum and m.p.). The remaining
orange-red solution on solvent removal and addition of
diethyl ether-pentane gave a dark red precipitate of chloro-
carbonyltris{triphenylstibine)rhodium(i) (vco I960; v(RhCl)
270 cm"1). The ethereal filtrate contained triphenylphos-
phine. An authentic sample of [RhCl(CO)(SbPh3),]C6H6
was prepared by the method of Ugo et al.21 ([RhCl(CO)2]2
and an excess of SbPh3). The same compound can also
be prepared from the reaction of baws-[RhCl(CO)(AsPh3)2]
and excess SbPh3 in benzene (Found: C, 54-8; H, 3-7;
CI, 2-2; O, 11; Sb, 31-2. Calc. for C61H51C10Sb3Rh: C,
56-2; H, 3-8; CI, 2-7; O, 1-1; Sb, 28-2%).

Chlorocarbonyl[triphenylphosphine)(rnethyldiphenylphos-
phine)rhodium(i).—[RhCl(CO)PPh3]2 (0-10 g, 0-11 mmol)
was suspended in dry acetone (15 ml) and methyldiphenyl-
phosphine (0-04 g, 0-22 mmol) in acetone (5 ml) was added
slowly with stirring. The suspension dissolved giving a
pale yellow solution. Removal of solvent and addition of
ether to the resultant oily solid gave the product as a lemon-
yellow powder (vco 1963; v(RhCl) 308 cm"1). T.l.c.
showed a single spot with a Rj value slightly larger than
irans-[RhCl(CO)(PPh3)2]. Similarly, chlorocarbonyl(tri-
phenylphosphine) (tricyclohexylphosphine)rhodium[\) (vqq
1950; v(RhCl) 310 cm"1) was made in chloroform
solution, precipitating the product with light petroleum
(b.p. 40—60°).

Attempts to prepare [RhCl(CO)PPh3L] (L = PMe2Ph,
PEt2Ph) by the same method gave only a precipitate of
ira«s-[RhCl(CO)(PPh3)2] and yellow ethereal solutions con¬
taining [RhClCOLJ (confirmed by comparison with

authentic samples made by literature methods).11 Similarly,
only b-a«s-[RhCl(CO)(PPh3)2] was isolated from the
reaction of [RhCl(CO)PPh3]2 with excess AsEt3 or Me2SO.

Carbonylation of [RhCl(CO)PPh3]2.—(a) In benzene,
toluene, or chloroform. Reaction of the orange benzene
solution with CO at room temperature gives an immediate
lemon-yellow solution (vCo 2090 and 2008 cm"1) which on
removal of solvent in vacuo or purging with nitrogen reverts
to [RhCl(CO)PPh3]2 (voo 1980vs, 2090w cm"1, 2023w cm"1).

(b) In methanol suspension. [RhCl(CO)PPh3]2 was sus¬
pended in methanol and CO passed for 1 h giving a pale
yellow precipitate and an orange solution. The yellow
precipitate was ba«s-[RhCl(CO)(PPh3)2] (i.r. spectrum and
analysis) (Found: C, 64-7; H, 4-4. Calc. for C37H30C1-
OP2Rh: C, 64-3; H, 4-3%). Removal of solvent from the
methanolic orange solution gave a black solid. Extraction
with light petroleum (b.p. 60—80°) and concentration of
the resultant orange solution gave orange-red needles of
[RhCl(CO)2]2. The same behaviour was observed in con¬
centrated dichloromethane solution.

Rhodium(iu) Compounds
trax\s-Di-y.-chloro-tetrachlorodicarbonylbis(triphenylphos-

phine)dirhodium{\\i).—Dry chlorine was bubbled through
a suspension of bYms-[RhCl(CO)PPh3]2 in dichloromethane
for ca. 5 min. The solid dissolved completely giving an
orange-yellow solution which on concentration in vacuo
and addition of pentane gave the product as an orange-
yellow powder (vqo 2110, v(RhCl) 354, 340 cm"1).

Di-y.-chloro-di-iododiacetylbis (triphenylphosphine)dirhod-
ium(in) and di-\L-chloro-di-iododimethyldicarbonylbis(tri-
phenylphosphine)dirhodiumtm.) mixture.—[RhCl(CO)PPh3]2
Was treated with methyl iodide for 3 h giving a red-brown
solution. Removal of solvent and addition of pentane
gave the product as a dark brown powder (vco 2065;
v(COCH3) 1710 cm"1). If the reaction was carried out for
18 h the same products were formed but the amount of
methyl isomer had substantially decreased and that of acvl
increased (i.r. evidence).

Trichlorocarbonyl(triphenylphosphine)(triphenylarsine)-
rhodium(ui).—[RhCl3(C.O)PPh3]2 Was shaken in chloroform
with excess AsPh3 for ca. 30 min. Removal of solvent and
addition of pentane gave the product as a deep yellow
crystalline powder (vco 2102 cm"1). A small amount of
[RhCl(CO)(PPh3)(AsPh3)] was also formed. Similarly,
trichlorocarbonyl(triphenylphosphine)(triphenylstibine)rhod-
ium(iu) (v<jo 2098, v(RhCl) 345 cm"1) was prepared
from [RhCl3(CO)PPh3]2 and excess SbPh3. Again some
[RhCl(CO)PPh3SbPh3] was also formed. With [RhCls(CO)-
PPh3]2 and PPh3 (1:2 molar ratio) the main product was
iraMs-[RhCl(CO)(PPh3)2]. [RhCl3(CO)PPh3AsPh3] Was also
prepared by chlorination of [RhCl(CO)PPh3AsPh3] in CC14
(the compound contained ca. 0-25 mol CC14 solute per
rhodium). Similarly, treatment of [RhCl(CO)PPh3AsPh3]
with iodine in CC14 gave chlorodi-iodocarbonyHfriphenyl-
phosphine)(triphenylarsine)rhodhim(u\) 0-25 carbon tetra¬
chloride (vqq 2080 cm"1).

Reaction of [RhCl(CO)PPh3AsPh3] with methyl iodide
heated under reflux for 30 min followed by concentration
and addition of pentane gave a dark brown powder which
is a mixture of predominantly chloroiodoacetyl(triphenylphos-
phine){triphenylarsine)rhodium(iii) 0-50 methyl iodide (voochs
1712 cm"1) and chloroiodomethylcarbonyl(triphenylphosphine)-
triphenvlarsine rhodium(m) (vco 2060 cm"1). After 4 h
heating under reflux, almost all the product was in the
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acetyl form. A small amount of rhodium(i) complex (vqq
1980 cm-1) is also present.

Reaction of the isomeric mixture [RhClI(CH3)(CO)PPh3]2
and [RhClI(COCH3)PPh3]2 with excess AsPh3 in chloro¬
form or dichloromethane followed by immediate pre¬
cipitation with pentane gave the pure orange-yellow product
[RhClI (CH3) (CO) (PPh3) (AsPh3)] (vco 2065 cm"1). Similarly,
reaction with L (L = PPh3 or SbPh3) gave [RhClI (CH3) (CO)-
PPh3L]. In solution, these rapidly isomerise to the corre¬
sponding acyl isomer.

Trichlorotris (pyridine) rhodium (hi) . — [RhCl3 (CO) PPh3] 2

Was treated with an excess of pyridine in benzene for 24 h
giving a yellow solution. Removal of solvent and addition

of light petroleum (b.p. 60—80°) gave an oil which after
prolonged treatment with ether (24 h) gave a yellow powder,
washed with methanol and dried in vacuo (Found: C, 40-2;
H, 3-3, N, 8-6. Calc. for C15H16Cl3N3Rh: C, 40-3; H, 3-4;
N, 9-4%). Comparison with the i.r. spectra of authentic
samples of 1,2,3- and l,2,6-[RhCl3(C5H5N)]3 31 indicates the
latter has been formed.

We thank Johnson Matthey Ltd., for a generous loan of
rhodium trichloride trihydrate, the S.R.C. for an award
(to D. F. S.), and Drs. R. D. Gillard, D. Forster, R. J. Haines,
and J. F. Nixon for helpful discussions.

[2/940 Received, 21th April, 1972]
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There is an extensive chemistry of ruthenium (II) compounds with ligands

such as tertiary phosphines. In particular, the complexes RuX^(PPh^)^ ^

(X = CI, Br) (1) are good starting materials for the synthesis of a range of

ruthenium (II) compounds still containing triphenylphosphine (2). In addition,

such complexes as [Ru CI (PR ),]C1 (3) and methanolic solutions of2 3 3 6
2- . ,

RUgCl^ (4) are excellent precursors for synthesising a wide range of
ruthenium (II) compounds.

In contrast, relatively few ruthenium (III) compounds containing tertiary

monophosphines or arsines have been reported. Such compounds include the

series mer-RuX.L. (L = various tertiary phosphines and arsiaes) (5)

RuX3(MPh3)2S (M = P, As; S = C^OH (1, 6), CH3NC>2 (7) ), the anions
trans- [RuX4L2]" (X = CI, Br; L = PPh^ AsPIy PMe^h, PEt3 (7) ) and
the binuclear complexes [RuCl (PR ) ] and [Ru CI (PR ) ] (R = Pr", Bu") (8).

J J L 6 J S) J.

In order that such a deficiency might be remedied, we wish in this preliminary

communication to report the results of a systematic study of the reactions of

RuX3(MPh3)2S(A) with some ligands containing carbon, nitrogen, sulphur and
oxygen donor groups. Five different types of behaviour towards various ligands

have been exhibited by A:-

593
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The labile solvent ligand is readily displaced giving the six co-ordinated

ruthenium (III) compounds RuX^MPh^^L [L = RCN, (R = Me, Ph,

PhCH2> CH2 = CH), acetone (l^T.H.F, Me^O, CS2J. The
infrared spectra (ir.) of all the nitrile compounds contain a very weak

*VCN at ca 2300 cm \ 50 cm ^ higher than in the free ligands which

suggest that bonding occurs through the nitrogen (9). The

dimethylsulphoxide complexes have strong absorptions in the i. r.

spectra between 900-1000 cm ^ suggestive of an O-bonded sulphoxide

group (cf. RuCl2(Me2SO)2 (4) ). The i. r. of the CS2 complexes contain
a broad band at ca 1510 cm * indicating the presence of a linearly

bonded CS2 group. No bands due to thiocarbonyl (ca_ 1280-1330 cm
or to it-CS2 (ca 1020 cm * or 1120 cm linkages are present (lO)
and attempted recrystallisation of these complexes from benzene

results in loss of CS2 and formation of RuX^MPh^^.
Examination of the far i. r. spectra of these compounds (400-200 cm

indicates a similar configuration to that of the starting materials A and

configuration I with trans halide (vRuCl 347-299 cm (11) and trans

MPh^ groups is suggested.

L L L

I II III
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2) The solvent ligand and one MPh^ group are displaced giving the
six co-ordinate ruthenium (III) compounds; RuX^(MPh^)L^ [ L, = Me^S,
pyridine (1); = bipy, o-phen] The latter are the first reported

examples of ruthenium (ill) compounds containing both MPh., and

2, 2'-bipyridyl (or 1, lO-phenanthroline) groups. Examination of the

far i.r. spectrum of these compounds indicates vRuCl £a 330 cm *
and 285 cm \ suggesting configuration II with a trans-ClRuCl grouping.

The similarity of the far i.r. spectrum of RuCl^MPh^HMe^S)^ to that
of RuCl^MPh^J^S also suggests configuration II although, in this instance,
III cannot be eliminated on the evidence at present available.

All the compounds* in 1) and 2) have magnetic moments characteristic

of ruthenium (III) spin-paired complexes (Faraday and n. m. r. solution

methods). The 'H n.m. r. spectra are too broadened to be observed

except for RuCl^AsPh^HMe^Sj^, which shows resonances (T1.33^paraJ
T2. 62 £orthoJ^TS. 34[metaj, T4. 60 methyl) shifted and broadened by the
presence of the paramagnetic ion.

The colours of the compounds vary widely, eg. RuCl^MPh^J^PhCH^CN
(green), RuCl^MPh^Me^S)., (red), RuBr^MPh^^CH^CN (purple) and
a detailed examination of their electronic spectra (50,000 - 10,000 cm ^)
suggests that the lower energy absorptions (15,000 - 30,000 cm *) arise

from X-» Ru charge transfer transitions. Similar results are found in

compounds containing the [RuX^bipy)^]* ion (12).

The compounds have been fully characterised by elemental analyses
and molecular weight measurements.
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In some instances, substitution is accompanied by reduction. Thus, with

norbornadiene, the complexes RuX (MPh ) C H are readily obtained.
C, J c. 7 o

For M = P, the same compounds can be synthesised from

RuX„(PPh„)„ . , C_H„ (13). With carbon monoxide, reaction2V 3'3 or 4 and 7 8

with RuCl^AsPh^^CH^OH at room temperature gives
trans- RuCl-(CO) (AsPh ) (v 1993 cm *[CH CI.]). Comparison

L. d. J 6 L/ U cL L*

with earlier triphenylphosphine work (1, 14) suggests configuration IV.

CI CO

-MPli OC J MPh3oc,.

Ru

Ph3M CO

CI

CI
rFJ

ci

or, I Mph

MPh. OC

CI

Ru.

MPh.

CI

IV

CO

CI I MPh.

A'» /
ci MPh,

CO

CO

OC J MPh,

A 7
Ph^M CI

CI

VI VII

Recrystallisation from hot benzene gives the cis isomer (v2061 and

1999 cm ^) (1) (configuration V). Recrystallisation from cold

CH^Cl^/methanol causes several bands to develop. A band at 1943 cm

appears, which may be due to the other trans isomer VI.
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In addition the growth of bands at 2036 cm * and 1978 cm ^ may be

assigned to the other cis isomer VII (v 2038, 1983, 1967sh cm"''' for
uu

the phosphine analogue (14)). There is no evidence for RuCl^AsPh^^CO
although earlier workers have briefly reported the synthesis of RuBr^CPPh^^CO.
(6). With benzyl cyanide and M = P^reaction under mild conditions gives

RuX (PPh ) PhCH CN. However, under more vigorous conditions,

reduction to RuX^PPh^J^PhCH^CN)-, readily occurs. These compounds
can also be made from RuX^(PPh^)^ and benzyl cyanide (2).

4) In some instances, MPh^ is completely displaced with or without reduction
Thus, reaction of RuCl^AsPh^^L (E = CH^OH, PhCH^CN) with excess
NaS PPh gives Ru(S,PPh ) and prolonged reaction of RuX (AsPh ),CH OH

6 6 L> C. J J J L J

with pyridine gives RuX^CgH^N)^.

5) Finally, the choice of solvent is an important consideration. Reaction of

RuX^AsPh^^CH^OH with excess 2, 2'-bipyridyl in dichloromethane gives

RuX^AsPh^bipy. However, in methanol, preliminary results indicate
that products containing the [RuX^bipy)^] cation are preferentially formed,
whereas if the reaction is carried out in the presence of NaBPh,,

4

[RuX bipy(AsPh ),]BPh can be isolated.
C, J b 4

Further studies of these versatile complexes will be presented in future

publications.
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10.1 INTRODUCTION

In order that the similarities and differences between the various types of
complexes can be illustrated as fully as possible, this review has been divided
into the six sections. Sections 2-5 will be discussed triad by triad from left
to right across the periodic table: Sections 6 and 7 will only cover the few
metals which are at present known to bind to each specific organic ligand
in these groups.

Over the last 15 years a number of books and reviews containing references
to the chemistry of six-and seven-electron donor complexes have been pub¬
lished. However, the earlier (pre-1965) information found in these sources
will not generally be reproduced here, in any detail, unless work published
in the last 5 years extends, modifies or even contradicts these earlier
results. Such books and reviews include 'Benzenoid-Metal Complexes' by
Zeiss, Wheatley and Winkler', 'Metal ^-Complexes' Volume 1 by Fischer
and Werner2, 'Olefin Complexes of the Transition Metals' by Quinn and
Tsai3, 'Organometallic Compounds' Volume 2 by M. L. H. Green4 and
articles by D. A. White entitled 'Electrophilic and Nucleophilic attack on
Organo-transition Metal Compounds'5 and by Wheatley called '7r-Complexes
of Transition Metals with Aromatic Systems'6.

10.2 ARENE-METAL CARBONYL COMPLEXES

This section will cover all compounds which contain one or more delocalised,
six-membered rings, bound to a transition metal in addition to one or more
carbonyl groups.



SIX- AND SEVEN-ELECTRON LIGANDS

10.2.1 Titanium, zirconium and hafnium

403

Since the only known carbonyl compound is the air-sensitive (C5H5)2
Ti(CO)27, it is hardly surprising that no compounds of this type have been
prepared.

10.2.2 Vanadium, niobium and tantalum

As yet, compounds of this type are known only for vanadium. Until very
recently, the only compounds synthesised for vanadium were the [(arene)
V(CO)4]+ cations (1) (arene = benzene, toluene, methyl-substituted benzenes
etc.), obtained by direct reaction between the arene and V(CO)6 8 and isolated
as the hexacarbonyl vanadate salt [(arene)V(CO)4] [V(CO)6]

Attempts to obtain the still unknown (C6H6)V(CO)3 complex by reduction
of this cation with NaBH4, gave, instead the 7i-cyclohexadienyl derivative
[C6H7V(CO)4] *(2). Similar methyl-substituted 7r-cyclohexadienyl derivatives
were obtained by reduction of the methyl-substituted arene—vanadium
compounds [Me„C6H6_„V(CO)4] + . It is interesting to note that, in this
reaction, no evidence was obtained for complexes containing metal-hydrogen
or metal-B-H bonds (cf. reduction of [arene-Mn(CO)3]+ with NaBH4:
Section 10.2.4). However, the author9 suggests that the most likely mechanism
of formation involves a preliminary nucleophilic attack of hydride ion on
the vanadium cation, followed by a concerted electron transfer to the metal
and formation of the >CH2 group, rather than direct attack on a carbon
atom of the benzene ring. The former mechanism will lead to addition of
hydrogen preferentially in the endo position (with respect to the metal)
whereas the latter implies hydrogen can be introduced in either endo or exo
positions. However, recent x-ray studies on compounds such as [C6Me6H
Re(CO)3] 10, Section 10.2.4); [C7H7PhCr(CO)3] (Section 10.3.3); and
[C5H5PhCoC5H5] 12 show that the entering nucleophile occupies an exo-
position, which suggests that attack occurs on the side of the ligand remote
from the metal (see Sections 10.3.3 and 10.5.5 for further discussion).

In a very recent paper, Davison and Reger13 have discussed the synthesis
of [Me3C6H3V(CO)3I] by treatment of [Me3C6H3V(CO)4]+ with Nal in
THF. Reduction of this with NaBH4 gave [Me3C6H3V(CO)3H] (with
tv-h = 15.8). This is the first characterised carbonyl-hydride of vanadium.
Heating solutions of this hydride led to decomposition rather than conversion

H

co^V\^co
CO CO

0)

CO / N^CO
CO CO

(2)
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into the expected arene-vanadium tricarbonyl. However, reaction of the
hydride with aqueous NaOH gave the [Me3C6H3V(CO)3]~ anion isolated
as its tetrabutylammonium salt.

10.2.3 Chromium, molybdenum and tungsten

The complexes of type [(arene)Cr(CO)3] (where arene = benzene, substituted
benzenes, condensed aromatic ring systems) constitute by far the greatest
number of arene-metal carbonyls (see detailed list in reference 1 up to
January 1965). In contrast, the corresponding [(arene)M(CO)3] (M = Mo, W)
are limited to benzene and methyl-substituted benzene complexes.

(a) Preparations of {arene)M[CO)3— The standard preparative method is
by direct reaction of arene with Group VIA hexacarbonyls, although reaction
between [(CH3CN)3W(CO)3] and arene14 or [(C5H5N)3Cr(CO)3], arene
and BF315 has enabled milder conditions to be employed with, consequently,
less decomposition. Several more interesting chromium compounds pre¬
pared by this general method in recent years are as follows:

(i) Tricarbonylchromium complexes of a, /), y, (5-tetraphenylporphinzinc
[Zn(tpp)]16, formulated by n.m.r. as Zn(tpp)Cr(CO)3 (3) and Zn(tpp)
2Cr(CO)3. Preliminary results indicated that similar complexes are formed
with other M(tpp) complexes (M = 1st row traasition metal).

(3)

(ii) Mixed iron-chromium complexes formed from phenyl-substituted
ferrocene derivatives and Cr(CO)6, e.g.

[C5H5FeC5H4CH2C6H5Cr(CO)3] 17'18 (4)
Other iron-chromium complexes were synthesised in 1961 19,20 by reaction

of diphenylbutadienechromiumtricarbonyl (5) with Fe(CO)5 (or Fe3(CO)12)
to give [Ph2C4H4Cr(CO)3Fe(CO)3] (6).

Cr(CO)3
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rvx>\/N
' wv^-^/3

Cr(CO)3 Cr(CO)3
(5) (6)

It is probable that many more mixed metal complexes (containing no
direct metal-metal bonds) will be synthesised by reactions of this type in
the near future.

(iii) Earlier, Fischer and Ofele21 reported that pyrolysis of /V-methyl-
pyridinium iodopentacarbonylchromate(O) gave a 7t-C-methylpyridinechro-
miumtricarbonyl complex (7). However, on the basis of n.m.r. evidence, the
same authors22 have reformulated the product as (l-melhyl-l,2-dihydro-
pyridine) chromiumtricarbonyl(O) (8). This can also be prepared by direct
reaction of l-methyl-l,2-dihydropyridine and Cr(CO)6, and is the first of a
new series of metal-carbonyl complexes of dihydropyridines.

Cr(CO)3

(7)

(b) Reactions involving displacement of arene or carbonyl groups—A large
amount of work on arene exchange reactions of [areneCr(CO)3] complexes
has been published by Strohmeier et al. in the period 1960-1964 but this
work is excellently discussed elsewhere1". A very recent paper on the kinetics
of the displacement reaction (10.1) showed the reaction to be first order in
each reactant and a simple SN2 mechanism was suggested.

[arene W(CO)3] + 3(MeO)3P —> fac [W(CO)3 | (MeO)3P | 3] (10.1)
A similar rate expression was observed earlier for the displacement of arene by
(MeO)3P24 and other ligands25 from [arene Mo(CO)3] and the displacement
of cycloheptatriene26 from [C7H8M(CO)3] (M = Cr, Mo, W). It is suggested
that in the activated complex the arene (and triene) ligand changes its function
from a six- to a four-electron donor complex (9). A preferred mechanism

^M(CO)3
/

(McO)3P
(9)

(though little evidence is available) for the rapid steps following the forma¬
tion of the transition state involves addition of a second molecule of phosphite
followed by complete displacement of arene by a third molecule. The
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lower activation energy for C7H8 compared to arene displacement is
attributed to weaker binding in the former and its more ready ability to
function as a four-electron donor (see iron-triene chemistry: Section 10.3.5);
thus stabilising the transition state.

In some instances, particularly in photolytic processes, the entering
nucleophile displaces one carbonyl group rather than the arene. Work prior
to 1965 is reviewed elsewhere1b but recent examples include synthesis of
various [areneCr(CO)2(OSR2)] 27 complexes and a study of the kinetics of
the reaction28 (10.2):
[CbMebCr(CO)2(PhC=CPh)] + L-> [CbMe6Cr(CO)2L] + Ph2C2 (10.2)

(L = PPh3, AsPh3, P(nBu)3, P(OPh)3
with rate law = /c[CbMebCr(CO)2(PhC=CPh)], suggesting an SN1 mech¬
anism. Complete displacement occurs in the photolysis of dry methanolic
solutions of [areneCr(CO)3] giving [Cr(OMe)3]„29.

(c) Electrophilic attack at the arene group —[Arene M(CO)3] complexes
are much less prone to electrophilic attack than the free arene. The reasons
advanced are the susceptibility of the compounds towards decomposition
under conditions necessary for electrophiliq substitution (e.g. nitration,
sulphonation) and the tendency for some electron transfer from arene ring
to metal to occur, resulting in electron deactivation of the ring.

Recent evidence for the latter is as follows:
(i) 'H n.m.r. studies of [arene M(CO)3] complexes by various workers

between 1964 and 196930 have shown that the most obvious characteristic
is the upfield shift of ring proton resonances upon complexation. A recent
investigation30 has correlated these shifts with three effects, namely: with¬
drawal of 7t-electron density from the ring; the magnetic anisotropy of the
-Cr(CO)3 moiety; and the quenching of the ring current. The decrease of
coupling constants between ring protons on complex formation is also
discussed in terms of reduced 7t-electron density on the complexed arene
ring. These interpretations are consistent with earlier workK on the observed
direction of the metal-ring dipole moments in [(substituted arene)Cr(CO)3]
complexes.

(ii) Infrared studies 1d'4a'31 on the variation of vCO with substituents on
the arene ring, clearly show that electronic effects are transmitted from the
ring to the carbonyls. This is reflected in a reduction of the CO bond order
(and hence stretching frequency) as more 7r-electron density is transmitted
to the carbonyl groups. Recent studies32 on the effect of solvents on vCO
shifts indicate that rr-bonding between the metal and carbonyl groups
increases in the sequence Cr<Mo<W. Attempts to correlate the shifts of
the CO bending modes and ring-metal stretching frequencies with electronic
factors was unsuccessful33, presumably due to extensive coupling of these
vibrations and large mass effects.

[AreneM(CO)3] complexes also show differences in product distribution
as compared to that found in free arenes. For example, the isomer distribution
obtained by acetylation of [(toluene)Cr(CO)3] 34 (p; o; m = 46; 39; 15) is
substantially different from that obtained by acetylation of free toluene
(p, o\ m — 92; 8; 0). A more recent example is found in the acetylation of
some alkvlbenzenechromiumtricarbonvls3S. in which the nercentaee of
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meta isomer increases as the alkyl group becomes more bulky. The authors
suggest that this high proportion of meta isomer may be associated with
steric hindrance to the departing proton by the superimposed carbonyl
groups in the o- and p-positions of conformer (10). An earlier communication
by these and other authors 34 gave temperature dependent n.m.r. evidence for
severe restriction of rotation of the arene group in [(t-butylbenzene)Cr(CO)3]
and partial restriction in [(isopropylbenzene)Cr(CO)3]. However, more
recent work37 has suggested that these changes are probably due to viscosity
effects and, furthermore, that the complexity of aromatic proton resonances
in arene complexes with bulky substituents is probably the result ofdifferences
in magnetic environment, which are also present in the free arene. In a
recent paper37" these viscosity effects have been refuted by Jackson et al.
who now ascribe the temperature variation of their n.m.r. spectra to an
equilibrium between two conformations, one preferred for electronic reasons
(11) and one for steric reasons (12).

In agreement with this, a substantial number of crystal structures38-40 on
mono-substituted benzenechromium tricarbonyls have established that the
eclipsed orientation of the —Cr(CO)3 group, with respect to the arene ring,
is controlled by mesomeric electron repulsion or withdrawal by the sub-
stituent, such that when substituent X is a +M group, conformer (11) is
more stable: when X is a — M group, conformer (10) is stabilised. For more
bulky substituents, the staggered orientation (12) is favoured in order to
minimise steric effects. Emanuel and Randall30 have suggested that, in the
eclipsed conformers, the effect of the magnetic anisotropy of the — CrC03
group will produce different chemical shifts at the starred and unstarred
ring protons. Thus, if either conformer is preferred in solution, there will be
a differential shift of the two sets of ring protons.

O

oc

CO

(10) (II) (12)

On consideration of their n.m.r. data, these authors conclude that (11) is the
preferred conformer for [toluene Cr(CO)3]. Similar observations by Price and
Sorensen41 are explained by invoking partial three point bonding of the
- M(CO)3 moiety to the arene ring. However, the x-ray structures of [C6H6Cr
(CO)3]42 and others cited earlier38-40 show no evidence for bond alternation in
the arene ring. Therefore, on present evidence, this reviewer tentatively agrees
with the interpretation of Emanuel and Randall and Jackson et al. that
preferred conformers are retained in solution and that the n.m.r. variations
are due to differential magnetic anisotropy effects present in the conformers.
It is also very probable that the differences in isomer distribution in electro-
philic reactions of free and complexed arenes are due to the electronic and
steric consequences of these preferred conformations. However, caution
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must be exercised in the interpretation of rate and isomer distribution data
in studies of electrophilic substitution on metal complexes as exampled by a
recent kinetic study43 of Friedel-Crafts acetylation of [C6H6Cr(CO)3], in
which a parallel reaction of A1C13 at the chromium atom was observed.

It should be noted that in symmetrically substituted [areneCr(CO)3]
complexes (arene = C6H642, C6Me6 44), the staggered orientation (12) is
adopted. A similar orientation is found in the — Cr(CO)3 derivatives of the
o- and m-toluate anions45 and this is attributed to the enhanced ( — 1) and
diminished ( —M) effects of the — C02 group by the powerful withdrawing
effect of the — Cr(CO)3 group. A recent x-ray determination of [anthra¬
cene (Cr(CO)3]46 shows a staggered conformation with the — Cr(CO)3
group bound to a side ring of the anthracene molecule, which confirms an
earlier prediction47 based on n.m.r. evidence. A similar geometric arrange¬
ment has been found in both the orthorhombic48 and monoclinic49 forms of

[phenanthrene Cr(CO)3].
In contrast to other electrophilic reagents, reaction with strong acids gave

yellow protonated species [arene Cr(CO)3H] + 50 (characterised by tm_ h ~ 14).
Reaction of [C6Me6M(CO)3] (M = Cr, Mo, W) with SbCl5 in CH2C12 51

gave [C6Me6M(CO)3Cl]SbCl6 the first characterised oxidation product
of [areneMlCO)3] complexes Icf. larene)2M"+ systems; Section 10.4). These
in turn readily gave [M(CO)3L2Cl2] (L = PPh3, AsPh3) and [MlCO)J
D2Cl]BPh4 (D = bipy; o-phen; diarsine) with mono- and bidentate ligands
respectively. A related arene cation [C5H5M(CO)C6H6]+ was reported
earlier52. Reaction of [(Me3C6H3)M(CO)3] (M = Cr, Mo) with mercuric
halides in diethyl ether gave both 1 :1 and 1:2 adducts53. These are best
formulated as (13) and (14) respectively and may thus be regarded as Lewis
acid-base adducts with donation from the metal to the mercuric halide.

[HgX.,r

(d) Nucleophilic substitution of arene metal carbonyls — Although nucleo-
philic attacks on benzenoid molecules are relatively rare reactions, it was
demonstrated some years ago54 (by the facile reaction of [ClC6H5Cr(CO)3]
with NaOCH3 to give [CH3OC6H5Cr(CO)3]), that coordinated arenes
have an enhanced reactivity towards nucleophiles. More recent kinetic
studies of methoxide attack on [halogenobenzeneCr(CO)3] 55 indicate a
typical Ss2 displacement mechanism and confirm the enhanced reactivity.

However, most nucleophilic substitutions in [areneM(CO)3] complexes
have involved reactions in the aromatic side-chain. For example, although
benzoic acid and Cr(CO)6 do not give [C6H5C02HCr(C0)3], this compound
can be synthesised54 by alkaline hydrolysis, followed by acidification of
[C6H5C02MeCr(C0)3]. The rate of solvolysis of [C6H5CH2ClCr(CO)3]

Me

X2Hg/ \CO
OC CO

(13)

Me

Me

Me n/|
X 2 H g 7 \^CO

OC CO

; 14)
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is a factor of c. 105 greater than that of free arene and it is suggested56 that the
mechanism involves the carbonium ion (15) which is stabilised by direct
interaction with the chromium atom. Similar results are obtained in the
alkaline hydrolysis of chromiumtricarbonyl complexes of benzoic acid
esters57.

(15)

Finally, there are a number of recent papers on nucleophilic substitution
reactions by French workers58'63, in which resolution of the products into
their optically-active forms was achieved.

10.2.4 Manganese, technetium and rhenium

Very little recent work has been published on the arene carbonyls of this
triad. In earlier work on the reduction of [C6H6Mn(CO)3]+ with LiAlH4
in THF, Winkhaus, Pratt and Wilkinson64 reported the formation of the
71-cyclohexadienyl complex [C6H7Mn(CO)3] (16) and, later, Winkhaus65
also isolated a small amount of the cyclohexadienemanganesecarbonyl
hydride [C6H8Mn(CO)3H] (17). Although the evidence for this formulation
is rather tenuous (see reference le for discussion), it is possible that a similiar
-diene vanadium carbonyl hydride may be a minor product in the reduction
of the [arene V(CO)4]+ cations (Section 10.2.2). With other nucleophiles66,

the substituted cyclohexadienyl complexes [C6H6YMn(CO)3] (Y = Me, Ph)
were obtained. A recent x-ray analysis of [(C6Me6H)Re(CO)3] (18)10, obtained
by reduction of [C6Me6Re(CO)3]+ with LiAlH4 67, confirms that the
entering hydride ion occupies an exo position. Thus, the anomalously low
vCH (2700-2800 cm"1) found here and in many cyclopentadiene complexes,
arises from the exo hydrogen atom, although the factors responsible for this
low value are not clear (see reference 4b and Section 10.5.5 for discussion).
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No arene-carbonyl compounds of technetium are yet known.
H

"Me

10.2.5 Iron, ruthenium and osmium

The only reported six-electron arene carbonyl complex of iron is that formed
by reaction of hexamethyl-Dewar-benzene and Fe(CO)5 68 and formulated
as [C6Me6Fe(CO)2]2 (19). However, the similarity of this postulated
structure with fra/!s-[C5H5Fe(CO)2]2 69 and also the recent report by Kang
and Maitlis70 (Section 10.4.6), that reaction of hexamethyl-Dewar-benzene
with RhCl33H20 leads to ring contraction and the formation of penta-
methylcyclopentadienylrhodium(III) chloride, suggests that (19) may be
[C5Me5Fe(CO)2]2 (20). However, the reported parent ion peak [m/e = 548)

Me Me

Me—((j)-Me O CO
-^Me Me

o Me—(T" Y>—Me
Me Me

Me M^Fe"
OC'

Me

Me(YY)Me

(19)

O

-/C\p/C°Me' Fe Fe-Me Me
OC "C'

o MgyO/Me
Me Me

(20)

and analytical data are consistent with formulation (19). Furthermore,
in another communication71, Maitlis et al. note that the reaction of
the rearranged ring contraction product of hexamethyl-Dewar-benzene
(3) with Fe(CO)5 gives hexamethylbenzene and ferrous chloride. With
Fe2(CO)9 and hexamethyl-Dewar-benzene, a compound of empirical
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Me Me

H + cr
Me Me Me

Me Me
Me

(10.3)
Me

CHC1 ■ Me

formula [Fe2C19H1607] has been obtained72, formulated on the basis of
n.m.r. and i.r. evidence as (21). Earlier attempts1-' to obtain 7i-bonded arene

Me Me

Me>=V=CH2
(CO)3Fed_i\ iT\Fe(CO)3

Me CACH2
II
O

(21)

compounds have proved unsuccessful. A recent paper73 reports the synthesis
of compounds [(aromatic ligand)Fe(CO)3] [aromatic ring = acridine,
phenazine etc.] but detailed n.m.r. studies suggest that the side rings are
bound 'diene-fashion'.

In contrast, reaction of Ru3(CO)12 with various arenes74 (Me3C6H3,
m-Me2C6H4, MeC6H5) gives the unusual 'carbide' complexes [Ru6C(CO)17]
and [Ru6C(CO)14(arene)]. N.M.R. studies74 and a preliminary x-ray structure
determination74 on the mesitylene derivative (22) have confirmed that the
arene acts as a 6-electron donor.

CO

(22)

No arene carbonyl complexes of osmium have been reported.

10.2.6 Cobalt, rhodium and iridium

No arene carbonyl complexes of rhodium and iridium have been synthesised.
Reaction of Hg[Co(CO)4]2 76 or Co2(CO)8 77 with A1C13 and benzene
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gives a salt, formulated as [(C6H6)3Co3(CO)2] [Co(CO)4](23). In a very
recent note, reaction of norbornadiene with [RC=CH)Co2(CO)6] (R = H,
Ph)complexes in aromatic hydrocarbon solvents is reported as giving, as
major products, compounds formulated as [(arene)Co4(CO)9] 78 (24)
(arene = benzene, xylene, anisole etc.). The same products are obtained by
warming Co4(CO)12 (or Co2(CO)8) with the appropriate arene.

10.2.7 Nickel, palladium and platinum

No arene carbonyls of these metals are known.

10.3 CYCLOHEPTATRIENE AND CYCLOHEPTATRIENYL
COMPLEXES

This section covers all complexes of these ligands except those of mixed
sandwich compounds.

10.3.1 Titanium, zirconium and hafnium

The only cycloheptatrienyl complexes reported in this group are the
brownish-black crystals of [MCl2(C7H7)2] (M = Ti, Zr), obtained by
direct interaction of MCl4 and C7H8 79. According to the authors, these
compounds contain an anionic C7H7 group but, until substantially more
physical and chemical evidence is available (only i.r. spectra are quoted), this
reviewer refuses to speculate further on the nature of the bonding between
the metal and ring.

10.3.2 Vanadium, niobium and tantalum

Several years ago, the preparation of [C7H7V(CO)3] (25) 80,81 and
[C7H7VC7H8] [V(CO)6] 81 (see Section 10.5.2) by reaction of V(CO)6 and
C7H8 was reported. No definite information is yet available concerning the
mechanism of this reaction, although it is suggested that both products
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may be formed from a common intermediate. The formulation of (25) as a
cycloheptatrienyl complex has been confirmed by x-ray studies82.

The 'H n.m.r. of this compound is, however, rather strange, in that the
single n.m.r. peak, observed in toluene at — 50 °C, becomes more complex
as the temperature increases. Fritz and Kreiter83 have suggested as a possible
explanation, that the symmetrical structure established by x-ray work was
in temperature-dependent equilibrium in solution and that one or more
species were present in which the C7 ring symmetry was not preserved. In a
more recent paper, Whitesides and Mitchell84 have elegantly demonstrated
that the signal obtained at ambient temperature is due to 51V-1H spin-spin
coupling and that the temperature dependence of the line shape reflects
variations in the rate of 5lV spin-lattice relaxation. The temperature-depen¬
dent behaviour of the high field resonance in [Me3C6H3V(CO)3H] '3
[very broad (— 51 Hz) at — 20 °C; narrower (~19Hz) at — 52 °C] is also
probably due to 51V-1H spin-spin coupling. However, the increase in
complexity of the i.r. spectrum of [C7H7V(CO)3] when dissolved in solu¬
tion83, is not explicable in terms of coupling constants and may, in fact,
reflect preferential solvation effects or a change in structure.

The compound [TaCl3(C7H7)2]85 has recently been reported (see
Section 10.3.1 for comments).

10.3.3 Chromium, molybdenum and tungsten

As for the arene-metal carbonyls (Section 10.2.3), most of the studies of C7H7
and C7H8 complexes are connected with the Group VIA metal carbonyls.
An unusual molecule, containing a cycloheptatriene ring can be obtained
from the reaction of diphenylketen and ethoxyacetylene. The molecular
structure of this compound was deduced chemically by Barton et al.s° in
1962 and this was later confirmed by the x-ray analysis87 of its tricarbonyl-
chromium derivative (26).

OC^I^CO
CO

(25)

OEt

(26)
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However, the standard method of preparation of [C7H8M(CO)3] is by
direct reaction of C7H8 with M(CO)688 (M = Cr, Mo); with [CH3CN)3
W(CO)3]14, or with [(C5H5N)3Cr(CO)3] and BF3 in ether89. These reac¬
tions have been extended to the synthesis of many 7-substituted cyclo-
heptatriene metal carbonyl complexes and n.m.r. studies89,90 have recently
shown that the 7-endo-C7H7YCr(CO)3 complex (27) is exclusively formed
in most instances. In contrast, reaction of the cycloheptatrienyl cation
[C7H7Cr(CO)3]+ (28), (prepared by hydride abstraction from [C7H8Cr
(CO)3] using Ph3CBF4 91 or Et3OBF4 92) with the majority of nucleophilic
reagents (Y)90 leads to the formation of 7-exo-C7H7YCr(CO)3 complexes
(29).

(27) (28) (29)

These can readily be distinguished from the endo-isomer on the basis of
n.m.r.89,90 and mass spectroscopy93 and the validity of this interpretation
has been confirmed by an x-ray analysis'1 of (29) (Y = Ph). It is therefore
suggested that the stereospecific addition observed here and in related
reactions (see reference 90 and Section 10.2.1) is strong proof that intermediate
bonding of anions to the metal plays no part in these reactions.

A more convenient synthesis of a range of 7-exo-C7H7Y-complexes is by
methoxide displacement from 7-exo-C7H7OCH3Cr(CO)390. Use of
[(CH3CN)3Cr(CO)3] and C7H7Y ligands provide a facile route to 7-endo-
C7H7Y complexes94. By this means, compounds of C7H7C02Me (7-endo,
1 and 3 isomers)95,7-endo-C7H7OR (R = 'Me, Et) etc.94 have been synthesised
for the first time. Reaction of these compounds (and the 7-endo-C7H7Me
complex) with Ph3CBF4 leads to the stereospecific removal of the 7-exo-
hydrogen atom and formation of the 7-Y-tropylium cations [C7H6YCr
(CO)3]+ 94,95(30). In contrast, Ph3CBF4 does not react with the 7-exo-
C7H7Me complex and Pauson et al.90 therefore conclude that the hydride
abstraction reaction is also stereospecific, involving removal of hydride
from the exo position.

MeO,C r

(30) (31)
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Earlier studies96 have shown that, on reaction of [C7H7M(CO)3] +
(M = Cr, Mo) with the nucleophiles NaC5H5 and NaCH(C02Et)2, a ring
contraction occurs to give [C6H6M(CO)3]. The simultaneous isolation of
7-C7H7CH(C02Et)2Cr(C0)3 (later shown to be exo) suggests that the
'normal' nucleophilic addition is a prerequisite step in these rearrangements.
By substitution with tritium and methyl, it can be shown that the benzene
ring is derived entirely from the C7 ring by extrusion of a carbon atom. Later
studies89 have demonstrated that 7-endo-C7H7CH(C02Et)2Cr(CO)3 also
readily rearranges in the presence of base to form [C6H6Cr(CO)3] and the
following mechanism (iv) for this rearrangement has, therefore, been
proposed.

H
I

The salt [C7H6CO2MeCr(CO)3] + [(30); Y = C02Me] also reacts with
nucleophiles to give [RC7H6C02MeCr(C0)3][(31); R = OMe] 95. How¬
ever, when chromatography was attempted on alumina some ring contraction
to [C6H5C02MeCr(C0)3] occurred95. This constitutes the mildest con¬
ditions yet found for the ring contraction rearrangement.

Initial results on a study of directive effects in nucleophilic addition to
the substituted tropylium cations [(30); Y = OMe; C02Me] have recently
been presented97. Considerable selectivity is found, depending on both the
directive effect of Y and the nature of the entering group, i.e. with Y = OMe,
MeO" attacks at position 1 but H~ attacks chiefly at position 3; in contrast,
— C02Me directs MeO", CN~ and H~ into position 2. Therefore, the
authors conclude that Y groups with a +M effect favour nucleophilic
additions at the 1- and 3- positions (the former being almost exclusively
attacked by weaker nucleophiles, whereas stronger nucleophiles favour
attack at the 3- position), and those with a — M effect direct more uniformly
to position 2.

In contrast, the [C7H7Mo(CO)3]+ cation98 forms few 7-exo-C7H7YMo
(CO)3 complexes. This may be partially attributed to the instability of the
[C7H7Mo(CO)3]+ cation under the conditions required for-nucleophilic
addition89,91 but another factor may be the preferred tendency of the nucleo-
phile for attack at the metal, rather than at the ring. Thus, reaction of [C7H7M
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(CO)3] + (M = Mo", W14) with NaX (X = CI, Br, I) in acetone gives the
neutral [C7H7M(CO)2X], This would suggest that the positive charge
resides largely on the metal atom for molybdenum and tungsten and on
the ring for chromium. A recent x-ray study of [C7H7Mo(CO)3]BF4100
shows an average MO—C (carbonyl) distance of 2.035 A, which is appreciably
longer than in other olefin—Mo(CO)3 complexes. Similar x-ray studies of the
chromium and tungsten compounds should help to determine the reason
for this anomalous increase.

In an attempt to obtain [C7H7MC5H5] (see Section 10.5.3J, [C7H7
M(CO)2I] (M = Mo", W14) was reacted with NaC5H5. The product was
the unexpected, orange [C7H7M(CO)2C5H5], postulated to have structure
(32) with an h3-C7H7 moiety, despite the fact that its room temperature
'Hn.m.r. spectrum shows only a single resonance arising from the C7H7
ring. Further detailed n.m.r. studies by several groups of workers101-103

indeed show that the molecule is fluxional. However, the close similarity
of the low temperature n.m.r. spectrum with that expected for an h'-C7H7
attachment (33)102,103 still leaves some doubt as to the actual formulation
and this can probably only be resolved by x-ray analysis. In addition, the
fact that there are four vCO bands in the room temperature solution
i.r.10'—103 suggests the presence of conformers A and B (32) [or h'-C7H7
conformers?]. The low temperature n.m.r. spectrum only indicates the
presence of one conformer and, in agreement with this103, two of the uCO
bands almost disappear at —60 °C.

/Mo
OC /

OC

w
Fe(CO)3

(34)

Photochemical reaction of [C7H7Mo(CO)2C5H5] with Fe(CO)5 (or
Fe2(CO)9) gives [C5H5(CO)2MoC7H7Fe(CO)3] 104, which appears to have
structure (34), where the C5H5(CO)2Mo group lies over one face of the C7H7
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ring and interacts with three carbon atoms, while the Fe(CO)3 lies over the
other face and interacts with a butadiene-like sequence of carbon atoms. In
addition the molecule is fluxional and gives a n.m.r. spectrum consistent
with this structure only below — 50 °C. At room temperature, the C7H7
ring exhibits a single resonance. A detailed analysis suggests a rearrangement
pathway of either 1, 2 shifts or a mixture of 1, 2 and 1, 3 shifts.

In contrast, reaction of [C7H7Mo(CO)2I] and C6F5MgBr gives
[C7H7Mo(CO)2C6F5] 105 ( 35) with a u-bonded pentafluorophenyl group

F

(35)

and a symmetrically bound C7H7 ring.
Kinetic studies on the displacement of C7H8 by monodentate Lewis

bases from [C7H8M(CO)3] complexes are discussed elsewhere (Section
10.2.3). Recent displacement reactions with bidentate ligands D (D = bipy;
o-phen) in polar solvents (S) have given complexes [M(CO)3D(S)], whereas
in non-polar solvents, the carbonyl bridged binuclear complexes [M(CO)3D]2
are obtained106. If the reaction is carried out in the presence of X" (X = CI,
Br, I etc.), the anionic compounds [M(CO)3DX]~ are obtained107.

Finally, reaction of MOCl3 (M = Mo, W) and C7H8 gives [MOCl2
(C7H7)2] 7'.

10.3.4 Manganese, technetium and rhenium

Rather surprisingly, the only cycloheptatrienyl compound formed in this
triad appears to be the mixed sandwich cation [C7H6RMnC5H5] + , which
is discussed in Section 10.5.4.

10.3.5 Iron, ruthenium and osmium

Very little recent work concerning C7H8 and C7H7 complexes of this triad
has appeared in the literature. Earlier work20,108 has shown that reaction
of Fe(CO)5 and C7H8 gives [C7Fl8Fe(CO)3] in which the triene is bound
through only two double bonds (36). The free double bond could readily
be hydrogenated, giving [C7HI0Fe(CO)3] (37). Reaction of the former with
HBF4 or the latter with Ph3CBF4 gives the cycloheptadienyl cation
[C7H9Fe(CO)3] + BF4 (38).
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T +

(38)

Ph3C+

(37)

However, a cycloheptatrienyl iron complex has been prepared by treating
7-C7H7OCH3Fe(CO)3 with HBF4 to give CH3OH and [C7H7Fe(CO)3]
BF4 ,09. Although the room temperature 'H n.m.r. shows a single resonance,
the uCH region of the i.r. is more complex than the corresponding Group
VIA [C7H7M(CO)3]+ compounds and the fluxional structure (39) was
postulated. Likewise if [C7H9Fe(CO)3] + is treated with KI10B, the com¬
pound [C7H7Fe(CO)2I] is formed. Rather surprisingly, no variable tem¬
perature n.m.r. studies appear to have been reported on these compounds.

(39)

Very recently, reaction of [h5-C5H5Fe(CO)2]~ and C7H7BF4 has been
reported to give [h5-C5H5Fe(CO)2h1-C7H7] 11°. However, this has recently
been reformulated as [h5-C5H5Fe(CO)h3-C7H7] (40) 11\ because of the
close similarity of its variable temperature n.m.r. spectrum with those of
[C7H7Mo(CO)2C5H5] ,02'103 and [C7H7Co(CO)3] (41)103. (Section 10.3.6.)

oc CO

OC-cq

(40) (41)

Recently, the compound 1,2-benzocycloheptatriene iron tricarbonyl has
been synthesised (42) and shown to undergo a hydride abstraction reaction
to give the benzotropyliumirontricarbonyl cation (43)112.
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Ph3C +

Fe
OC I CO

CO

(42)

Fe
OC I CO

CO

(43)

Reaction of RuCl3 and C7Hg gives a polymeric compound [C7H8Ru
Cl2]„,13, which has been assigned the structure (44) in which the olefin
molecule assumes the boat configuration, with coordination at the 1,5
double bonds.

There are also a number of bi- and tri-nuclear iron (and ruthenium)
complexes containing a cyclohcptatricnc, cyclo-octatriene or cyclo-octa-
tetraene ring114 but these are not considered further in this review, since in
no instance is the ring bound to each metal atom with more than four
carbon atoms.

10.3.6 Cobalt, rhodium and iridium

The only cycloheptatrienyl complex of cobalt is the air-sensitive [C7H7
Co(CO)3], prepared by photochemical reaction of Co2(CO)8 and C7H8".
Variable temperature n.m.r. studies 103 have recently confirmed the trihapto
coordination of the C7H7 ring (41) and the fluxional character of the complex.

There are no -triene or -trienyl complexes of rhodium and iridium. An
earlier report stating that reaction of [Rh(CO)2(acac)j and cycloheptatriene
gives the norbornadiene complex [C7H8Rh(acac)j 115 due to isomerisation

(44)
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of the triene is incorrect: the diene complex is formed because the triene
contains 3% norbornadiene116.

10.3.7 Nickel, palladium and platinum

The only work published in this triad is some early work on platinum com¬
pounds'17. Reaction of H2PtX6 (X = CI, Br) with C7H8 gives a mixture
of (C7H7)2[PtX6] and C7H8PtX2. The triene ligand is readily displaced from
the latter with pyridine, giving cis-[PtX2(C5H5N)2], which would suggest
h4-C7H8 coordination. However, unlike h4-C7H8Fe(CO)3, the platinum
compound does not undergo protonation (or hydride abstraction) reactions.

10.4 METAL-ARENE COMPLEXES

This section covers all complexes containing arene as a ligand with the
exception of carbonyl and mixed sandwich compounds.

10.4.1 Titanium, zirconium and hafnium

There is little recent work on arene compounds of this triad. Various
investigators"8 have suggested that the cr-phenyl aluminium compound
TiClj-AlClj-AlC^CgHj 119 should be reformulated as the 7r-arene complex
[(C6H6)TiCl2(AlCl3)2] and Russian workers120 have shown that, on warming
[(C6H5)4Ti], black pyrophoric [(C6H5)2Ti]„ and biphenyl are the decom¬
position products.

Reaction of C6Me6, A1 and A1C13 with MC14 (M = Ti, Zr) is reported
to give the trinuclear cationic complexes [(C6Me6)3M3Cl6]Cl (45)121
[see Section 10.4.2],

10.4.2 Vanadium, niobium and tantalum

There are no normal bis-arene complexes of niobium and tantalum. Reaction
of their pentachlorides with C6Me6, Al and AlCl3 gives instead the tri¬
nuclear cationic compounds (45) and in addition the binuclear [(C6Me6)
NbCl2]212'(46).

In contrast, a similar reaction with VC14 gives V(C6H6)2 which is readily
air-oxidised to V(C6H6)2 122. E.S.R. studies on the paramagnetic V(arene)2
and the isoelectronic Cr(arene)2 compounds (arene = benzene, toluene,
mesitylene) indicate that all the ring hydrogens are magnetically equivalent
and that the methyl groups produce no hyperfme splitting of the signal123.
Very recently, bisnaphthalene complexes of V(0) and Cr( I) have been detected
in solution by a comparison of their g values and hyperfine coupling con¬
stants with those of known bis-arene species124. An examination of the number
and intensity distribution of the hydrogen hyperfine lines indicate that only
one ring of each C10Hg molecule interacts with the metal. At higher lithium



naphthalide/chromium concentrations, further signals appear, which are
tentatively attributed to the formation of Cr( —I) and Cr( — II) C10H8
complexes. At higher lithium naphthalide/vanadium concentrations, reduc¬
tion leads to disappearance of the e.s.r. signal124,125.

10.4.3 Chromium, molybdenum and tungsten

Earlier work on the synthesis of cr-organochromium compounds and their
conversion to 7i-arene complexes is adequately documented10,126. More
recent work has been concerned with the unravelling of the mechanism
for this conversion (see Reference 4c for a detailed discussion).

However, bis-arene complexes of chromium, molybdenum and tungsten
are best prepared by the reducing Friedel-Crafts reaction. This gives the
M(arene)2 cations which are readily reduced to the M(arene)2 compounds127.
E.S.R. evidence for Cr( —I) and Cr( —II) bis-arene complexes is also avail¬
able124.

(a) Structure and bonding in bis-arene complexes — The structure of
dibenzenechromium has been the subject of some controversy, since it
was reported by Jellinek in I960128 that the benzene rings possess alterna'■
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ing carbon-carbon bond lengths (1.36 A and 1.45 A), indicating that
little or no delocalisation of bonding electrons takes place within the ligands
of Cr(C6H6)2. This threefold symmetry of the benzene rings was supported
by earlier i.r. studies'29. However, more recent i.r.'30, Raman131 and dif¬
fraction studies (x-ray132 and electron133), including one at 100 K by Jelli-
nek134, find no evidence for significant differences in C—C bond lengths and
the expected sixfold symmetry of the molecule has been confirmed. It is
suggested that the discrepancies in the earlier data may be due to the presence
of small amounts of 7i-mesitylene compounds producing disordered crystals
(since mesitylene is often used as a catalyst in the preparation of Cr(C6H6)2).
This wealth of experimental data also casts doubts on the qualitative theo¬
retical treatments135 which have tried to explain the 'distortion' of com-
plexed benzene in Cr(C6H6)2 by invoking metal-ring orbital interactions.

Recently, semi-empirical extended Hiickel MO calculations on metal
diarene and biscyclopentadienyl compounds have been published which
extend the basis set to include the cr-molecular orbitals (comprising carbon
2s, 2px, 2py and hydrogen Is atomic orbitals) in addition to the 7i-molecular
orbitals (carbon 2pz atomic orbitals) of the benzene ligands136. These
calculations suggest that an interaction between the metal orbitals and the
ligand a-orbitals does occur and that this interaction is comparable in
strength to that between the metal orbitals and the ligand n orbitals. Experi¬
mental evidence for these conclusions has subsequently been presented by
Anderson and Drago137 from a careful examination of the n.m.r. contact
shifts observed for a large number of paramagnetic bisbenzene and methyl
substituted bisbenzene complexes of first row transition metals [V°,
Cr1, Fe", Fe', Co", Co1 and Ni"]. The observed delocalisation of spin
density has been rationalised on the basis of competing direct a and in¬
direct 7i delocalisation mechanisms, the n mechanism becoming more
dominant on going from left to right across the periodic table. Similar results
have been obtained by Prins138 from an analysis of the isotropic proton hyper-
fine coupling constants of metallocene and arene compounds and by Rettig
and Drago139 from n.m.r. work on metallocene compounds. Furthermore,
it was shown that the highest energy electrons reside in molecular orbitals of
largely metal character, whose energy ordering is precisely that predicted
by ligand field theory namely dx2_yJ, dxy<dz2<?dxy, dyz. This is contrary to
earlier proposals which placed these electrons in ring antibonding orbitals
(see reference 137 for a detailed discussion).

Recent mass spectroscopic studies140 on various diarenechromium com¬
pounds show that fragment formation proceeds almost exclusively by
successive elimination of the ring ligands and that the metal-ligand bond
strengths increase in the order:

C6H6 < Me3C6H3 <C6H5 C6H5 C6Me6

(b) Reactions of bis-arene compounds — The organic chemistry of bis-
arene compounds has received relatively little attention, the few studies
to date being confined to Cr(C6H6)2. Compared with benzene and [C6H6
CrlCOCT the aromatic chemistrv of Cr(C,H,t, is verv limited. This is nartlv
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due to the instability of the compound under the conditions required
for reaction but is also the result of the ready oxidation to [Cr(C6H6)2] + on
attempted electrophilic substitution of the benzene rings [cf. [arene M(CO)3]
oxidations; Section 10.2.3], In fact, the only substitution reaction known
until quite recently has been the transmetallation of Cr(C6H6)2 using
n-amylsodium141. This reaction is not facile, the products are mixed and the
yields are generally low, but, nevertheless, reaction of the metallated species
with organic carbonyls RCOR'(R = R' is H, Me, Ph etc.), for example, gives
the alcohols [C6H6CrC6H5CRR'(OH)] (47), which in turn are readily
oxidised with aluminium isopropoxide to give the ketones [C6H6CrC6H5
COR] (48)141. This, therefore, provides a means of obtaining a limited range
of substituted bisbenzene complexes, which are inaccessible by the reducing
Friedel-Cra(ts reaction because of side reactions with the A1C13 catalyst.

(47) <48)

More recently, it has been shown that, whilst n-BuLi alone does not
metallate Cr(C6H6)2 142, metallation does occur in the presence of NNN'N'-
tetramethylenediamine143. By reaction of the resulting bis(lithiobenzene)-
chromium with Me3SiCl'44, [Cr(C6H5SiMe3)2] (49) was synthesised. Evi-

(49)

dence has also been presented143 to show that 7t-bonded benzene is metallated
preferentially to free benzene and this rate enhancement is rationalised in
terms of the stabilisation of a Cr(C6H6)2 carbanion related to a benzene
carbanion transition state, probably by means of d-orbital participation
[cf. carbonium ion stabilisation in the solvolysis of [C6H5CH2ClCr(CO)3]56;
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Section 10.2.3]. It is to be expected that a range of substituted bisbenzene
complexes will be synthesised via these lithiated species in the near future.

Reactions leading to displacement of both benzene ligands in Cr(C6H6)2
with ligands such as PF3 have also been reported'45.

10.4.4 Manganese, technetium and rhenium

It was reported in 1961146 that the reaction of MnCl2, PhMgBr and 2-butyne
leads to cyclic condensation of the latter and the isolation of [Mn(C6Me6)2] +
in 11 % yield as its tetraphenylborate salt. However, Fischer and Schmidt147
have been unable to reproduce this result and have obtained instead a 2%
yield of [C6H6MnC6Me6]+ isolated as its hexafluorophosphate salt.
Reaction of this with LiAlH4 leads to stereospecific attack on the unsub-
stituted benzene ring with formation of [C6H7MnC6Me6] 147.

In contrast, [Re(arene)2]+ (arene = C6H6 14S, C6Me6'49) can be syn¬
thesised by the reducing Friedel-Crafts reaction. A recent report149 on
reduction of the latter demonstrates the importance of the reducing reagent
in determining the nature of the product. With sodium in liquid ammonia,
the complex [C6Me6HReC6Me6] (50) containing a rc-cyclohexadienyl ring
is obtained; it is very probable that, as in [C6Me6HRe(CO)3] 10 (Section
10.2.4), the hydrido ion occupies an exo position. However, with liquid
lithium in the absence of solvent (or any other source of protons), a dia-
magnetic orange dimer [Re(C6Me6)2]2 of apparent structure (51) is obtained.
If this dimer is immediately sublimed onto a cold finger at — 196 °C, appreci¬
able amounts of monomeric, paramagnetic Re(C6Me6)2 characterised by its
e.s.r. spectrum is obtained. On warming this monomer dimerises irreversibly
back to (51) with disappearance of the e.s.r. signal [cf. the behaviour of
Rh(C5H5)2] 15°.

The behaviour of the [Tc(C6Me6)2]+ cation with reducing agents is
analogous, except that only a trace of the dimer is obtained151.

(50) (51)
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10.4.5 Iron, ruthenium and osmium

By the standard reducing Friedel-Crafts reaction followed by hydrolysis
in the presence of NH4PF6, the [M(arene)2](PF6)2 complexes (M =
Ru 152'153, Os152) can be synthesised: in contrast, the [Fe(arene)2]2+ cations
are obtained directly from the ferrous ion and arenes . These compounds
show an increased stability to hydrolysis, both with increasing atomic
number of the metal and with increasing methyl substitution on the ring.
The latter observation may be attributed to the increasing strength of the
metal—ring bond on substitution [cf. mass spectroscopic studies on
Cr(arene)2 compounds140; Section 10.4.3] although the influence of steric
factors on the rate of hydrolysis cannot be discounted. Flence, although
[Fe(C6H6)2]2+ is too unstable hydrolytically to be isolated, the hexa-
methylbenzene cation is sufficiently stable to undergo stepwise reduction
with dithionite ion to the monopositive [Fe(C6Me6)2]+ and the neutral
Fe(C6Me6)2155. Very recently, reduction of the corresponding [Ru(C6
Me6)2]2+ cation to Ru(C6Me6)2, using sodium in liquid ammonia, has
been reported153. The n.m.r. spectrum of the latter is of interest in that the
single peak at 70 °C becomes a multiplet at 5 °C and the authors suggest
that this 'fluxional' behaviour arises from a structure (52), in which one of
the benzene rings is bonded 'diene-fashion'. In view of the work discussed
earlier (Section 10.2.3) it may also be possible to interpret these n.m.r. data
on the basis of an equilibrium involving different conformers of the Ru
(C6Me6)2 complex.

Me / \ Me

Me-/ V-Me
Me Me

(52)

E.S.R. evidence156 also suggests that [Fe(C6Me6)2]+ has lost the axial
symmetry characteristic of its 18-electron homologues and that it contains
the two aromatic ring ligands oblique to each other. These authors156
suggest this asymmetry to have arisen from a Jahn-Teller distortion, pro¬
duced by the removal of degeneracy in the singly-occupied non-bonding
ligand orbital e2u. This assignment has been questioned by Anderson and
Drago137 who, on the basis of n.m.r. contact shift studies, suggest that the
unpaired electron resides in the efg molecular orbital (which is mainly
associated with the metal). This would give rise to a 2Elg ground state and a
small dynamic distortion, whereas for a 2E2u ground state, a large static
distortion accompanied by large contact shifts (which are not found) would
be expected.
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The [Ru(C6H6)2]2+ cation can also be obtained by treatment of the
1,3-cyclohexadiene-benzene complex [C6H8RuC6H6] (Section 10.5.5) with
Ph3CBF4 64: attempts to remove only one hydrogen atom from the C6H8
ring were unsuccessful. A similar double hydride abstraction reaction occurs
with C5H5CoC6H8 to give [C5H5CoC6H6]2+157 (Section 10.5.6). Direct
reaction of'RuC13xH20' 113 and OsCl3158 with 1,3 cyclohexadiene gives the
polymeric compounds [C6H6MC12]„, in which the presence of diene co¬
ordination is suggested [cf. [C7H8RuC12]„ 113 (44); Section 10.3.5]. These
react with tertiary phosphines to give the dimeric [C6H6MC12(PR3)]2
compounds.

Finally, by means of the reducing Friedel-Crafts method, the first bis-arene
complex of naphthalene [Ru(C10H8)2](PF6)2 was synthesised159. The only
other naphthalene complex of ruthenium is the one obtained by reduction
of RuCl2(DMPE)2 [DMPE = Me2PCH2CH2PMe2] with sodium naphtha-
lide160. The reduction product displays chemical properties corresponding to
the 7r-arene formulation (53) but its spectroscopic properties160 and struc¬
ture161 are consistent with the hydride structure (54). A growing number of
these labile tautomeric equilibria between a low-valent structure and a
higher-valent hydridic structure have been recently discovered and the
subject has been reviewed162.

10.4.6 Cobalt, rhodium and iridium

There is very little recent work on the bisarene complexes of this triad.
Compounds of type [M(arene)2]n+ (M = Co, Rh, Ir; n = 2, 1, 0) have been
characterised and in addition evidence found for [Co(C6Me6)2]3+ although
this could not be isolated1'1. The non-zero dipole moment for Co(C6Me6)2
and magnetic moment corresponding to one rather than the expected three
unpaired electrons have been the subject of some discussion163. As suggested
for Ru(C6Me6)2 1S3, it is possible that one of the benzene rings acts as a
four- rather than a six-electron donor.

As mentioned earlier (Section 10.2.5) reaction of hexamethyl-Dewar-
benzene and RhCl33H20 leads to ring contraction and the formation of a
pentamethylcyclopentadienylrhodium(III)chloride dimer (55) 70 rather than
a 7r-hexamethylbenzenerhodium(III)chloride cation (56) 164.

Me Me

Me Me

Me Me Me

(55)
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Me Me

Me^ .Me ^Cl\
—Rvr,/Rh—O. Cl-Me Me CI Me Me

Me Me

(56)

Very recently, the first example of a complex in which the BPh4 group is
directly bonded to a transition metal atom has been reported. Addition of
NaBPh4 to [C8H12RhCl]2 and an excess of P(OMe)3 in methanol gave the
5-coordinate ionic compound [Rh{P(OMe)3}5]BPh4. This decomposes in
air to^give the neutral complex [Rh{P(OMe)3}2BPh4], shown by x-ray
analysis to have structure (57) in which the BPh4 group is 7t-bonded to the
rhodium through an arene ring165. A wider range of [RhL2BPh4] (L2 =
C5Hfi C7H8, C8H12, C8H8 etc.) and the analogous [IrL2BPh4] (L2 =
C8H12, 1,5-hexadiene) compounds have since been characterised16

Ph
\

Ph-B
/

Ph

Rh

(MeO)3P P(OMe)3

(57)

10.4.7 Nickel, palladium and platinum

A preliminary report on the synthesis of [Ni(C6Me6)2]"+ (n = 1,2) has been
given167, the former obtained by a direct and the latter by a reducing Friedel-
Crafts reaction.

The only other well characterised arene compound in this triad is obtained
by a reducing Friedel-Crafts reaction with PdCl2. A palladium-aluminium
complex [PdAl2Cl7(C6FI6)]2 is produced, shown by preliminary x-ray
work to have structure (58)168. It is suggested that, in order to conform with
the 18-electron rule, each benzene ring behaves as a 7r-enyl system towards
each palladium atom but no further evidence has been presented to support
this speculative conclusion.

CI CI / \ CI CI
I I \ ) • I I
Al /Al\ /Al\

cr Nc^cr xc, ci-Pd pd-ci Vi Cl xci Cl

O
(58)
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A recent paper169 reports that nickel (and Cu, Cr, Mn and Co) halides
react with A1C13 in the presence of hydrocarbons to give compounds con¬
taining metal, A1C13 and hydrocarbon. However, empirical formulae such as
[(C6H6)2Ni(AlCl3)4 3], [(C6H6)2Co(AlCl3)3 5] etc. are rather inconclusive
and more work is required to characterise these potentially interesting
cluster compounds.

10.5 MIXED SANDWICH COMPLEXES

This section covers all mixed sandwich complexes involving six- and/or
seven-electron organic ligands.

10.5.1 Titanium, zirconium and hafnium

The only mixed sandwich compound known for this triad is the recently
characterised [C5H5TiC7H7] 17°. The compound is thermally stable,
moisture-sensitive, diamagnetic and has an n.m.r. spectrum indicative of a
sandwich structure. The similarity of its visible, i.r. and mass spectrum to
that of [C5H5VC7H7] (Section 10.5.2) suggests structure (59) [M = Ti],

10.5.2 Vanadium, niobium, tantalum

At present, mixed sandwich compounds are known only for vanadium.
Reaction of C5H5V(CO)4 with C7H8 gives [C5H5VC7H7] 17\ shown by
x-ray analysis172 to have structure (59) [M = V], Electrochemical studies173

of this compound indicated the formation of [C5H5VC7H7]+ and recently,
by means of iodine oxidation, this has been isolated as its stable tri-iodide174.
Rather surprisingly, [C5H5VC7H7]I3 has a magnetic susceptibility (xM) of
only 200 x 10"6 c.g.s.u.174, rather than the expected moment corresponding
to c. two unpaired electrons [cf. the isoelectronic [V(Me3C6H3)2]I with
yM = 3456 x 10-b c.g.s.u.; /ieff(295 K) = 2.87 BM], A possible explanation
of this low moment may be the loss of axial symmetry on oxidation due to

M

(59)
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Jahn-Teller distortion etc.? [cf. [Fe(C6Me6)2] +; Section 10.4.5] but as yet
the evidence is too scanty to draw any definite conclusions.

The compound [C7H7VC7H8] [V(CO)6] 81 has also been reported. This
is formed together with C7H7V(CO)3 (Section 10.3.2) by reaction of V(CO)6
and C7H8. Its formulation as a compound containing both cyclohepta-
triene and -trienyl groups (60) is based solely on spectroscopic evidence.

No mixed sandwich compounds of vanadium containing arene groups are
known.

10.5.3 Chromium, molybdenum and tungsten

Mixed sandwich compounds of this triad can be divided into two groups;
cyclopentadienyl arene complexes and cyclopcntadicnylcyclohcptatrienyl
(and triene) complexes.

The mixed sandwich compound [C5H5CrC6H6] (61) [M = Cr] has
recently been isolated in 20% yield by reaction of CrCl3 with a mixture of

M

161)

NaC5H5 and PhMgBr, followed by hydrolysis'76. The corresponding molyb¬
denum compound can be prepared either by reaction of MoC15, i-C3H7MgBr,
C5H5MgBr and 1,3-cyclohexadiene177 in ether or by lithium aluminium
hydride reduction'78 of [C5H5Mo(CO)C6H6]PF6 52 (see Section 10.2.3)
in TF1F. In contrast, reduction of [C5H5W(CO)C6H6]PF6 52 with NaBH4
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in a water/methanol mixture gives the 1,3 cyclohexadiene tungsten carbonyl
hydride complex [C5H5WH(CO)C6H8] (62)177. Thus, reaction of the molyb¬
denum cation with hydrido ion leads to formal reduction and the loss of a
carbonyl group, whereas the tungsten cation apparently undergoes nucleo-
philic attack at both arene ring and metal to give a diene hydride with
retention of CO. The reason for this markedly different behaviour is unknown
but such factors as the relative labilities (and stabilities) of molybdenum and
tungsten, carbonyl and hydride bonds, as well as the different reducing agents
and solvent media employed, may all play an important role.

Similarly, reaction of WC16, i-C3H7MgBr, C5H5MgBr and 1,3-C6H8 in
ether gives the diamagnetic hydrido compound [C5H5WH(C6H6)]177. This
compound is isoelectronic with [C5H5ReH(C6H6)] + (Section 11.5.4) and
both probably have the structure (63) with non-parallel rings [cf. (C5H5)2
MoH2]

(63) (64)

Unexpectedly, attempted Friedel-Crafts acylation of [C5H5CrC6H6]
tand the corresponding manganese complex; Section 10.5.4) led to ring
expansion and the formation of the substituted cycloheptatrienyl complex
cations [C5H5MC7H6R]+ (64) [R = Me, Ph]176. The same compounds
can be prepared by an exchange reaction between [C5H5CrC6H6] and
C7H6R+ 180. The chromium compounds are readily reduced with alkaline
dithionite solution to give [C5H5CrC7H6R] 176. The mechanism of this ring
expansion reaction is unknown but it is suggested176 that the first step is
probably attack of the acyl cation on the metal, followed by insertion into
the C6 ring. A similar reaction with the molybdenum complex would be of
interest in view of recent studies with [C5H5ReC6H6], in which only com¬
petitive acetylation if the C6 and C5 rings is observed (Section 10.5.4)1B1.

More conventional methods of synthesising [C5H5MC7H7]n+ (64)
[R = H] (n = 0, 1; M = Cr99'180, Mo177, W177) are also available (see
References 2b and 182 for a summary of the chromium syntheses). Reaction
of [C5H5CrC7H7]I with excess phenyl lithium180 gives a mixture of
[C5H5CrC7H7C6H5] (65) [Y = Ph] (presumably an exo substituted triene
complex) and [C5H5CrC7H7]. It is likely that a systematic study of these
compounds with a variety of nucleophiles will prove to be of interest [cf.
reactions of nucleophiles with [C7H7Cr(CO)3] (Section 10.3.3) and
[C5H5FeC6H6]+ (Section 10.5.5)]. The unsubstituted triene complex
rC.H.CrC^Hui (65) l~Y = Hi is also known183: from this. [~C<H<CrC-,H-,l
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is obtained by catalytic dehydrogenation and [C5H5CrC7H7]+ by atmos¬
pheric oxidation183.

Finally, on reacting anhydrous CrCl3, EtMgBr and C7H8 in an attempt
to prepare Cr(C7H8)2, the novel cycloheptatrienyl/l,3-cycloheptadiene

' complex [C7H7CrC7H10] (66) was synthesised184.

The sandwich compounds [C7H7M(CO)2C5H5] (M = Mo, W) are fully
discussed in Section 10.3.3.

10.5.4 Manganese, technetium and rhenium

As discussed in the last section, [C5H5MnC6H6] (61) (M = Mn) undergoes
ring expansion to [C5H5MC7H6R]+ (64) on attempted Friedel-Crafts
acylation176. In contrast, acetylation of the corresponding [C5H5ReC6H6]
complex gives [C5H5ReC6H5COCH3] (16%) and [C5H4COCH3ReC6H6]
(18%)181. The cyclopentadienylarene compound can be protonated in
aqueous HC1 to give the hydrido cation [C5H5Re-H(C6H6)]Cl (63)' [cf.
[C5H5W-H(C6H6)]; Section 1Q.5.3]181.

The mass spectra of various mixed sandwich compounds namely
[C5H5MC6H6] (M = Cr, Mn), [C5H5MC7H7] (M = V, Cr) have recently
been reported. The fragment formation proceeds predominantly by successive
elimination of the ring ligands, the first step being the elimination of the six-
and seven-membered ring respectively185.

10.5.5 Iron, ruthenium and osmium

The mixed sandwich complexes of this triad can be divided into two sections:
arenecyclopentadienyliron cations and their reactions with various nucleo-
philes and compounds containing only arene/diene or triene/diene ligands.

A series of recent papers by Khand, Pauson and Watts186 have examined
in detail the factors controlling the addition of nucleophiles (Y) [Y = H",
Me", Ph~] to the substituted arenecyclopentadienyliron cations [C5H5
FeC6H„R6_„]+ (67) (R = Me, CI, Br, MeO; n = 0-6). In principle,

Y

(65) (66)
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addition of nucleophiles (Y) to the cations (67) can give products in which
addition occurs either at the unsubstituted positions of the C6 ring (68), the
substituted positions of the C6 ring (69) or at the C5 ring (70). [N.B. as estab¬
lished earlier for nucleophilic additions to [C6Me6Re(CO)3] + (Section
10.2.4) and [C7H7Cr(CO)3]* (Section 10.3.3), only exo-addition is found.]
Irrespective of the nature of R and the number of substituents, hydride attack

Fe

R

(67)

occurs exclusively at the arene ring and, usually at the unsubstituted positions,
unless the number of such position is small. In addition, it has been shown
that methyl directs equally to o, m and p positions, whereas halogeno-
substitution favours ortho and methoxide meta substitution. With methanide
addition, the same results as for hydride are obtained, except for addition to
[C5H5FeC6Me6] + . Whereas hydride attack occurs exclusively at the arene,
giving (69). methanide attacks the C5 ring, to give the neutral compound (70).
This anomaly is attributed to steric overcrowding in the transition state for
nucleophilic addition to the arene ring. Furthermore, the cyclopentadiene
complex (70) can be converted into the cation (71) by the use of Ph3CBF4;

Me

Fe
Me Me

Me—/( jV-Me

(70)

Me Me

(71)

this appears to be the first example of endo hydride abstraction by this
reagent. In contrast, N-bromosuccinimide in methanol is less selective,
removing both exo and endo hydrogens from compounds of type (68).
However, N-bromosuccinimide will preferentially remove exo hydrogen
atoms when both exo and endo hydrogens are present.
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' In the final paper, these authors cited the results of some preliminary
MO calculations by Professor Perkins of Strathclyde University, which
indicate the occurrence of appreciable overlap between the C-Hexo cr-bond
orbitals and the adjacent ligand n orbitals (which are directly involved in
metal-carbon bonding). They conclude that such an interaction could
account for the anomalously low vCH found experimentally and that the
alternative explanation, involving direct interaction between the metal and
the methylene carbon46, is improbable.

The arene/diene complexes [C6H6M1,3-C6H8] (M = Fe, Ru) have been
prepared, the former by photolysis of a mixture of FeCl3, i-C3H7MgBr
and 1,3-cyclohexadiene187 and the latter either by reaction of [Ru(C6H6)2]
(C104)2 with NaBH4 66 or by irradiation of a mixture of [diene RuC12]„
(diene = 1,5-cyclo-octadiene or norbornadiene), 1,3-C6H8 and i-C3H7Mg
Br188.

Reaction of [(diene)RuCl2]„ with cycloheptatriene and i-C3H7MgBr
gives the mixed compounds [(diene)RuC7H8] 188. Photolysis of a mixture
of MC13(M = Fe,Ru), 1,3,5-cyclo-octatriene and i-C3H7MgBr gives the
compounds [C8H10MC8H10], shown by n.m.r. to have structure (72)
in which isomerisation of the triene to bicyclo[4,2,0] octa-2,4-diene has
occurred188 (see Section 10.6.1 for further examples). Finally, in an earlier
paper, the compounds [C8H12MC8H10] 189 (73) [M = Fe,Ru] have been
synthesised by reaction of MC13, 1,3,5-C8H10, 1,5-C8H12 and i-C3H7MgBr.

10.5.6 Cobalt, rhodium and iridium

The only recent work on mixed sandwich compounds in this triad is the
synthesis of [Ph4C4Co(C7H8)]+ (74) and [Ph4C4Co(arene)]+ (75) cations190.
Nucleophilic attack occurs readily with the former and with difficulty with
the latter, giving the [Ph4C4Co(cycloheptadienyl)J and [Ph4C4Co(cyclo-
hexadienyl)] complexes respectively. Reaction with N-bromosuccinimide
in methanol leads to cndo hydride ion abstraction from these exo substituted
compounds, whereas Ph3CBF4 has no effect (see Section 10.5.5). On the

M M

(72) (73)
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Ph Ph 1 + r PPh Ph

Ph Ph Ph Ph

Co Co

0
(74) (75)

basis of these and other studies, Efraty and Maitlis190 suggest that the order
of reactivity of 7t-complexed ligands towards nucleophiles is:

Finally, the arenecyclopentadienylcobalt cation [C5H5CoC6H6]2+ 157
has been isolated as its PF8 salt by double hydride abstraction from
[C5H5Co 1,3-C6H8] 191 with Ph3CBF4.

10.5.7 Nickel, palladium and platinum

There are no mixed sandwich compounds known for this triad.

10.6 COMPLEXES OF LARGER RING TRIENES

This section discusses recent work on metal complexes of cyclo-octatrienes,
bicyclononatrienes, and cyclododecatrienes.

10.6.1 Cyclo-octatriene complexes

There is little recent work (post 1965) on cyclo-octatriene complexes and
the earlier studies are well documented in Reference 2c. One paper of
interest is a recent note by Aumann and Winstein192 in which a hydride
abstraction reaction on the triene complex [C8H10M(CO)3] (76) (M = Cr,
Mo, W) gives [C8H9M(CO)3]+, assigned, on the basis of n.m.r. as the
homotropylium structure (77) [see Section 10.7.1 for alternative synthesis].
Earlier attempts to abstract two hydride ions from [C8H10Mo(CO)3] in the
hope of forming a metal complex of the hypothetical C8H8+ cation were
unsuccessful29.

A complication in reactions with either 1,3,5- or 1,3,6-cyclo-octatrienes
is the ease with which they undergo isomerisation to the bicyclo[4,2,0]
octa-2.4-dienefcf.CuH, „MCoH , „(72): Section 10.5.51. Thus, one of the

C7H8 >C6H6> Ph4C4>C5H5



SIX- AND SEVEN-ELECTRON LIGANDS 435

+

Fvl
OC^I CO

CO

(76) (77)

products in the reaction of Fe3(CO)12 and 1,3,5-C8H10 is [C8H10Fe(CO)3],
in which the triene has isomerised to give the diene complex (78)2C.

Fe(CO)3

CO

(78) (79)

Finally, recent papers1*3 have reported the reaction of tetrafluorobenzo-
bicyclo [2,2,2]octatriene (tetrafluorobenzobarrelene) with Fe3(CO)12, to
give compounds of type LFe(CO)3. Spectroscopic evidence (n.m.r. and
Mossbauer193) suggest structure (79) and this has recently been confirmed
by x-ray analysis194.

10.6.2 Bicyclononatriene complexes

Here again, the only work not covered by an earlier review2d is that of
Grimme195 who, by reaction of bicyclo[6,l,0]nona-2,4,6-triene and [(THF)3
Mo(CO)3] has synthesised [C9H10Mo(CO)3] (80). On heating at 125 °C,
this isomerises to give the bicyclo[4,2,l]nona-2,4,7-triene complex (81).

Mo
OC^ I ^CO

CO

(80)

Mo
OCx I ^CO

CO

(81)
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The corresponding bicyclononatriene is obtained when either compound
is heated with diethylenetriamine.

Earlier work on complexes of other C9H10 olefins, such as 5-6-dimethylene-
bicyclo[2,2,l]hept-2-ene and l-vinylcyclohepta-2,4,6-triene is discussed in
Reference 2d.

10.6.3 Cyclododecatriene complexes

Earlier work on the cyclododeca-l,5,9-triene nickel complex C12H18Ni
is discussed elsewhere26. More recent studies have investigated the re¬
action of cyclododeca-l,5,9-trienes with rhodium196, platinum197, iron26 and
ruthenium198 but, unlike the nickel complex, none of them appear to involve
coordination of all three double bonds; instead diene or allylic bonding is
favoured. In view of this, further discussion of these compounds is left to
the reviewer of three- and four-electron donor complexes.

10.7 MISCELLANEOUS COMPLEXES

This final short section will include any other complexes which contain
organic groups acting as six- or seven-electron donors.

10.7.1 Cyclo-octatetraene complexes

Recent x-ray analyses of [C8H8Mo(CO)3] 199 and [l,3,5,7-Me4C8H4Cr
lCO)3] 200 indicate that the — M(CO)3 moiety interacts with six of the carbon
atoms [cf. C7H8M(CO)3; Section 10.3.3], as shown in (82). Earlier variable
temperature 'H n.m.r. studies 10i,2oi,202 have indicated that these compounds
are fluxional, showing a single resonance at room temperature and a complex
spectrum below — 30 °C. The limiting low temperature spectra can be inter¬
preted in terms of the instantaneous structures shown in (82), although in the
case of the substituted cyclo-octatetraene complex, the n.m.r. changes

R = H, Me

(82)
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observed are very complex and apparently involve at least two distinct
phases of intramolecular rearrangement203. Protonation of the [C8H8Mo
(CO)3] complex201 gives the homotropylium cation [C8H9Mo(CO)3] + (77)
(see Section 10.6.1 for alternative synthesis), whereas carbonylation204 gives
the [C8H8Mo(CO)4] complex where the C8H8 ring is coordinated 'diene-
fashion' (83). Protonation of this results in CO evolution and the formation
of (77).

(83)

The compound Fe(C8H8)2 has also been synthesised205 and shown by
x-ray analysis206 to have structure (84) i.e. (h6-C8H8)Fe(h4-C8H8).

At room temperature the 'H n.m.r. spectrum207 shows only a single peak
and at — 84 °C a four line spectrum corresponding to a 'frozen' h6-ring [by
comparison with the spectra of C8H8M(CO)3] and a time-averaged h4-ring.
The equivalence of all protons of the h4-ring between the coalescence
temperature (c. — 40 °C) and — 84 °C is explained by postulating an intra¬
nuclear double-bond rearrangement. Unfortunately, it was not possible to
carry out n.m.r. measurements at lower temperatures when it is expected
that this time-averaged signal would also split. Finally, the observance of a
single resonance down to — 35 °C suggests the presence of an internuclear
rearrangement process transforming the h4-ring to a h6-ring (and vice versa)
with consequent interconversion of the conformation of the two rings and
interchange of all bonds.

10.7.2 1,6-Methanocyclodecapentaenechromiumtricarbonyl

The reaction of 1,6-methanocyclodecapentaene with Cr(CO)6 leads to the
formation of the complex C) !H10Cr(CO)3 20B. N.M.R. studies209 suggest that
the delocalised 10 7r-electron system of the free ligand is retained on co¬
ordination and this has been confirmed by a recent x-ray structure deter¬
mination (85)210.
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10.7.3 Azulenium cation complexes

For completion, readers are referred to the recent review by Churchill211
(literature coverage up to December 1968) in which references (all pre-1965)
to complexes containing the azulenium ion C10H9 are cited.
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New anionic, neutral and cationic complexes of ruthenium (II)

L. RUIZ-RAMIREZ, T.A. STEPHENSON and E.S. SWITKES
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(Received December 14th, 1972)

Recently we reported the synthesis and characterization of a ruthenium(II)
carbonyl diene anion M[RuC13CO(C7H8)] (M = Ph3BzP+, Cs+)' [A]. We now report the
reactions of this anion with a range of Lewis bases (L) to generate a series of new anionic,
neutral and cationic ruthenium (II) species*. Different types of behaviour are observed
depending on both the nature and amount of added L.

For L = Me2S, Me2SO, CH2=CHCN (A/L 1/2 mole ratio), displacement of diene
occurs giving the new anionic compounds Ph3BzP[RuCl3COL2]. Similar compounds are
obtained for L = AsPh3, SbPh3, C5H5N together with neutral species of composition
[RuC12CO(C7H8)L] , shown by detailed 'H NMR studies to have structure I. With an
excess of SbPh3, the well-known tris-stibine compound [RuCl2CO(SbPh3)3] 2 is obtained.
Reaction with PPh3 (1/2 mole ratio) gives the dimeric carbonyl phosphine
[RuCl2CO(PPh3)2]2; with an excess of PPh3 bridge cleavage occurs to give
[RuCl2CO(PPh3)3]. In contrast, reaction with PMe2Ph (1/2 or excess) gives only
[RuCl2(PMe2Ph)2C7H8] shown by 'H NMR and far IR studies to have structure II.
Reaction of A with 2,2'-bipyridyl or 1,10-phenanthroline (N-N) (1/1 mole ratio) gives
both Ph3BzP[RuCl3CO(N-N)] and [RuC12CO(N-N)] 2: with an excess of (N-N), small
amounts of the new cationic species [RuC1CO(N-N)2]C1 are also obtained.

The analogous tertiary phosphine cations [RuCl(PPh3)(N-N)2]Cl can be prepared
by treatment of either [RuCl2(PPh3)3]2 or [RuCl3(PPh3)(N-N)]3 with an excess of (N-N)
in methanol. Small amounts of the dimeric chloro-bridged cations [Ru2Cl2(PPh3)4(N-N)2]Cl2
are also obtained. Similarly, with mer- fRuCl3(PMe2Ph)3]4 and excess (N-N), the orange
crystalline cationic compounds [RuCl(PMe2Ph)3(N-N)]Cl-H20 are readily isolated
(structure III) together with small amounts of the other geometrical isomer (IV).

\

*A11 these compounds have been fully characterized by elemental analyses, molecular weights,
conductivity measurements, 'H NMR, and IR studies.
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Syntheses of ruthenium tertiary phosphine complexes of type [RuX2(PR3)3 0r 4]
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(Received July 19th, 1973)

Since the preparation of [RuX2(PPh3)„] (X = CI, Br;n = 3,4) in 19661, numerous

papers have been published on the reactions of these compounds with carbon, sulphur,
nitrogen and oxygen donor ligands2 and on their usefulness as catalytic precursors in
various olefin hydrogenation 3 and oxidation4 reactions. A number of similar compounds
of type [RuX2L4] containing phosphorus donor ligands (L = secondary phosphine s,
tertiary phosphite6; L2 = ditertiary phosphine7) have also been prepared, either by
reaction between RuX3 and L or by direct replacement of PPh3 in [RuX2(PPh3)4]. How¬
ever, reaction of other tertiary phosphines with RuX3 in either aqueous/ethanol7 or

2-methoxyethanol8 gives only the lemon-yellow dimeric triply halide-bridged cations
[Ru2X3(PR3)6] + X" (PR3 = PMe2Ph, PMePh2, PEt2Ph, PEtPh2, PPr2Ph, PBu2Ph, PEt3)
which are not very useful starting materials in comparison with [RuX2(PPh3)3 or 4].

In this note, we wish to report a convenient general synthetic method for the
preparation of ruthenium tertiary phosphine complexes of type [RuX2(PR3)3] and
[RuX2(PR3)4] which, on the indications of preliminary work, are excellent starting
materials for the facile synthesis of a wide range of ruthenium(II) phosphine compounds.
These complexes can be prepared by refluxing [RuX2(PPh3)4] in hexane or light
petroleum (b.p. 60—80°) with an excess of tertiary phosphine, e.g., PMe2Ph, PMePh2,
PEt2Ph, PEtPh2 or PClPh2. The ethylphosphine complexes are exclusively of type
[RuX2(PR3)3] (orange or green) whereas the methylphosphine complexes are of type
[RuX2(PR3)4] (yellow); chlorodiphenylphosphine forms the tris complex (X = CI) and
the tetrakis complex (X = Br). Examination of the low temperature 'U NMR of
[RuCl2(PMe2Ph)4] indicates a m-configuration (cf. cis-[RuH2(PMe2Ph)4] 9.

The compounds are soluble in most common organic solvents and are initially
non-conducting. However, on standing, the conductivity slowly increases. This is
particularly true for [RuCl2(PMe2Ph)4] where removal of dichloromethane solvent after
ca. 5 h gives [Ru2Cl3(PMe2Ph)6] CI. For the other [RuX2(PR3)3 or 4] compounds,
refluxing gently in ethanol (with a small amount of free phosphine in the case of the tris
compounds) readily gives the ionic species. If the reactions between [RuX2(PPh3)4] and
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Scheme 1
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excess PR3 are carried out in CH2C12 or ethanol, the main product is the ionic dimer.
Thus, these various reactions which are summarised in Scheme 1 effectively demonstrate
the relative stabilities of these monomeric and dimeric ruthenium tertiary phosphine
complexes and the importance of the solvent media in synthetic inorganic chemistry.
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New Ruthenium(iu) and Ruthenium(n) Complexes containing Triphenyl-
arsine and -phosphine and Other Ligands 1

By Lena Ruiz-Rami'rez, T. Anthony Stephenson,* and Ellen S. Switkes, Department of Chemistry of
Edinburgh, Edinburgh EH9 3JJ

A detailed investigation of the reactions of [RuX3(EPh3)2MeOH] (A) (X = CI or Br; E = P or As) with ligands
containing nitrogen (alkyl and aryl cyanides, pyridine, 2,2'-bipyridyl, 1,10-phenanthroline), sulphur (dimethyl
sulphoxide, dialkyl sulphides, carbon disulphide, sodium diphenylphosphinodithioate), oxygen (tetrahydrofuran,
acetone, nitromethane) and carbon (norbornadiene, 1,5-cyclo-octadiene, carbon monoxide) donor atoms is
presented. Five different types of behaviour towards these ligands are exhibited by (A): (1) displacement of
methanol giving the ruthenium(in) compounds [RuX3(EPh3)2L], e.g. L «= RCN, Me2SO, CS2, CS ; (2) displacement
of methanol and one EPh3 group giving [RuX3(EPh3)L2], e.g. L2 = Me2S. bipy, C5FI5N ; (3) complete displacement
of methanol, EPh3 and X without reduction, e.g. [Ru(S2PPh2)3]; (4) reduction to ruthenium(ii) with or without
complete displacement of EPh3 groups, e.g. [RuX2L2(EPh3)2] (L2 = CO, C7Pl8.RCN) and [RuX2L4] (L = C5H6N,
Me2SO); (5) reduction to cationic ruthenium(ll) compounds in methanol, e.g. [RuCI(PPh3)(N-N)2]CI [(N-N) =
bipy or phen]. Several of these compounds can also be synthesised from [RuX2(PPh3)3], The compounds are
characterised by elemental analyses, molecular weights, e.s.r., and magnetic measurements, and configurations
tentatively suggested on the basis of detailed far-i.r. [ruthenium(lll)] and 1H n.m.r. [ruthenium(ll)] studies. Finally,
electronic spectra (50 000—12 000 cm-1) are presented and discussed.

There is now an extensive chemistry of ruthenium(n)
compounds with ligands such as tertiary phosphines.
In particular, the complexes [RuX2(PPh3)3 0r 4] (X =
CI or Br) 2 are excellent starting materials for the
synthesis of a wide range of ruthenium (n) compounds
still containing triphenylphosphine.3 Such compounds
as [Ru2C13(PR3)6]C1 4 and the blue methanolic solutions
of ' Ru5C1122" '5 are also excellent precursors for syn-
thesising ruthenium(n) complexes with a range of other
ligands.

In contrast, relatively few ruthenium(in) compounds
containing tertiary monophosphines or arsines have
been reported. Such compounds include the series
mer-[RuX3L3] (L = PMe2Ph, PEt2Ph, PBun2Ph,PPh3),6
[RuX3(EPh3)2S] (E = P or As; S =MeOH,2-7 MeN02,8

1 Preliminary communication, E. S. Switkes, L. Ruiz-Ramfrez,
T. A, Stephenson, and (in part) J. Sinclair, Inorg. Nuclear Chem.
Letters. 1972, 8, 593.

2 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear Chem.,
1966, 28, 945.

3 For detailed references see J. D. Gilbert and G. Wilkinson,
J. Chem. Soc. (A), 1969, 1749.

1 For detailed references see W. P. Griffith ' The Chemistry
of the Rarer Platinum Metals,' Interscience, London, 1967.

Me2C02), the anions fra«s-[RuX4L2] (L = PPh3,
AsPhj, PMe,Ph, PEt3) 8 and the binuclear compounds
[RuC13(PR3)2]2 and [Ru2C15(PR3)4] (R = Pr», Bu°).9
The tertiary phosphite anions M[RuC14(L)2] have also
been synthesised {M = Me4N+, L = P(OPh)3; 8 M =

[Ru2C13L6]+, L = P(OEt)3, P(OEt)2Ph, P(OMe)Ph210}.
However, it has been found that the reaction, in ethanol,
of wr-[RuX3(PR3)3] with ammonia and primary
amines (am) gives the ruthenium(n) compounds [RuX2-
(PR3)3(am)] whereas with secondary and tertiary
amines, the alcohol complexes [RuX2(PR3)3(EtOH)]
are formed.11 In view, therefore, of the paucity of

6 J. D. Gilbert, D. Rose, and G. Wilkinson, J. Chem. Soc. (A),
1970, 2765.

6 J. Chatt, G. J. Leigh, D. M. P. Mingos, and R. J. Paske,
J. Chem. Soc. (A), 1968, 2636 and references therein.

7 L. Vaska, Chem. and Ind., 1961, 1402.
8 T. A. Stephenson, J. Chem. Soc. (A), 1970, 889.
9 J. K. Nicholson, Angew. Chem. Internat. Edn., 1967, 6, 264.

10 B. Jezowska-Trzebiatowska, P. Sobota, and H. Ratajczak,
Proceeding of III Conference on Co-ordination Chemistry,
Smolenice, Bratislava, December, 1971.

11 J. Chatt, G. J. Leigh, and R. J. Paske, J. Chem. Soc. (A),
1969, 854.
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data on convenient syntheses of rutheniura(m) tertiary
phosphine and arsine compounds containing other
ligands, we have undertaken a detailed study of the
reactions of [RuX3(EPh3)2(MeOH)] (A) with ligands
containing nitrogen, sulphur, oxygen, and carbon donor
atoms. A preliminary account of this work has ap¬
peared.1

results and discussion

Five different types of behaviour towards these
ligands are exhibited by the complexes (A). These
are (1) displacement of methanol giving the six-co-
ordinate ruthenium(m) compounds [RuX3(EPh3)2L];
(2) displacement of solvent ligand and one EPh3 group
giving the six-co-ordinate ruthenium(in) compounds
[RuX3(EPh3)L2]; (3) displacement of all ligands with
retention of the ruthenium(m) oxidation state; (4)
reduction to ruthenium (ii) with or without complete
displacement of EPh3 groups giving [RuX2L4] or
[RuX2L2(EPh3)2]; (5) reduction to cationic ruthen-
ium(u) compounds when the reaction is carried out in
more polar solvents.

However, most of these ligands exhibit several of the
different types of behaviour and in addition, the product
obtained depends critically on a combination of such
diverse factors as the nature of the ligand, the reaction
time, the solvent media, and on the other ligands already
present in the ruthenium ion co-ordination sphere.
Therefore, in order best to illustrate the sensitivity of
the product composition to changes in these various
factors, the results are presented and discussed below
under ligand headings.

Nitrogen Ligands
(a) Alkyl and Aryl Cyanides.—Several syntheses of

ruthenium(u) alkyl and aryl cyanide compounds
have recently been published. From [RuCl2(PPh3)3]
and RCN, the compounds [RuCl2(RCN)2(PPh3)2] are
readily obtained.3'12 From the blue solution of ruthen-
ium(n) in methanol, the phenyl cyanide dimer [RuC12-
(PhCN)3]2 can be isolated and halide bridge cleavage
with Lewis bases gives [RuCl2(PhCN)2L2] (L = PR3,
MeC6H4NH2, CO, etc).5 In contrast, reaction of the
blue solution with succino- and glutaro-cyanides (L')
gives brown insoluble compounds of approximate
stoicheiometry RuCl2L'.5 Preparation of the blue
solution in methyl cyanide gives [RuCl2(MeCN)4] which
reacts further to produce [RuCl^MeCN^LJ (L =

11 A. Misono, Y. Uchida, M. Hidai, and I. Inomata, Chem.
Comm., 1968, 705.

13 R. J. Irving, J. Chem. Soc., 1956, 2879.
11 F. Beneditti, G. Braca, G. Sbrana, F. Salvetti, and B.

Grassi, J. Organometallic Chem., 1972, 37, 361.
15 M. B. Fairy and R. J. Irving, J. Chem. Soc. (A), 1966, 475.
16 G. M. Bancroft, M. J. Mays, B. E. Prater, and F. P. Stef-

anini, J. Chem. Soc. (A), 1970, 2146.
17 R. A. Zelonka and M. C. Baird, /. Organometallic Chem.,

1972, 35, C43; Canad. J. Chem., 1972, 50, 3063.
18 B. F. Cavit, K. R. Grundy, and W. R. Roper, J.C.S. Chem.

Comm., 1972, 60.
19 S. A. Adeyeni, F. J. Miller, and T. J. Meyer, Inorg. Chem.,

1972, 11, 994.

PhNH2, CO);5 [RuI2(MeCN)2(CO)2] is also obtained
from [RuI2(CO)2]b and MeCN.13 Cleavage of the
halogenocarbonyl dimer [RuX2(CO)3]2 with nitriles gives
cts-[RuX2(RCN)(CO)3] (R = Et, Ph, CH2=CH)14 and
[RuClgNO^leCNy is obtained from the reaction of
RuC13NO and MeCN.15

In recent years, a number of cationic ruthenium(n)
compounds containing RCN ligands have also been
reported. These include [RuH(PhCN)(Et2PC2H4-
PEt2)2]+,16 [(^-C6H6)RuCl(MeCN)2]HgCl3,17 [RuH(CO)-
(MeCN)2(PPh3)2]C104,18 [RuXMeCN(bipy)2]PF6 (X =
Cl~ or N02-),19 and the series [Ru(NH3)4(RCN)2]2+
and [Ru(NH3)5RCN]2+.20 Several of the latter can
be readily oxidised to the corresponding ruthenium(iii)
species [Ru(NH3)5RCN]3+.21 The only other ruthenium-
(iii) nitrile compounds known (to us) are the recently
reported [RuCl3(PhSPr')2MeCN] and [RuCl^MeCN)^-
MeCN.22

We now report that reaction of excess of RCN with
(A) in dichloromethane gives the crystalline compounds
[RuX3(EPh3)2RCN] (E = P or As; X = CI or Br;
R = Me, Ph, PhCH2, or CH2=CH). These com¬
pounds (which are non-electrolytes in CH2C12) have
been characterised by elemental analyses and mole¬
cular weights, magnetic moments at room temperature
(solid and solution state) (Table 1), and e.s.r. studies at
77 K. The values of pes (300 K), ranging from 1-80 to
2-20 B.M. are indicative of monomelic, spin-paired
ruthenium(m) compounds23 and all the compounds
exhibit intense e.s.r. spectra with a three g value pattern
very similar to those reported by Hudson and Kennedy 24
for various [RuX3L3] compounds (L = PMe2Ph, SMePh,
etc.) E.s.r. spectra of all the new ruthenium(ui) com¬
pounds reported in this paper will be discussed more
fully in a separate publication.25 The i.r. spectra of all
these compounds contain a very weak band [v(CN)] at
ca. 2300 cm-1, 50—100 cm-1 higher than in the free
ligands, which suggests that bonding occurs through
the nitrogen 26 {cf. [RuCl3(PrSPri)2(MeCN)] v(CN) 2310
cm"1 22}. As expected,27 the JH n.m.r. spectra of these
compounds are either too broadened by the para¬
magnetic ion to be observed or consist of broad contact-
shifted resonances, from which little structural in¬
formation can be derived. Although the electronic
spectra (50 000—12 000 cm"1) of all these compounds
have been recorded and the spectral bands satis¬
factorily assigned to intraligand and charge-transfer
transitions (see Table 2 and later discussion), these
measurements are of little use in determining the

20 R. J. Allen and P. C. Ford, Inorg. Chem., 1972, 11, 679 and
Tpff>rpnrp<; "Hiprpin

22 R. E. Clarke and P. C. Ford, Inorg. Chem., 1970, 9, 227.
22 J. Chatt, G. J. Leigh, and A. P. Storace, J. Chem. Soc. (A),

1971, 1380.
83 J. Lewis, F. E. Mabbs, and R. A. Walton, J. Chem. Soc. (A),

1967, 1366.
24 A. Hudson and M. J. Kennedy, J. Chem. Soc. (A), 1969,

1116, and references therein.
25 I. R. Leith, et at., to be published.
23 See R. A. Walton, Quart. Rev., 1965, 19, 126.
27 J. Chatt, G. J. Leigh, and D. M. P. Mingos, J. Chem. Soc.

(A), 1969, 1674.
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Table 1

Analytical data for some new ruthenium(m) compounds
Found (%) Required (%)

r~ K.
^ t—

A_
1

Colour M.p. (°C) C H N Others M ' C H N Others M (B.M.)'
Dark green 194— 52-6 3-7 1-6 885 53-0 3-9 1-6 858

195
Brown 206 47-0 3-4 1-4 1120 45-9 3-3 1-4 993
Green 190 59-1 4-3 1-8 59-0 4-3 1-8

Purple 178— 521 3-7 1-6 945 50-4 3-7 1-5 906
179

Bright 170 (d) 56-4 4-0 1-5 CI, 11-2 1065 56-4 40 1-5 CI, 11-3 937 1-80

green
Purple 212 (d) 49-2 3-8 1-4 1110 49-4 3-5 1-3 1069 210

Bright 161 (d) 62-2 4-6 1-8 62-2 4.4 1-7

green
Purple 154— 53-6 3-9 1-6 53-7 3-8 1-4

155 (d)
Dark green 225 (d) 560 3-9 1-5 970 560 3-8 1-5 920
Dark 233 (d) 48-9 3-3 1-4 48-9 3-3 1-3

purple
Green 200 (d) 60-7 4-2 1-7 61-8 4-2 1-7

Purple 172 (d) 55-3 3-9 1-6 53-3 3-6 1-4
Yellow 175 (d) 58-9 4-3 2-4 59-7 4-2 1-8

Red-purple 235 (d) 460 3-3 1-7 1100 46-5 3-3 1-4 1006 1-73

(1-44) «
Red-brown 239 (d) 50-3 3-5 4-2 CI, 15-4 50-2 3-5 4-2 C!, 15-9 1-80
Dark 235 (d) 40-3 2-9 3-4 823 41-9 2-9 3-5 803 210

purple (1-85) «
Orange- 215— 53-8 3-6 4-5 53-7 3-7 4-5 1-83

brown 216 (d)
Dark red > 300 43-8 31 2-5 44-3 31 3 6 1-85

(1-77) 1
Brown 264 62-6 3-4 3-6 52-0 3-3 4-0
Pale 280 56-8 3-7 4-3 55-4 3-6 4-3

brown
Brown 225 47-7 3-1 40 46-0 30 3-6

Orange 205—
206 (d)

49-5 3-8 41 50-0 3-7 4-2 (2-03)

Purple 195 (d) 421 31 3-5 844 41-8 3-1 3 5 803 (1-72)
Orange 204— 53-5 40 4-9 690 53-6 40 4-6 626

205 (d)
Purple 192 (d) 45-0 3-3 3-7 800 44-2 3-3 3-7 760
Tan 197 (d) 51-1 4-1 50-8 40 1-90
Tan 206 47-6 4.4. 50-5 4-6
Dark 167— 410 3-4 44-2 3-5

brown 168 (d)
Tan 168—

169 (d)
55-9 4-0 56-4 4.4

Dark 183 47-9 3-8 48-4 3-9

purple
Red 176 (d) 43-2 4-2 CI, 16-2 682 43-5 41 CI, 161 662 210

S, 9-8 S, 9-7 (2-13)*
Dark 168 35-5 3-4 34-3 3-5 1-79

purple
Dark green 216 44-2 4-5 44-5 4-6
Dark 280 36-7 3-7 36-3 3-7

brown
Red 155 (d) 51-5 4.4 725 52-8 4 4 687

Purple 149 (d) 44-4 3-9 460 3-9
Brown 260 (d) 49-1 3-3 CI, 12-5 49-6 3-4 CI, 11-9 2-00
Dark 176— 550 3-7 55-0 3-7

brown 177 (d)
Brown 178 (d) 46-6 3-3 48-8 3 3
Dark 185 (d) 42-3 30 44-5 30

purple
Orange- 198 (d) 51-8 4-3 928 53-9 4-3 889 1-72

red
Dark 161 (d) 45-5 3-7 46-8 3-7

purple
Dark green 175 (d) 57-6 3-5 59-6 4-7
Red brown 180 (d) 48-7 3-6 51-2 41
Dark > 290 62-7 3-6 52-7 3-7

brown
Brown >300 43-4 3 2 45-3 3-2

Complex
[RuC13(AsPhj) aMeCN]

[RuBr3(AsPh3)2MeCN]
[RuCl,(PPh,) 2MeCN]
[RuBr,(PPha) 2MeCN]

[RuCl3(AsPh3)2(PhCH2CN)]

[RuBr3(AsPh3)2(PhCH2CN)]
[RuCl3(PPh3)2(PhCH2CN)j

[RuBr3(PPh3),(PhCH2CN)]

[RuCl3(AsPh3)2(PhCN)]
[RuBr3(AsPh3)2(PhCN)J

[RuCl3(PPh3)2(PhCN)]
[RuBr3(PPh3)2(PhCN)j
[RuCl,(PPhs) 2(CHaCHCN)]
[RuBr3(AsPh3)2(CH2CHCN)j

[RuCls(AsPh3) (bipy)]
[RuBr3(AsPh3) (bipy)]

[RuCl3(PPh3)(bipy)]

[RuBr3(PPh3)(bipy)]

[RuCl3(AsPh3) (phen)]
[RuCl3(PPh3) (phen)]

[RuBr3(PPh3)(phen)]
[RuC13(AsPh3) (py)2]

[RuBr3(AsPh3)(py)2]
[RuCl3(PPh3)(py)2]

[RuBr3(PPh3)(py)2]
[RuCl3(AsPh3) 2(dmso)]
[RuCl3(AsPh3)2([2H,]dmso)]
[RuBr3 (AsPh3)2(dmso)]

[RuCl3(PPh3)2(dmso)]

[RuBr3(PPh3)2(dmso)]

[RuC13(AsPh3) (Me2S) 2]

[RuBr3(AsPh3)(Me2S)2]

[RuCl3(PPh3)(Me2S)2]
[RuBr3(PPh3)(Me2S)2]

[RuCl3(AsPh3)2(Et2S)]
[RuBr3(AsPh3)2(Et2S)]
[RuCl3(AsPh3),CS,l
[RuCl3(PPh3)2CS2]

[RuBr3(AsPh3)2CS]
[RuBr3(PPhs)2CS]

[RuCl3(AsPh3)2(thf)]

[RuBr3( AsPh3) 2(thf)]

[RuCl3(PPh,),(thf)]
[RuBr3(PPh3)2(thf)]
[RuCl3(AsPh3)2]

[RuBr2(AsPh3) J
" Osmometrically at 37° (C6He). ' Magnetic moment, measured by Faraday method (solid) at 294 K; in parentheses, as measured

by Evans' method (solution) at 301 K. ' Measured in CHC13. * Measured in CH2C12. • H + D%.
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detailed isomeric form(s) of the compounds. However,
the fact that the compounds are sharp melting, give single
spots on t.l.c. plates and exhibit very similar electronic
and e.s.r. spectral patterns strongly suggests that only one
of the three possible geometric isomers (Figure 1) is
produced in each case.

In Table 3, the far. i.r. spectra (400—200 cm-1) of these
compounds are listed. By careful examination of these
bands, particularly for the triphenylphosphine com¬
pounds where masking by ligand absorptions is mini¬
mised, at least one of the v(RuX) vibrations can be

between these possibilities on the basis of far i.r. studies
alone, the close similarity of the far i.r. spectra of
[RuX3(EPhg)2RCN] to those of [RuX3(EPh3)2MeOH],
together with the established trans * structure of the
[MX4(PPh3)2]~ anions (M = Rh or Ru),8 strongly
suggests that the nitrile (and methanol) compounds
have configuration (I).

Unlike [RuCl3(PhSPr')2MeCN], which readily under¬
goes displacement of PhSPr' by MeCN, giving [RuC13-
(MeCN)s]MeCN,22 we have found no evidence for the
formation of [RuX3(EPh3)n(RCN)3_n] (n = 0 or 1) by

Table 2

The electronic spectra (50 000—12 000 cm x) of some ruthenium(m) compounds
(shoulders in italics)

Compound
[RuCl3(AsPh3)3(MeCN)] 10'3V • 42-7 32-8 25-0 22-2 16-3

10"3e s 47-82 28-13 3-19(428) • 0-21(16)
[RuBr3(AsPh3)t(MeCN)] 10~3v 40-3 32-1 20-3 17-5

10"3Em«. 10-41 77-8 1-26(94)
[RuCl3(PPh3)3(MeCN)] 10"3v 42-8 33-6 24-8 22-7 15-8

10"3em,i. 25-98 10-89 2-01(234) 0-08(5-6)
[RuBr3(PPh3)2(MeCN)] 10"3v 42-8 32-8 28-5 20-2 17-2

10"3emai. 56-48 18-52 2-59(300)
[RuCl3(PPh3)(py)2] 10"3v 42-4 38-9 33-3 25-4 22-2

10-3em«. 67-25 17-39 5-22(450) 2-66(220)
[RuCl3(AsPh3) (bipy)] 10'3v 42 4 34-4 25-6 22-7 17-7

10'3Em„. 57-00 31-60 5-88(780)
[RuBr3(AsPh3) (bipy)] 10-Jv 42-5 33-5 21-4 17-6 15-5

10~3em„. 33-50 15-00 2-78(345) 1-79(107)
[RuCl3(PPh3) (bipy)] 10'3V 40-0 34-0 25-6 22-2

10"3emax. 12-32 7-78 1-71(230)
[RuBr3(PPh3) (bipy)] 10'3v 42-5 33-7 21-9 17-9 lo-o

10"3era»i. 70-63 17-38 2-54(384) 1-90(158)
" Band energy (cm'1). ' Maximum molar extinction coefficient (mol"1 cm"1)- ' Oscillator strength (101/) where/ = 4-60 x

10"'sm»i.vjmaI. and vjmas. = half intensity band width i.e. the width at (cm"1).

assigned and the ratio of v(RuCl) : v(RuBr) (ca. 1-30),
which is in the range found by other workers,28 supports
these assignments. It is well established that the
influence of the group trans to the halide may be sub¬
stantial.29 Thus, terminal v(RuCl) are generally found

L L X

Figure 1 The three possible isomeric forms of [RuX3(EPh3)2L]

in the region 347—299 (when trans to chloride), 311—
266 (trans to CO), 262—229 (trans to PR3) and bridging
chloride stretching frequencies are usually found below
250 cm-1.27'30 There appear to be no v(RuCl) below 300
cm'1 but the presence in all these compounds of a strong
v(RuCl) band at ca. 330 cm-1 is consistent with trans-
chlorides, suggesting either configuration (I) or (II).
Although it is impossible to distinguish unequivocally

* An .X-ray structural analysis of AsPh4[RhCl4(PPh3)2],2-
Me2CO by A. Fraser, University of Edinburgh, confirms the
frans-stereochemistry suggested earlier (ref. 8) and this com¬
pound is isomorphous with the corresponding ruthenium (in)
anion.

reaction of (A) with RCN. However, prolonged re¬
action of [RuX3(PPh3)2MeOH] with RCN results in the
formation of some [RuX2(RCN)2(PPh3)2], A careful
examination of the product for X = CI, R = PhCH2
confirms that it is identical to cfs-[RuCl2(PhCH2CN)2-
(PPh3)2] [v(CN) 2269, 2243 cm'1] obtained directly from
[RuCl2(PPh3)3].3 The ease of reduction depends on R
and a qualitative order is found to be MeCN </ PhCN <
PhCH2CN < CH2CHCN. Under the same conditions
no reduction products are found for E = As.

(b) Pyridine.—In contrast to the reaction with nitriles
the products of reaction between (A) and pyridine are
very dependent on the reaction conditions. Refiuxing
for 5—10 min with an excess of pyridine in dichloro-
methane gives the crystalline compounds [RuX3-
(EPh3)(py)2] (mentioned earlier 2 for X = CI, E = As).
These have been characterised by elemental analyses,
molecular weight determinations, e.s.r., and magnetic
measurements (Table 1). Electronic spectra are given
in Table 2 and discussed later. The presence of EPh3
and C5HbN is confirmed by i.r. spectroscopy and the
strong v(RuCl) band at ca. 340 cm-1 (Table 3) is indicative

28 J. R. Durig, B. R. Mitchell, D. W. Sink, J. N. Willis, jun.,
and A. S. Wilson, Spectrochim. Acta, 1967, 23A, 1121 and
references therein.

29 M. A. Bennett, R. J. H. Clark, and D. L. Milner, Inorg.
Chem., 1967, 6, 1647.

30 M. S. Lupin and B. L. Shaw, J. Chem. Soc. (A), 1968, 741.
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Table 3

Far-infrared spectra (400—200 cm-1) a of some ruthenium-
(iii) and (n)-compounds (shoulders in italics)
Compound v(RuX) Other bands

[RuCl3(PPh3)a(MeCN)] 332s 329s, 255w
[RuBr3(PPh3) 2(MeCN)] 265m 328m, 255w
[RuCl3(AsPh3)3(MeCN)] 330 *vs 326s, 284w
[RuBr3(AsPh3)3(MeCN)] 262m 330s, 325s
[RuC13(PPh3) 3(PhCH3CN)] 334s 328s, 255w
[RuBr3(PPh3)3(PhCH3CN)] 263m 328m, 255w
[RuCl3(AsPh3)3(PhCH3CN)] 330 *vs 320s, 301w, 260w, 240m
[RuBr3(AsPh3)3(PhCH2CN)] 251m 328s, 320s, 240m
[RuCl3(PPh3)2(PhCN)] 330s 340vs, 328s, 300w

260w
[RuC13(AsPh3)3(PhCN)] 332 *s 322s, 312m
[RuBr3(AsPh3)2(PhCN)] 251m 340s, 329s, 320s
[RuCl3(PPh3)2(MeN02)] 327vs 330s, 227m
[RuCl3(PPh3)a(MeOH)] 331vs 255w
[RuBr3(PPh3)a(MeOH)] 260m 330s
[RuCl3(AsPh3)2(MeOH)] 330 *vs 240w
[RuBr3(AsPh3) 2(MeOH)] 260m 330s, 240w
[RuCl3(PPh3)(C5H6N)a] 338vs 322s, 290m, 278w,

259vv, 251w, 242m,
210m

[RuBr3(PPh3)(C5H5N)2] 270m 335m, 320s, 290m,
279m, 230m, 200m

[RuCl3(AsPh3) (C5H5N)2] 335 *vs 345m, 330vs, 320vs,
289w, 255w, 240m,
220w, 205w

[RuBr3(AsPh3)(C5H5N)2] 270s 344m, 331vs, 320vs,
285m, 254w, 224m,
200m

[RuCl3PPh3(bipy)] 335s, 320s, 280w, 252w,
295m 245m

[RuBr3PPh3(bipy)] 270m 328s, 318s, 308s,
286m, 250w

[RuClsAsPh3(bipy)] 331 *s, 338s, 318s, 300m,
285m 250m

[RuBr3AsPh3(bipy)] 268m 336s, 325s, 315s,
308w, 292m, 259m,
241w

[RuCl3PPh3(phen)] 328vs, 328s, 308m, 288w,
298m 250m, 240m

Table 3 (Continued)
Compound v(RuX)

[Ru2Br2(PPh3)4(bipy)a]Br2 <200

[RuBr3PPh3(phen)]

[RuCl3AsPh3(phen)]

[RuBr3AsPh3(phen)]

[RuCl3(PPh3)2MeaSO]
[RuBr3 (PPh3) 2Me2SO]
[RuCl3(AsPh3) aMe2SO]
[RuBr3(Aorh,) aMcaCO]
[RuCl3(PPh3)(MeaS)2l
[RuBr3PPh3(MeaS)a]
[RuC13 (AsPh3) 2Et2S]

[RuBra (AsPh3) 2Et2Sl
[RuCl3(PPh3)aCS2]
[RuBr3(PPh3)aCS]
(RuCl3(AsPh3)aCSa]

[RuBr3(AsPh3)2CS]

[RuCl3(PPh3)2thf]
[RuCl3(AsPh3)3]

[RuBr3(AsPh3)a]
[RuCla(PPh3)2C7Hs]
[RuCla (PMeaPh) 2C7H8]

[RuCla(AsPh3)aC7H8]

[RuBr2(AsPh3) 2C7H8]

[Ru2Cla(PPh3)4(bipy)2]Cl2

272s 335s, 331s, 320s,
308m, 290w, 250m,

240m
330 *vs, 340s, 310s, 288w,

298m 250m
261s 340s, 328s, 319vs,

308s, 288w, 228w
329s 290w, 225w, 218w
260s 330w, 305w
330 *s 345s, 300w
250w 345s, 325m, 315m
335vs 325s, 290w
260m 335s, 330s
334 *s, 325s, 320m, 305m

280m
240w 335m, 321s, 375m
335vs 329s, 290w
247s 310w, 280w, 220m
331 *s 347s, 321vs, 309s,

275w, 260m, 239m,
220m

250m 350m, 332s, 325vs,
319s, 309m, 283w,
260m

325vs 337vs, 320s, 275w
330 *s, 265w

311m
253m 330s
278s, 253s 325w
277s, 253s 305w, 245s, 225m,

220s, 210s
280s, 256s 358s, 341s, 329s, 311s,

247m
<200 356s, 340m, 327s,

311s, 250m
234vs 300w, 280m, 264w,

250m, 245s, 225s

Other bands

300w, 275s, 264w,
251m, 243s, 220s

335w, 309w, 246w,
215m

[Ru2C12 (PPh 3) 4 (phen) j]CI 2 235s

" Nujol mulls.
* Partially masked by strong AsPh3 vibrations.

of a fra»s-RuCl2 arrangement. Although differentiation
between isomers (IV) and (V) is not possible on this
evidence alone (Figure 2), the close similarity of the
e.s.r. and electronic spectra of these compounds with
[RuX3(EPh3)(bipy)] (see section c) suggests con¬
figuration (IV). This is also the configuration expected
on the basis of the higher trans effect of EPh, compared
to C5H5N.31

,EPh3

Ru

.EPh,

Ru

(TY) CY)
Figure 2 The two isomers (with trans X groups) for

[RuX3 (EPh3) L2]

These appear to be the first well characterised ruthen-
ium(m) compounds containing both pyridine and tertiary
phosphine (or arsine) ligands although a number of
ruthenium(ni) pyridine complexes are known. These
include mer-23>32 and fac-22 [RuCl3(py)3], [RuCl2(py)4]Cl,33
pyH[RuCl4(py)2],32 pyH[RuCl4CO(py)]2 and a number
of 2,2'-bipyridyl (and 1,10-phenanthroline) compounds
such as [RuCL(py)(bipy)l and [RuClo(py)2(bipy)]Cl.34

If [RuX3(AsPh3)2(MeOH)] is refluxed with neat
pyridine for ca. 20 minutes, [RuX2(py)4] is obtained.
This well known compound has been synthesised by
several methods in the trans-iorm and more recently
the cis-isomer has been prepared.35 A comparison of
the i.r. and 1H n.m.r, spoctra of our products with those
given in ref. 35 confirms the fraws-configuration.

In contrast, reaction of [RuX3(PPh3)2MeOH] with
neat pyridine gives a mixture of products which we
could not separate satisfactorily. However, the *H
n.m.r. spectra shows that one of the components is
fr««s-[RuX2(py)4] and that the other(s) are probably
ruthenium(n) species (since sharp n.m.r. signals) con¬
taining both pyridine and triphenylphosphine. By
reaction of [RuBr2(PPh3)3] 2 with neat pyridine for short
reaction times, it is possible to isolate a pure sample
of the latter species, subsequently shown by elemental
analyses to be [RuBr2(PPh3)(py)3]. Longer reaction

31 See F. A. Cotton and G. Wilkinson, ' Advanced Inorganic
Chemistry,' 3rd edn., Interscience, New York and London, 1972,
p. 668.

32 J. Soucek, Coll. Czech. Chem. Comm., 1962, 27, 960.
83 G. T. Morgan and F. H. Burstall, J. Chem. Soc., 1936, 4.
34 For detailed references see F. P. Dwyer, H. A. Goodwin,

and E. C. Gyarfas, Austral. J. Chem., 1963, 16, 42.
36 See D. W. Raichart and H. Taube, Inorg. Chem., 1972, 11,

999 and references therein.
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times lead to precipitation of fttms-fRuBr^py)^.
Unfortunately, various attempts to obtain the corre¬
sponding chloro-compound from [RuCl2(PPh3)3] and
pyridine gave either [RuCl2(PPh3)(py)3], together with
a small amount of [RuCl2(py)4] n.m.r., i.r., and
analytical evidence) or, on longer reaction times, pure
fnms-[RuCl2(py)4]. Although [RuCl2(PPh3) (py)3] could
not be satisfactorily separated from [RuCl2(py)4], a
careful examination of the far i.r. of the mixture,
in conjunction with that of [RuBr2(PPh3)(py)3] indicates
v(RuCl) 340 cm-1, supporting the expected trans¬
configuration (VI). Rather surprisingly, in view of the
normal reaction of [RuX2(PPh3)3] with Lewis bases,3 no

py, ,PPh3

Ru

py py

For E = P, X = Br, a small amount of a ruthenium-
(n) compound of empirical formula [RuBr2(PPh3)2-
(bipy)] is also formed. The same compound is obtained

EPh3
Ru

L L
Nk>!< >1'/N-

■Nx i
L

I "
L

)

(TED
nrm)

(TT>

evidence has been found for the unknown [RuX2(py)2-
(PPh3)2],* although the carbonyl analogues [RuX2(CO)3-
(Py)]>14 «s-[RuX2(CO)2(py)2] (X = C1,3-14 Br,3-" I,36
SnCl3 37), and [RuCl2CO(py)3] 38 are a well established
series of compounds.

Although ^r«ws-[RuX2(py)4] and <m»s-[RuX2(PPh3)-
(py)3] appear quite air-stable in the solid state, dis¬
solution in dichloromethane, benzene, or acetone
results in a rapid (24 h) conversion of the initial yellow-
brown solutions to deep green solutions (cf. ref. 35).
This change is accompanied by the broadening of the
n.m.r. spectral lines and the appearance of e.s.r. signals,
confirming that the process is oxidative in nature.
Similar oxidised species are formed when [RuBr2-
(PPh3)(py)3] is melted. However, analytical data
indicate that only partial oxidation to ruthenium(ni)
has probably occurred and therefore, these studies were
not further pursued.

(c) 2,2'-Bipyridyl and 1,10-Phenanthroline.—Reaction
of (A) with either excess 2,2'-bipyridyl or 1,10-phen-
anthroline (N-N) in dichloromethane (shaken or re-
fluxed) give [RuX3(EPh3) (N~N)]. These were character¬
ised as previously (Tables 1—3) and represent the first
examples of ruthenium complexes containing bipy (or
phen) and tertiary arsines and of ruthenium(in) com¬
pounds containing bipy (or phen) and tertiary phos-
phines. The far i.r. spectra are complicated due to the
many absorptions of the chelate ligands and it is there¬
fore difficult to assign v(RuX) vibrations with certainty.
Nevertheless, careful examination of all these compounds
(Table 3) suggests for (N-N) = bipy, v(RuCl) 335, 295
(PPh3); 331, 285 cm"1 (AsPh3) which is consistent with
configuration (VII).

* Note added in proof: Samples of [RuCl2(PPh3)(py)3] and
[RuCl2(py)2(PPh3)2] have been obtained by reaction of [RuC12-
(PPh3)2] with pyridine (R. K. Poddar and U. Agarwala, J.
Inorg. Nuclear Chem., 1973, 35, 567).

38 J. V. Kingston and G. R. Scollary, J. Inorg. Nuclear Chem.,
1972, 34, 227.

in higher yield by reaction of [RuBr2(PPh3)3] and 2,2'-
bipyridyl in dichloromethane; similarly, [RuCl2(PPh3)2-
(bipy)] can be synthesised from [RuCl2(PPh3)3] and
2,2'-bipyridyl. The chloro-compound has been pre¬
viously prepared by the reaction of [RuCl2(CS)(PPh3)2]2
and 2,2'-bipyridyl in methanol or benzene solution; 39
the compounds are conducting in methanol and exhibit
a v(RuCl) band at 234 cm"1 consistent with the dimeric
halide-bridged cationic structure (VIII) suggested
earlier.39 {N.B. comparison of the far-i.r. of the chloro-
and bromo-compounds (Table 3) shows the bands
assigned earlier39 to v(RuCl) are probably ligand
vibrations}. The compound [Ru2Cl2(PPh3)4(phen)2]Cl2
[v(RuCl) 235 cm"1] is also obtained from dichloromethane
solutions of [RuCl2(PPh3)3] and 1,10-phenanthroline.

However, reaction of [RuCl2(PPh3)3] with excess of
(N~N) in methanol gives red solutions from which the
monomeric cations [RuCl(PPh3)(N-N)2]Cl are isolated,
together with small amounts of the rather insoluble
[Ru2Cl2(PPh3)4(N-N)2]Cl2. The monomer formulation is
confirmed by the ready synthesis of the hexafluorophos-
phate and tetraphenylboron salts. The monomeric
cations are also prepared by reaction of [RuCl3PPh3-
(N~N)] and an excess of (N-N) in methanol.

In contrast, the reaction of [RuCl3(AsPh3) (bipy)]
with an excess of bipyridyl in methanol gives a mixture
of products, neither of which contain triphenylarsine.
One of these is the well known orange [Ru(bipy)3]-
C12,6H20 40 which we have also characterised by syn¬
thesis of the BPh4" salt. In addition, small amounts
of purple [RuCl(H20)(bipy)2]Cl,H20 previously syn¬
thesised in higher yields by several methods,41-19 can be
isolated. However, if a mixture of [RuCl3(AsPh3)-
(bipy)], bipyridyl, and sodium tetraphenylboron are
refluxed in methanol, the only product is [RuCl(AsPh„)-
(bipy)2]BPh4.

The detailed chemistry of these and other ionic
ruthenium(n) compounds will be discussed more fully
in a later publication.

37 J. V. Kingston, J. W. S. Jamieson, and G. Wilkinson,
J. Inorg. Nuclear Chem., 1967, 29, 133.

38 S. D. Robinson and G. Wilkinson, J. Chem. Soc. (A), 1966,
300.

39 J. D. Gilbert, M. C. Baird, and G. Wilkinson, J. Chem. Soc.
{A), 1968, 2198.

40 See R. F. DeSimone and R. S. Drago, J. Amer. Chem. Soc.,
1970, 92, 2343, and references therein.

41 F. J. Miller and T. J. Meyer, J. Amer. Chem. Soc., 1971, 93,
1294.
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Sulphur Ligands

(a) Dimethyl Sulphoxide.—As for pyridine, the pro¬
ducts of reaction between A and dimethyl sulphoxide
are dependent on the reaction conditions. If A and a
DMSO-water mixture (1:1 by volume) are shaken for
24 h, the only products are [RuX3(EPh3)2(dmso)].
The i.r. spectra show several absorptions in the region
1000—900 cm"1, indicative of O-bonded dmso but no
band >1100 cm"1, which could be attributed to an
S-bonded sulphoxide group.42 Synthesis of the corre¬
sponding [2H6]dmso compound (for X = CI, E = As)
confirms the formation of only an 0-bonded isomer
[v(SO) 935 cm"1]. The presence of a strong v(RuCl)
band at ca. 330 cm"1, together with the close similarity
of e.s.r. and electronic spectral patterns to other [RuX3-
(EPh3)2L] complexes is consistent with configuration (I).

The same compounds are rapidly formed when the
reaction is carried out in neat DMSO. However, on
further shaking (for E = As), the orange-brown sus¬
pensions slowly dissolve giving a lemon-yellow solution
(X = CI), whereas for the bromide, a substantial
amount of pale yellow crystalline precipitate is formed.
The latter contains no triphenylarsine and analyses
for [RuBr2(dmso)4], The i.r. spectrum of this com¬
pound shows a strong band at 1080 cm"1 assigned to
5-bonded dmso (cf. [Ru(NH3)5(dmso)]2+ v(so) 1042
cm"1) 43 but no bands which can be definitely attributed
to O-bonded dmso. The absence of 0-bonded dmso

groups are confirmed by synthesis of [RuBr2([2H6]-
dmso)4] (see Experimental section). The 1H n.m.r.
spectrum of [RuBr2(dmso)4] (in CDC13) is rather com¬
plex. At 301 K, it consists of five singlets at x 6-49,
6-52, 6-56, 6-61, and 7-39. By analogy with recent
studies on palladium and platinum(n) dialkyl sulphoxide
compounds,44 the four resonances x 6-49—6-61 corre¬
spond to S-bonded dmso and the peak at x 7-39 to free
DMSO. In agreement with the i.r. evidence, there is no
evidence for any 0-bonded dmso (ca. x 7-0).44 The
relative intensity of the S-bonded resonances to free
DMSO is ca. 3:1. However, cooling the solution to
241 K changes the relative intensities to ca. 4:1 and an
examination of the relative intensities of the S-bonded
resonances indicates that the one at x 6-56 decreases
with respect to the rest. Addition of free DMSO at
301 K also produces a substantial decrease in the in¬
tensity of the 6-56 resonance. Thus, these observations
are consistent with dissociation of [RuBr2(dmso)4] in
solution, probably to [RuBr2(dmso)2(solvent)2] (x 6-56)

* Note added in proof: Samples of [RuCI2(dmso)4] and
[RuCla([2H6]dinso)] have been isolated from very concentrated
DMSO and [2H6]DMSO solutions respectively. The 4H n.m.r.
spectrum of the former is very similar to that recently reported
for [RuCl2(dmso)4], prepared from RuCl3,3H20 and DMSO
(Wilkinson et at., J.C.S. Dalton, 1973, 204), i.e. singlets at"x 6-48,
651, 6-57, 6-62, 6-66, 7'27, 7-31, and 7-39. However, our i.r.
studies reveal only a very weak O-bonded dmso band [v(SO)
930 cm"1 in the [2H6]dmso complex] and this is consistent with
the very low intensity of the resonances at x 7-27 and 7-31
compared to the S-bonded resonances.

42 For a detailed discussion, see B. B. Wayland and R. F.
Schramm, Inorg. Chem., 1969, 8, 971 and references therein.

and DMSO (x 7-39) {cf. the facile dissociation of [RuX2-
(PPh3)4] 2}. Unfortunately, [RuBr2(dmso)4] appears too
insoluble for direct molecular weight measurements.

The three singlets at x 6-49, 6-52, and 6-61 do not
decrease in intensity on addition of DMSO, indicating
they do not arise from dissociation products of [RuBr2-
(dmso)4]. The best explanation for these we can offer,
at present, is to assign the x 6-49 resonance to the eight
equivalent methyl groups in Aa«s-[RuBr2(dmso)4]
(assuming free rotation of methyl groups even at 241 K
(cf. ref. 44) and the 6-52 and 6-61 resonances to the two
different dmso sets in c!s-[RuBr2(dmso)4], the higher
resonance corresponding to the dmso ligands trans to
the bromo-groups. Raising the temperature increases
the intensity of the resonance at x 6-49 with respect to
those at x 6-52 and 6-61. This is consistent with a

report by James et alf5 who have recently synthesised
[RuX2(dmso)4] (X = CI or Br) by reaction of RuX3
and DMSO mixtures with hydrogen at 80° for 20 h.
The far-i.r. spectrum shows v(RuCl) 345 cm"1, indicative
of a b^ms-structure.

However, they also suggest that their chloro-compound
may contain both S- and 0-bonded dmso groups al¬
though the i.r. spectrum of the deuteriated compound
is required for confirmation. Unfortunately, our at¬
tempts to isolate [RuCl2(dmso)4] from the reaction of
[RuCl3(AsPh3)2MeOH] and DMSO have proved so far
to be unsuccessful. This can be attributed to the high
solubilty of [RuCl2(dmso)4] in DMSO and the conse¬
quent difficulty of removing the high boiling solvent
without decomposition of the product.*

However, heating [RuBr2(dmso)4] to 333 K in an
n.m.r. tube and then cooling the solution to low tem¬
perature reveals an extra resonance at x 7-09 (241 K).
On raising the temperature, this moves to higher field.
Similarly, recrystallisation of [RuBr2(dmso)4] from hot
CHCl3-acetone solution gives a darker coloured material
with additional i.r. bands at 1120, 930, and 920 cm"1
(cf. ref. 45). In addition, the 1H n.m.r. (301 K) shows
an extra weak peak at x 7-30 indicative of some 0-bonded
dmso. However, the analysis of the recrystallised
product is ca. 3% too low in carbon for [RuBr2(dmso)4]
and the resonance at x 6-49 has broadened considerably,
suggesting that some oxidation of the product may have
occurred. In fact, if solutions of [RuBr2(dmso)4]
are left exposed to air for prolonged periods, dark green
solutions are formed which exhibit very broad n.m.r.
signals, indicating that substantial oxidation has
occurred.

Clearly, the method of preparation of [RuX^dmso)^
is very critical in determining the isomeric composition
of the product and further studies are in progress to
unravel this interesting problem.

(b) Dialkyl Sulphides.—Reaction of (A) with Me2S in
43 A. D. Allen, F. Bottomley, R. O. Harris, V. P. Reinsaln,

and C. V. Senofi, J. Amer. Chem. Soc., 1967, 89, 5595.
44 J. H. Price, A. N. Williamson, R. F. Schramm, and B. B.

Wayland, Inorg. Chem., 1972, 11, 1280.
45 B. R. James, F. Ochiai, and G. L. Rempel, Inorg. Nuclear

Chem. Letters, 1971, 7, 781.
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CH2C12 gives [RuX3(EPh3)(Me2S)a]. The n.m.r.
spectrum of [RuCl3(AsPh3)(MeaS)2] shows resonances
t 1-33 (para), 2-62 (ortho), 3-34 (meta), and 4-60 (methyl)
which have been shifted and broadened by the para¬
magnetic ruthenium(m) ion. This is unusual since in
the majority of ruthenium (in) compounds made from (A),
the n.m.r. resonances are too broadened to be observed.
However, similar contact-shifted spectra are observed
for mer-[RuCl3(PMe2Ph)3],46 [Ru(acac)3],47 and [Ru-
(S2PPh2)3] (see section d) whereas [RuBr3AsPh3(Me2S)2]
gives very broad n.m.r. signals. The differences are
probably due to substantial variations in the electron
spin-lattice relaxation time in these compounds although
the factors responsible for these variations are not at
present clear.

Examination of the far-i.r. spectra of [RuX3(EPh3)~
(Me2S)2] reveals a strong v(RuCl) band at ca. 335 cm"1
consistent with configuration (IV). For X = CI, E =
P, an additional product was isolated from the reaction
mixture. Unfortunately, analyses (and m.p.) indicate a
mixture, possibly of [RuCl3(PPh3)2Me2S] and [RuC12-
(PPh3)2(Me2S)2], which we have been unable to separate
by either chromatography or recrystallisation. How¬
ever, a pure sample of the latter was readily obtained by
reaction of [RuCl2(PPh3)3] and Me2S.

In contrast, reaction of [RuX3(AsPh3)2MeOH] with
an excess of Et2S gives [RuX3(AsPh3)2Et2S] [v(RuCl)
334 cm"1 consistent with configuration (I)]. Extended
reaction leads to products possibly containing the its-
sulphides but these could not be separated satisfactorily
from the mono-sulphides. For [RuX3(PPh3)2MeOH]
even short reaction times give a complicated mixture
of products which could not be separated, even by dry
column chromatography.48

Reaction of Ph2S with [RuCl3(AsPh3)2MeOH] gives
a brown solid which i.r. spectroscopy and analyses con¬
firm contains no Ph2S but is [RuCl^AsPhjjJ. These
results suggest that the donor ability of organic sulphides
in these compounds is Me2S > Et2S Ph2S but this
does not necessarily reflect the intrinsic bonding ability
of the sulphur atom towards ruthenium(in) since
steric repulsions of EPh3 groups will probably play
an important role.

Although a number of ruthenium mono-, di , and tri-
sulphide compounds have been recently reported,22'49
these complexes represent the first examples of dialkyl
sulphides and tertiary phosphines (or arsines) bonded
to ruthenium(n) and (hi).

(c) Carbon Bisulphide.—Reaction of [RuCl3(EPh3)2-
MeOH] with CS2 under reflux conditions gives micro-
crystalline brown precipitates whose i.r. spectra (4000—

46 D. Shaw and E. W. Randall, Chem. Comm., 1965, 82.
47 D. R. Eaton, J. Amer. Chem. Soc., 1965, 87, 3097.
48 B. Loev and M. M. Goodman, Chem. and Ind., 1967,

2026.
49 B. E. Aires, J. E. Fergusson, D. T. Howarth, and J. M.

Miller, J. Chem. Soc. (A), 1971, 1144.
60 See M. Kubota and C. R. Carey, J. Organometallic Chem.,

1970, 24, 491 and references therein.
61 M. P. Yagupsky and G. Wilkinson, J. Chem. Soc. (A), 1968,

2813.

400 cm"1) are similar to the starting materials, except
for the presence of a broad band at 1510 cm"1 which
indicates a linearly bonded CS2 group. No bands due
to thiocarbonyl (ca. 1280—1330 cm"1) or tt-CS2 (ca.
1120 or 1020 cm"1) linkages are present.50 The com¬
pounds analyse for [RuCl3(EPh3)2CS2], a formulation
supported by magnetic measurements. The far-i.r.
spectra are rather complex but the probable assignment
of v(RuCl) (E = P) at 335 cm"1 supports configuration
(I). As in other complexes containing linearly bonded
CS2,51 the CS2 in [RuCl3(AsPh3)2(CS2)] is easily lost.
Attempts to recrystallise the compound from CH2C12
or C6H6 give only [RuCl3(AsPh3)2], However, the CS2
group is not lost from the solid even after prolonged
drying in vacuo at 80° and the solid does not smell of
CS2. In contrast, several rhodium and iridium com¬
plexes with linear CS2 ligands readily lose CS2 from the
solid by pumping in vacuo or even washing with
ether.51,52

However, reaction of [RuBr3(EPh3)2MeOH] with
CS2 under reflux for 30 min gives products whose i.r.
spectra exhibit thiocarbonyl bands at ca. 1300 but no
bands at 1500 cm"1. These compounds analyse for
[RuBr3(EPh3)2(CS)]. Shorter reaction times give a
mixture pf this compound and [RuBr3(EPh3)2(CS2)J
fi.r. and analytical evidence). The reason for the non-
formation of the thiocarbonyl complex for X = CI
is not understood. These represent the first carbon
disulphide and thiocarbonyl compounds of ruthenium-
(iii) although ruthenium(n) compounds such as [RuCl-
(7r-CS2)(PPh3)3]Cl,39 [RuCl2(CS)(PPh3)2]2," [Ru2C14(CS)-
(PPh3)4],53 and [RuCl3CS(PPh3)2] 54 have recently been
synthesised.

(d) Sodium Diphenylphosphinodithioate.—Reaction of
[RuCl3 (AsPh3) 2L] (L = MeOH or PhCH2CN) with
NaS2PPh2 in acetone produces the violet, crystalline
compound [Ru(S2PPh2)3], The same compound is
also prepared from Me4N[RuBr4(AsPh3)2],2(Me2CO)
(or ' RuC13,HI20 ') and NaS2PPh2. This compound
is of interest in that its HI n.m.r. spectrum exhibits
contact shifted ortho-, meta-, and para-protons at t
4-35, 2-64, and 2-94 respectively and also because it is a
rare example, in this series, of the displacement of all
ligands with retention of the ruthenium(m) oxidation
state. The corresponding [Ru(S2PEt2)3] is mentioned
briefly, elsewhere,55 but no preparative details have been
given.

In contrast, reaction of [RuCl3(AsPh3)2MeOH] with
NaS2PR2 (R = Me or Et) gives the ruthenium(n)
compounds P-aws-[Ru(S2PR2)2(AsPh3)2]. The chemistry
of these and related dithioacid compounds of ruthen-
ium(n) are discussed in detail elsewhere.56

62 M. C. Baird, G. Hartwell, jun., and G. Wilkinson, J. Chem.
Soc. (A), 1967, 2037.

53 T. A. Stephenson and E. S. Switkes, to be published.
64 T. A. Stephenson and E. S. Switkes, Inorg. Nuclear Chem.

Letters, 1971, 7, 805.
" W. Kuchen and H. Hertel, Angew. Chem. Internat. Edn.,

1969, 8, 89.
68 D. J. Cole-Hamilton and T. A. Stephenson, to be published.
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Oxygen Ligands
If (A) is shaken in tetrahydrofuran (THF), displacement

of methanol occurs and the compounds [RuX3(EPh3)2-
(thf)] can be isolated from the reaction mixture. These
compounds are not very stable, readily losing THF
on recrystallisation and slowly on air-exposure of the
solid.

[RuX3(AsPh3)2MeOH] also loses the methanol group
in CH2C12, CHC13, or C6H6 solution giving yellow-brown
solutions. Addition of heptane gives brown solids,
analysing closely for [RuX3(AsPh3)2], irrespective of
the solvent used. The i.r. spectra (4000—400 cm"1)
are identical to the starting materials except for the
absence of methanol bands at 3480 and 1010 cm"1
and the far-i.r. spectrum reveals strong v(RuCl) vi¬
brations at 330 and 311 cm"1 but no evidence for bridging
chloro-groups. Although the compounds are not suffi¬
ciently soluble for molecular weight measurements, an
e.s.r. spectrum of [RuCl3(AsPh3)2MeOH] in CHC13
shows a 2 g value spectrum, (gr 2-52; g2 2-03 in CHC13
at 77 K), which indicates the presence of an axially
symmetric complex such as (IX). The intensity

AsPh3
X

AsPhj
(TX)

of the e.s.r. signals, coupled with the normal mag¬
netic moments found for the [RuX3(EPh3)2MeOH]
compounds in both solid and solution state also support
their formulation as monomeric, magnetically-dilute
ruthenium(in) compounds. Several five-co-ordinate
ruthenium(n) compounds of this type are known, e.g.
[RuC12(EP1i3)3] (E = P 57 or As M) and the compounds
[RuX3(EPh3)2] (E = P or As) were mentioned by Vaska
and Sloane 59 but no preparative or other details about
them are available.

In contrast, dissolution of [RuX3(EPb3)2MeOH]
in acetone or nitromethane gives solvates which are
surprisingly stable and which can be recrystallised with¬
out loss of solvent. The nitromethane compound
[RuCl3(PPh3)2MeN02] is an excellent precursor for the
synthesis of most of the chloro-phosphine compounds
reported in this paper. Its main advantage over
[RuCl3(PPh3)2MeOH] is the ease of preparation via
AsPh4[RuCl4(PPh3)2] (which is prepared from [RuC12-
(PPh3)3]).8 The methanol solvate can only be prepared
in low yield (40%) and on a small scale from ' RuC13,x-
H20 ' (0-2 g) and stoicheiometric amounts of PPh3.2
Attempts to ' scale-up ' this reaction (to 10 g of Ru-
Cl3,xH20') gave only the reduced product [RuC12-

67 S. J. LaPlaca and J. A. Ibers, Inorg. Chem., 1965, 4, 778.
58 M. M. Taguikhan, R. K. Andal, and P. T. Manoharan,

Chem. Comm., 1971, 561.
59 L. Vaska and E. M. Sloane, J. Amer. Chem. Soc., 1960, 82,

1263.

(PPh3)3], which is probably the result of the creation of
concentration gradients in the solution.

Carbon Donors

(a) Bicyclo[2,2,l]hepta-2,5-diene (Norbornadiene).—A
number of ruthenium (n) diolefin compounds, such as
[RuX2C7H8]n,60 [RuX2CO(C7H8)]2,38 and [RuX3COC7-
Hg]",54 have been synthesised in recent years but no
diene compounds of ruthenium(in) are known. An
attempt to prepare a ruthenium(iu) diene compound by
reaction of (A) with excess of C7H8 in refluxing CH2C12
produced no reaction. However, in refluxing benzene,
crystalline, diamagnetic precipitates are obtained which
analyse quite closely for [RuX2(EPh3)2C7H8], For
E = P, the same compounds can be synthesised from
[RuX2(PPh3)3 or 4] and C7H8.38 Although the compounds
are too insoluble for 1H n.m.r. studies, a careful ex¬
amination of their far-i.r. spectra (Table 3) suggests
that two v(RuCl) vibrations occur at 278 and 253 cm"1
(E = P). Thus, configuration (X) with ^raws-chlorides
is unlikely because of the low v(RuCl) values. The
other possibilities, i.e. where both chloride groups are
trans to the diene (XI) or where one chloride is trans to
the diene and the other is trans to a phosphine (or
arsine) (XII), cannot be distinguished on i.r. evidence
alone, especially since earlier work29 indicates that
olefins, tertiary phosphines, and arsines all have a similar
trans effect on v(MCl) vibrations.

However, we have also prepared the corresponding
[RuCl2(PMe2Ph)2C7H8] [v(RuCl) 277 and 253 cm"1]
from Ph3BzP[RuCl3COC7H8] 54 and PMe2Ph and the
4H n.m.r. spectrum unequivocally shows fra«s-PMe2Ph

L

groups (virtually coupled ' triplet') 30 and the three diene
resonances expected for configuration (XI). Similar
compounds [RuHXL2(diene)J [L = PPh3, P(OR)3, etc.] 61
and [Ru(OH)2(CO)2C7H8] 62 (but with cis-L and -CO
groups respectively) have recently been reported.

The reaction of [RuCl3(AsPh3)2MeOH] with 1,5-
cyclo-octadiene in benzene gave only [RuCl2(C8H12)]n 60

60 E. W. Abel, M. A. Bennett, and G. Wilkinson, J. Chem. Soc.,
1959 3178.

61 J.J. Hough and E. Singleton, J.C.S. Chem. Comm., 1972, 371.
62 R. B. King and P. N. Kapoor, Inorg. Chem., 1972, 11, 336.
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and attempts to prepare ethylene and diphenylacetylene
complexes gave only [RuCl^AsPhg)^.

(b) Carbon Monoxide.—The reaction of [RuCl^As-
Ph3)aMeOH] with carbon monoxide in dichloro-
methane results in the formation of a pale yellow,
diamagnetic, monomeric solid which analyses for
/ra«s-[RuCl2(CO)2(AsPh3)2] [v(CO) 1993 cm"1 (CH2C12)].
A similar product is obtained from [RuCl3(PPh3)S]
(S = MeOH or MeN02). This isomer (for E = P)
has been prepared earlier [from RuCl2(PPh3)3or4] 2>63
and assigned configuration (XIII) [v(RuCl) 334 cm"1].
Recrystallisation of (XIII) from hot benzene gives the
cis-isomer2 [v(CO) 2061 and 1999 cm"1] whose far-i.r.
spectrum (E = P) shows v(RuCl) bands at 300 and 275
cm"1 which is consistent with configuration (XIV)
but not (XV). However, recrystallisation of (XIII)

CO

OC EPh, OC

Ru

EPh, OC EPh,

Ru Ru

Ph3E CO

X

1XTTT)

EPhj OC EPh3

CXTY (XY)

(E = As) from cold CH2Cl2-methanol solutions causes
several carbonyl bands to develop. A band at 1943
cm"1 first appears and then the growth of further bands
at 2036 and 1978 cm"1 occurs although the mixture
still analyses for [RuCl2(CO)2(AsPh3)2]. By analogy
with the earlier PPh3 studies,63 the 1943 cm"1 band is
assigned to the other trans-isomer (XVI) and the 2036,
1978 cm"1 bands to the cis-isomer (XVII). Similar
results were found for [RuBr2(CO)2(AsPh3)2].

CO CO

.EPh, OC

Ru

.EPh,

EPh,

CO

(XYT)

Ph3E

cxyh)

However, no evidence has been found for the formation
of ruthenium(iu) compounds such as the unknown
[RuCl3(AsPh3)2CO], The compound [RuBr3(PPh3)2CO]
has been briefly reported 7 but no further details are
available.

The electronic spectra (50 000—12 000 cm"1) of a
number of these ruthenium(in) compounds are given
in Table 2. A close examination of these results reveals
that the absorptions between 30 000 and 12 000 cm"1
are virtually independent of whether E = P or As, or
of the nature of L. However, the position of the absorp¬
tion bands depends markedly on the nature of X, shift¬
ing to lower energy when X changes from chloride to
bromide. Similar results have been found in the

63 R. B. James and L. T). Markham, Inorg. Nuclear Chem.
Letters, 1971, 7, 373.

e4 C. K. Jorgensen, ' Absorption Spectra and Chemical
Bonding in Complexes,' Pergamon, Oxford, 1962.

electronic spectra of [RuX6]3" 64 and various halogeno-
bipyridylruthenium(ni) compounds.65 Hence, these can
be assigned principally to X —>- Ru charge transfer
transitions.

The more intense absorptions >30 000 cm"1 can be
assigned to intra-ligand transitions superimposed on
ligand metal charge-transfer transitions which arise from
the tertiary phosphine, arsine, and the other ligand
groups (c/. [Ru(NH3)5RCN]3+ with an absorption
band at 31 500 cm"1 assigned to RCN —>- Ru charge
transfer transitions21). However, the complexity of
this region makes assignment of the bands to specific
energy processes an impossible task.

EXPERIMENTAL

Microanalyses were by the N.P.L., Teddington, A.
Bernhardt, West Germany, and the University of Edinburgh
Chemistry Department. Molecular weights were deter¬
mined on a Perkin-Elmer-Hitachi osmometer (model 115)
at 37 °C. I.r. spectra were recorded in the region 4000—-
200 cm"1 on a Perkin-Elmer 225 grating spectrometer,
using Nujol mulls on caesium iodide plates. Solution
spectra were run in potassium bromide cells. Electronic
spectra were recorded on a Unicam SP 800 spectrophoto¬
meter using unmatched silica cells. N.m.r. spectra
and solution magnetic moments (Evans' method) 66
were obtained on a Varian HA 100 spectrometer. Mag¬
netic cuccoptibiliticc (Golid) were measured on the Faraday
balance at Newcastle University. E.s.r. measurements
were performed on a Hilger & Watts ' Microspin ' spectro¬
meter operated at 9-33 GHz and employing 100 kHz
magnetic field modulation and phase-sensitive detection.
The magnetic field was measured by means of a proton
rooonanco motor and g factors were calculated by using a
dilute polycrystalline sample of l,l-diphenyl-2-picryl-
hydrazyl (g = 2-0036) as reference. Conductivity measure¬
ments were made on a Portland Electronics conductivity
bridge (model 310) and m.p.s were determined with a
Kofler hot-stage microscope and are uncorrected.

Nitrogen Ligands
(a) Nitrites.—Trichlorobis(triphenylarsine) (methyl cyan-

ide)ruthenium(ui). Trichlorobis(triphenylarsine) (meth-
anol)ruthenium(iu) (0-10 g) was added to methyl cyanide
(5 ml) and the green suspension shaken for 1 h. The
resulting dark green crystals were collected and recrystal-
lised from CH2Cl2-pentane (Yield 76%) [v(CN) 2305 cm"1].
Similarly, [RuBr3(AsPh3)2MeCN] [v(CN) 2310 cm"1] was
prepared and recrystallised (78%). The reaction of
[RuCl3(PPh3)2MeOH] with MeCN gave [RuCl3(PPh3)2-
MeCN] [v(CN) 2306 cm"1] (75%) and the bromophosphine
compound was similarly prepared [v(CN) 2310 cm"1]
(74%).

Trichlorobis(triphenylarsine) (benzyl cyanide)ruthenium(m).
[RuCl3(AsPh3)2MeOH] (0-30 g) was stirred for 24 h in
dichloromethane (40 ml) with an excess of benzyl cyanide
(1-0 ml) under nitrogen. The resulting green solution was
roducod in volume and tho addition of diethyl ether gave a
green precipitate. Recrystallisation from CH2Cl2-heptane
gave the bright green powder (71%) [v(CN) 2300 cm"1].

65 G. M. Bryant and J. E. Fergusson, Austral. J. Chem., 1971,
24 275

66 D. F. Evans, J. Chem. Soc., 1959, 2003.
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Purple [RuBr3(AsPh3)2(PhCH3CN)] was prepared by the
same method (71%) [v(CN) 2300 cm-1].

Trichlorobis (triphenylphosphine) (benzyl cyanide)ruthen-
As for [RuCl3(AsPh3)2PhCH2CN] except the

reaction time was only 5 h. Recrystallisation from
CH2Cl2-pentane gave bright green microcrystals of the
product (60%) [v(CN) 2310 cm-1]. However, prolonged
treatment gave cis-dichlorobis(triphenylphosphine)bis(benzyl
cyanide)ruthenium(u) as a crystalline pale green solid
(yellow when powdered), m.p. 158° (Found: C, 65-1; H, 1-1;
N, 3-0. Calc. for C62H44C12N2P2Ru C, 67-0; H, 4-3; N,
3 0%). This product is the same as that prepared from
[RuCl2(PPh3)3] and benzyl cyanide.3 [v(CN) 2269, 2243
cm"1]. Tribromobis(triphenylphosphine) (benzyl cyanide)ru-
thenium(u\) was prepared as for the chlorophosphine com¬
pound (60%) [v(CN) 2300 cm-1], prolonged reaction giving
some reduced species.

Trichlorobis(triphenylarsine) (phenyl cyanide)ruthenium
(in). [RuCI3(AsPh3)2MeOH] (0-20 g) was dissolved in
CH2C12 (20 ml), an excess of phenyl cyanide added (0-5 ml)
and the solution rofluxod for 1 h under nitrogen. Tho
resulting green solution was reduced in volume and the
green residue recrystolliued from CH2C12 heptane (71%)
[v(CN) 2280 cm"1]. The same product is obtained by
stirring for 24 h. [RuRr3(AsPh3)aPhCN] (70%) [v(CN)
2278 cm"1] and [RuCl3(PPh3)2PhCN] (70%) [v(CN) 2280
cm-1] were prepared by the same method. The correspond¬
ing [RuX3(EPh3)2CH2CHCN] were also prepared by this
method [E = As, 75%; v(CN) 2305 cm"1; E = P, 60%].

(b) Pyridine.—- Trichlorotriphenylarsinebis(pyridine)ru-
thenium(m). [RuCl3(AsPh3)2MeOH] (0-20 g) and an excess
of pyridine (0-4 ml) in CH2C12 (10 ml) were gently refluxed
for 5 min. Addition of light petroleum (b.p. 100—120°)
gave an orange precipitate recrystalliocd from CII2C12
pentane (88%). [RuBr3(AsPh3)(py)J and [RuX3(PPh3)-
(py)J were prepared in the same way (90%).

tTans-Dichloroletrakispyridineruthenium(u). [RuC13(As-
Ph3)2MeOH] (0-20 g) and an excess of pyridine (0-4 ml)
were heated for ca. 20 min and the resulting orange-red
precipitate recrystallised from acetone-light petroleum
(b.p. 100—120°) or CH2Cl2-pentane, m.p. 270° (decomp.)
(89%) (Found: C, 49-2; H, 4-1; N, 11-6. Calc. for
C20H20C12N4Ru : C, 49-2; H, 4-1; N, 11-5%). The same
compound was prepared from [RuCl2(PPh3)3] and an
excess of pyridine under the same conditions.

2H N.m.r. (CDC13) t 1-44(d), 2-40(t), 2-90(t) (see ref. 35);
v(RuCl) 340 cm"1. Similarly, tra.ns-dibromotetrakispyri-
dineruthenium(ii) was prepared starting from [RuBr3-
(AsPh3)2MeOH] or [RuBr2(PPh3)3], m.p. >280° (decomp.)
(90%). (Found: C, 43-1; H, 3-6; N, 10-0. Calc. for
C20H20Br2N4Ru: C, 41-7; H, 3-5; N, 9-7%). TO N.m.r.
(CDC13) t l-28(d), 2-36(t), 2-92(t) (see ref. 35).

trans-Dibromo(triphenylphosphine)trispyridineruthenium-
(n). [RuBr2(PPh3)3] (0-20 g) was dissolved in an excess
of pyridine (0-3 ml) and gently heated for 10—15 min.
Addition of pentane gave a yellow powder recrystallised
from CH2Cl2-pentane, m.p. 198° (71%) [Found: C, 53-1;
H, 4-0; N, 5-7; M(C6He) 740. C33H30Br2N3PRu requires
C, 52-1; H, 4-0; N, 5-5%; M 671], TO N.m.r. (CDC13)
t l-00(t), 2-40(t), 3-26(t) [C5H5N], and 2-6—2-9 (multiplet)
[Ph3P], tra.ns-Dichloro(triphenylphosphine)trispyridineru-
thenium(n) was prepared from [RuCl2(PPh3)3] by the same
method but could not be satisfactorily separated from a
small amount of [RuCl2(py)4] which is also formed.

TO N.m.r. (CDC13) of mixture; [RuCl2(PPh3)(py)3]:

t l-10(d), 2-40(t), 3-14(t) [C6H6N], and 2-6—2-9 (multiplet)
[Ph3P], iraMS-[RuCI2(py)4]: x l-44(d) (the resonances
at x 2-40 and 2-90 are masked by those from [RuCl2(PPh3)-
(Py)»] (Found: C, 55-3; H, 4-3; N, 7-9. [RuCl2(PPh3)py3]
requires C, 59-1; H, 4-4; N, 6-3%).

(c) 2,2'-Bipyridyl.— Trichlorotriphenylarsine(2,2'-bi-
pyridyl)ruthenium(m). [RuCl3(AsPh3)2MeOH] (0-31 g) was
stirred under nitrogen with a CH2C12 solution (40 ml) con¬
taining an excess of 2,2'-bipyridyl (0-11 g). Concentration of
tho resulting dark rod solution followed by heptane addition
gave the brown product recrystallised from CH2Cl2-heptane
(80%). [RuBr3(AsPh3) (bipy)] and [RuCl3(PPh3)(bipy)]
were similarly prepared (79% and 90% yield respectively).

Tribromotriphenylphosphine(2,2'-bipyridyl)ruthenium(ui).
[RuBr3(PPh3)2MeOH] (0-10 g) in CH2C12 (20 ml) was stirred
under nitrogen with an excess of 2,2'-bipyridyl. After
3 h a goldon yollow solid was filtorod off and the reaction
continued for two further hours to give a dark red solution.
Precipitation by heptane and recrystallisation from
CH2Cl2-heptane gave the dark red product (50%). The
goldon yellow solid was identified as tho reduced species
bis(triphenylphosphine)(2-2'-bipyridyl)ruthenium(\\)-\L-di-
bromo bis(triphenylphosphine)(2,2'~bipyridyl)ruthcnium(ii) di-
bromide m.p. 295—296° (Found: C, 57-6; H, 3-9; N,
3-2. C82H,0Br4N4P4Ru2requiresC, 58-6; H. 4-0; N, 3-0%)
The same compound was also made from [RuBr2(PPh3)3]
(0-20 g) and 2,2'-bipyridyl (0-04 g) in CH2C12 (15 ml) stirred
under nitrogen for 30 min (A (7 x 10~6m) in MeOH =
90 S cm2 mol"1]. Similarly, [Ru2Cl2(PPh3)4(bipy)2]Cl2
was prepared from [RuCl2(PPh3)3] and 2,2'-bipyridyl, m.p.
>300° (Found: C, 63-7; H, 4-3; N, 3-2. Calc. for C,2H,9-
C14N4P4Ru2: C, 64-0; H, 4-4; N, 3-2%) [A (7 x 10"6m) in
MeOH = 88 S cm2 mol"1].

Chloro(triphenylphosphine)bis(2,2' bipyridyl)ruthenium(ii)
chloridemonohydrate. [RuCl3(PPh3) (bipy)] (0-10 g) was
refluxed under nitrogen in methanol (100 ml) for 24 h
with an excess of 2,2'-bipyridyl (0-04 g). Concentration
of the resulting red solution and recrystallisation from
acetone-pentane gave the orange. product, m.p. 235° (78%)
(Found: C, 58-3; H, 4-3; N, 7-7. C38H33C12N4OPRu
requires C, 59-7; H, 4-3; N, 7-3%) [A (l x 10"3m) in
CH2C12 = 29 S cm2 mol"1]. The same product was ob¬
tained from [RuCl2(PPh3)3] and an excess of bipyridyl in
methanol (55%) (Found: C, 59-3; H, 4-3; N, 7-1%)
together with some [Ru2Cl2(PPh3)4(bipy)2]Cl2 (35%).

The corresponding [RuCl(PPh3)(bipy)2]PF6 was prepared
from NH4PF6 and [RuCl(PPh3)(bipy)2]Cl,H20 in methanol
m.p. 210° (Found: C, 51-9; H, 3-6; N, 6-5. C38H31C1F„-
N4P2Ru requires C, 52-2; H, 3-5; N, 6-4%). Similarly
[RuCl(PPh3)(bipy)2]BPh4, m.p. 230° (Found: C, 73-1; H,
5-2; N, 5-5. C62H61BC1N4PRu requires 72-3; H, 4-9;
N, 5-4%).

Chloro(triphenylarsine)bis(2,2'-bipyridyl)ruthenium(n)
tetraphenylborate. [RuCl3AsPh3(bipy)] (0-10 g) was re¬
fluxed in methanol (100 ml) under nitrogen with an excess
of sodium tetraphenylboron (0-10 g) and 2,2'-bipyridyl
(0-04 g) for ca. 1 h. The resultant orange-red precipitate
was filtered, well washed with water, light petroleum
(b.p. 100—120°), and dried in vacuo at 40° (75%) (Found:
C, 69-7; H, 4-6; N, 5-9. C62H51AsBC1N4Ru requires C,
69-4; H, 4-7; N, 5-2%).

If [RuCl3(AsPh3)(bipy)] (0-30 g) was refluxed in methanol
(240 ml) under nitrogen with an excess of 2,2'-bipyridyl
(0-12 g) for 24 h, the resulting red solution contained a
mixture of two compounds (t.l.c. evidence). The solvent
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was removed and the residue washed with water leaving a
purple material (20%) and an orange solution. The solu¬
tion was concentrated almost to dryness and on addition
of an acetone-light petroleum (b.p. 100—120°) mixture
(80 : 20 by volume), the orange tris(bipyridyl)ruthenium(n)
chloride hexahydrate was obtained m.p. >300° (60%)
(Found: C, 47-8; H, 4-2; N, 11-1. Calc. for C30H36N6-
OaRu: C, 48-1; H, 4-8; N, 11-2%) [A (1 X 10"3m) in
MeOH = 170 S cm2 moT1]. The corresponding BPh4~
salt was also prepared [Ru(bipy)3](BPh4)2H20, m.p. 270°
[Found: C, 76-7; H, 5-9; N, 6-1. Calc.: C, 75-7; H, 61;
N, 7-3%].

If the residue was washed with CH2C12 (leaving the orange
trisbipyridyl complex) and pentane added to the purple
washings, purple microcrystals of chloro(aquo)bis(2,2'-bi-
pyridyl)ruthenium(n) chloride dihydrate were obtained m.p.
>300° (Found: C, 45-7; H, 3-4; N, 10-2. Calc. for
C20H22C12N4O3Ru: C, 46-1; H, 3-8; N, 10-7%) [A (6-8 x
10"4m) in CH2C1j = 7-0 S cm2 mol"1].

(d) 1,10-Phenanthroline.—[RuX3(EPh3) (phen)] (E = P
or As; X = CI or Br) were prepared by the same methods
as the corresponding 2,2'-bipyridyl compounds.

Chloro (triphenylphosphine)bis( 1,10-phenanthroline) ruthen-
ium(u) chloride. [RuCl3(PPh3) (phen)] (0-10 g) was refluxed
under nitrogen in methanol (100 ml) for 24 h with an excess
of 1,10-phenanthroline (0-04 g). Concentration of the
resulting orange solution and recrystallisation from CH2C12—
pentane gave orange microcrystals m.p. 290° (decomp.)
(78%) (Found: C, 60-8; H, 3-7; N, 6-9. C42H31C12N4PRu
requires C, 60-9; H, 3-7; N, 6-8%) [A (l X 10"3m) in CH2-
Cl2 = 28-6 S cm2 mol"1]. The same product was obtained
from the reaction of [RuCl3(PPh3)2MeN02] and an excess
of 1,10-phenanthroline in methanol (58%) together with
some [RuCl3PPh3(phen)] (30%). When [RuCl2(PPh3)3]
and 1,10-phenanthroline were refluxed in methanol,
[RuClfPPhjJfphenJJCl (58%) and the yellow-brown powder
[Ru2Cl2(PPh3)4(phen)2]CI2 were obtained, m.p. >300°
(20%) (Found: C, 64-8; H, 4-2; N, 3-1. C96H76C14N4P4Ru2
requires C, 65-7; H, 4-3; N, 3-1%) [A (7-0 X 10"4m) in
MeOH = 11-5 S cm2 mol"1]. The latter compound was
obtained in high yield (80%) by reaction of [RuCl2(PPh3)3]
and 1,10-phenanthroline in CH2C12.

Chloro(triphenylphosphine)bis(l,lO-phenanlhroline)ruthen-
iutn(n) hexafluorophosphate. A methanolic solution of
[RuCl(PPh3)(phen)2]Cl was treated with an excess of
NH4PF6. The resulting orange solution was concentrated
to dryness, washed with water, and the red-orange product
air-dried m.p. 213° (decomp.) (Found: C, 52-6; H, 3-4;
N, 5-8. C42H31C1F6N4P2Ru requires C, 52-6; H, 3-4;
N, 5-8%).

Sulphur Ligands
(a) Dimethyl Sulphoxide.—Trichlorobis(triphenylarsine)-

(dimethyl sulphoxide)ruthenium(m) [RuCl3(AsPh3)2MeOH]
(0-20 g) was added to an aqueous solution of dimethyl
sulphoxide (1 : 1 by volume) and the suspension stirred for
24 h to give a tan precipitate. This was well washed with
water and air-dried (60%). I.r. spectrum (1350—800 cm-1)
1315m, (1190s, 1160w, 1080s, 1025s, 1000m all AsPh3)
973s, 935m [v(so)] 920s cm"1. The same compound was
prepared by shaking [RuCl3(AsPh3)2MeOH] with neat
dimethyl sulphoxide (DMSO) and filtering off the product
after 5 min. A similar reaction with [2H6]dimethyl
sulphoxide gave trichlorobis(triphenylarsine)([2H6]di-
methyl sulphoxide)ruthenium(m). I.r. spectrum (1350—

800 cm"1): [1190s, 1160w, 1080s, 1025s, 1000m all AsPh3],
1050m, 935m, [v(so)j 825m cm"1. [RuBr3(AsPh3)2(dmso)]
and [RuX3(PPh3)2(dmso)] were readily prepared from
aqueous DMSO solutions by the method given above
(ca. 70% yields).

Dibromotetrakis(dimethyl sulphoxide)ruthenium(u). [Ru-
Br3(AsPh3)2MeOH] (0-20 g) was suspended in an excess of
dimethyl sulphoxide (10 ml) and stirred under nitrogen for
24 h. The resulting pale yellow crystalline precipitate was
filtered, washed with water, and air-dried, m.p. 219—220°
(78%) (Found: C, 17-6; H, 4-2; Br, 28-6; S. 22-8. Caic.
for C8H24Br204RuS4; C, 16-7; H, 4-2; Br, 28-0; S, 22-3%).
I.r. spectrum (1350—750 cm"1) 1304m, 1290s, 1080vs
[v(so)] 1025vs, 978s, 942s cm-1.

Dibromotetrakis([2H6\dimethyl sulphoxide)ruthenium(n)
was prepared by the same method, m.p. 240° (decomp.)
(80%) (Found: C, 17-0; D, 8-1; Br, 28-4. C,8D24Br204-
RuS4 requires C, 16-0; D, 8-0; Br, 27-0%). I.r. spectrum
(1350—750 cm-1) 1080vs, [v(so)] 1020w, 1000m, 820vs,
780m, 770s cm"1.

(b) Dialkyl Sulphides.—Trichlorotriphenylarsinebis(di-
methyl sulphide)ruthenium(iu). [RuCl3(AsPh3)2MeOH]
(0-21 g) in CH2C12 (40 ml) was treated with an excess of
dimethyl sulphide (0-8 ml) under nitrogen. After 1 h,
the red solution was concentrated to give a red solid re-
crystallised from CH2Cl2-heptane (78%). [RuBr3(EPh3)-
(Me2S)2] (E = P or As) were obtained by the same method
except longer reaction times (ca. 2 h) were needed for
complete conversion (75%).

Trichlorotriphenylphosphinebis (dimethyl sulphide)ruthen-
ium(m) was prepared as for the chloro-arsine compound,
partial removal of solvent giving a dark green solid (52%).
Concentration of the remaining red solution gave orange
solids whose analyses and m.p.s were variable, suggesting
a mixture of [RuCljPPh^MejSJjj] and [RuCl2(PPh3)2-
(Me2S)2]. However, reaction of [RuCl2(PPh3)3] and an
excess of Me2S in dichloromethane (ca. 5 min) under
nitrogen gave an orange-red solution. Addition of heptane
and recrystallisation of the orange-brown precipitate
from CH2Cl2-heptane gave dichlorobis(triphenylphosphine)~
bis(dimethyl sulphide)ruthenium(n) [Found: C, 57-8; H,
4-0; CI, 10-5, M, 986 (C6H6). C40H42Cl2P2RuS2 requires C,
58-5; H, 5-1; CI, 8-7%, M, 820], JH n.m.r.: phenyl
multiplet (t 2-4—3-3); methyl singlet (x 8-8).

Trichlorobis(triphenylarsine) (diethyl sulphide}ruthenium-
(iii). [RuCl3(AsPh3)2MeOH] (0-20 g) was dissolved in
CH2C12 (40 ml) and stirred under nitrogen with an excess
of Et2S (0-1 ml) for 2 h. The resulting red solution was
concentrated to dryness and a mixture of heptane-CH2Cl2
(6:1 ratio) added giving a red solid, recrystallised from
CH2Cl2-heptane (82%). Longer reaction times gave
mixtures containing [RuCl3(AsPh3)(Et2S)2], [RuBr3(As-
Ph3)2Et3S] was similarly prepared (83%).

(c) Carbon Disulphide.—Trichlorobis(triphenylarsine)-
(carbon disulphide)ruthenium(m). [RuCl3(AsPh3)2MeOH]
(0-33 g) was refluxed in CS2 (30 ml) under nitrogen for ca.
30 min and the resulting brown microcrystalline precipitate
washed several times with carbon disulphide and air-dried
(71%). The same product was formed if the reaction was
continued for 6 h, even in the presence of an excess of tri-
phenylarsine (added in an attempt to remove sulphur from
the txmnd CS2 group). [RuCl3(PPh3)2(CS2)] was similarly
prepared (70%).

Tribromobis(triphenylarsine)(thiocarbonyl)mthenium(m).
[RuBr3(AsPh3)2MeOH] (0-20 g) was refluxed in CS2 (20 ml)
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under nitrogen for ca. 30 min. Concentration of the solu¬
tion, followed by pentane addition gave the brown crystal¬
line product, washed with CS2 and air-dried (73%) [v(cs)
1295 cm"1].

Shorter reaction times gave products with i.r. bands at
1295 and 1520 cm"1 [v(cs2)], i.e. a mixture of [RuBr3(As-
Ph3)2(CS)] and [RuBr3(AsPh3)2(CS2)]. The corresponding
[RuBr3(PPh3)2(CS)] was prepared in an analogous way
(68%).

(d) Tris(diphenylphosphinodithioato)ruthenium(ui).*
[RuCl3(AsPh3)2MeOH] and a four-fold excess of sodium
diphenylphosphinodithioate were shaken in acetone for
two days. The violet crystals were then filtered, washed
with water and diethyl ether, and dried in vacuo at 40°,
m.p. 219—220° (Found: C, 50-5; H, 3-3. C36H30P3RuS6
requires C, 50-9; H, 3-5%). The same compound is also
prepared from [RuCl3(AsPh3)2PhCH2CN], Me4N[RuBr4-
(AsPh3)2]2(acetone) or ' RuC13,VH20 ' and NaS2PPh2.

Oxygen Ligands
(a) Tetrahydrofuran.— Trichlorobis{triphenylarsine)(tetra-

hydrofuran)ruthenium(ni). [RuCl3(AsPh3)2MeOHJ (0-20
g) was suspended in an excess of tetrahydrofuran, THF
(10 ml) and shaken for ca. 12 h. Addition of pentane to
the red solution gave an orange-red precipitate which was
washed with THF and air-dried (70%). The corresponding
[RuBr3(AsPh3)2(thf)] and [RuX3(PPh3)2(thf)] were simil¬
arly prepared (ca. 65% yield).

(b) Acetone, nitromethane. The compounds [RuX3-
(EPh3)2S] (S = acetone, MeN02) were prepared as for the
THF adducts (see ref. 2 and 8) and for S = MeN02, from
Ph4As[RuX4(EPh3)2]2(acetone) (ref. 8).

Trichlorobis(triphenylarsine)ruthenium(m). [RuC13(As-
Ph3)2MeOH] was dissolved in benzene (or dichloromethane)
giving a yellow-brown solution. Addition of heptane gave
the dark brown product. Similarly, [RuBr3(AsPh3)2] was
prepared.

Carbon Donors

(a) Bicyclo\2,2,Y]-2,5-heptadiene (Norbornadiene).—Di-
chlorobis(triphenylarsine) (norbornadiene)ruthenium(u).
[RuCl3(AsPh3)2MeOH] (0-40 g) and an excess of C7H8
(2-0 ml) in benzene were refluxed under nitrogen for 24 li.
The resulting orange-red crystals were collected, washed
with benzene and dried in vacuo, m.p. 256—260° (Found:
C, 57-8; H, 4-2; As, 16-4; CI, 7-8. C43H38As2Cl2Ru
requires C, 58-9; H, 4-4; As, 17-1; CI, 8-1%). Similarly,
[RuBr2(AsPh3)2C7H8] was prepared (Found: C, 55-2;
H, 4-0; As, 10-6; Br, 16-8. C43H38As2Br2Ru requires
C, 53-5; H, 4-0; As, 10-5; Br, 16-6%). These compounds
are very insoluble in all common solvents. [RuCl2(PPh3)2-
C7H8] was prepared as for the chloro-arsine compound from
[RuCl3(PPh3)2S] (S = MeOH or MeN02) and C7H8 m.p.
220° (60%) (Found: C, 65-6; H, 4-9. Calc. for C43H38-
C12P2Ru: C, 65-5; H, 4-8%) (see ref. 38). [RuBr2(PPh3)2-

* We thank Mr. D. J. Cole-Hamilton and Mr. P. W. Armit
for the preparation of this compound.

C7H8] was similarly prepared (Found: C, 60-8; H, 4-9.
C43H38Br2P2Ru requires C, 58-8; H, 4-4%). These com¬
pounds are also very insoluble in all common solvents.

Dichlorobis(dimethylphenylphosphine) (norbornadiene)ru-
thenium(u).—Ph3BzP[RuCl3CO(C7H8)] 61 (0-20 g) was re-
fluxed in CH2C12 (100 ml) under nitrogen with PMe2Ph
(0-1 ml) for ca. 24 h. Concentration of the yellow solution
followed by diethyl ether addition gave a yellow solid.
This was washed with methanol to remove free Ph3BzPCl
and recrystallised from CH2Cl2-pentane, m.p. 247°.
[Found: C, 51-0; H, 5-5, A7(C6H6) 600. C23H30Cl2P2Ru
requires C, 51-0; H, 5-5%, M, 520.] 'HN.m.r.: t 6-70(2),
7-20(4), 8-50(2) [diene]; r 2-0—-2-6(10) phenyl multiplet;
t 7-74(12) 1:2:1' triplet' [PMe2Ph],

Refluxing [RuCl3(AsPh3)2MeOH] (0-20 g) with an excess
of cyclo-octa-l,5-diene (1-2 ml) in benzene (40 ml) for 24 h
gave the dark orange precipitate [RuC12C8H12]„ (Found:
C, 36-1; H, 4-3. Calc. for C8H12Cl2Ru; C, 34-4; H, 4-3%)
(see ref. 60).

(b) Carbon Monoxide.—trans-Dichlorodicarbonylbis(tri-
phenylarsine)ruthenium(ii) (Configuration XIII). Carbon
monoxide was bubbled through an oxygen-free solution of
[RuCl3(AsPh3)2MeOH] (0-40 g) in CH2C12 (40 ml) for ca.
10 min. The solution was concentrated to dryness and
the residue washed with acetone leaving a pale yellow solid,
m.p. 230° (decomp.) (36%) [Found: C, 52-4; H, 3-6;
CI, 7-8, AT(C6H6) 857. C38H30As2Cl2O2Ru requires C, 54-2;
H, 3-6; CI, 8-4% M, 841].v(co) 2081w, 2036w, 1993s (Nujol);
1993 cm"1 (CH2C12). Recrystallisation from hot benzene
gave cfs-[RuCl2(CO)2(AsPh3)2] (Configuration XIV) [Found:
C, 53-7; H, 3-7% v(co) 2061s, 1999s cm"1]. Recrystal¬
lisation from CH2Cl2-methanol gave a mixture of isomers
with v(CO) 2036, 1978 cm"1 (Nujol) (assigned to con¬
figuration XVII) and v(co) 1943 cm"1 (Nujol) (assigned to
confn. XVI). Similarly <ra«s-[RuBr2(CO)2(AsPh3)2] (con¬
figuration XIII) was prepared from [RuBr3(AsPh3)2-
MeOH] m.p. 265° (decomp.) (60%) [Found: C, 48-8;
H, 3-3. C38H30As2Br2O2Ru requires C, 49-1; H, 3-2%;
v(co) 1995 cm"1 (CH2C12)]. Recrystallisation from CH2-
Cl2-methanol gave a pinkish-tan product (Found: C,
49-0; H, 3-4%) with a number of carbonyl bands in the
i.r. spectrum. v(co) 2090m, 1980s cm"1 (configuration
XVII); 1940w (configuration XVI).

fraws-[RuCl2(CO)2(PPh3)2] (configuration XIII) was also
prepared from [RuCl3(PPh3)2S] (S = MeOH or MeN02)
by the same method, m.p. 190° (35%) [Found: C, 60-3;
H, 4-0. Calc. for C38H30Cl2O2P2Ru: C, 60-6; H, 4-0%,
v(co) 2005 cm"1; see refs. 2 and 63].

We thank Johnson-Matthey Ltd. for generous loans of
ruthenium trichloride, the National A. University of Mexico
(L. R. R.) and the National Institutes of Health (E. S. S.) for
fellowships, the Department of Inorganic Chemistry,
University of Newcastle, for use of the Faraday Balance,
Dr. I. R. Leith and Mr. A. Anderson fore.s.r. measurements,
and Mr. J. Sinclair for experimental assistance.
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rhodium(i) diene complex [RhCl(C7Hg)(PPh3)] (III)
illustrates the effect of ^raws-asymmetry on the nor-
bornadiene proton resonances. Four magnetically in-
equivalent sets of protons are found (A—D) with the
two sets of olefin protons A and B assigned at t 4-66 and
7-00 respectively, well separated because of the large

(HI)

trans-efiect difference between triphenylphosphine and
chloride.11 Similar spectra would be expected if the
ruthenium complexes had configuration (I). However,
the 1H n.m.r. spectra of all the complexes show five
diene resonances (Table 1), which is consistent with

Table 1

1H X.m.r. chemical shifts and coupling constants for the
complexes M[RuX3CO(C7H8)]

M = Ph3(PhCH2) P+ M - Cs+
X ™ CI X = Br X = CI Relative Fine

r b rc intensitv structuiT 4 T 4 T ' intensity structure Assignment °
2-381
2-90/

2-52-1
2-90/

20 Multiplet Phenyl
4-80 4-90 o Doublet Methylened
4-78 4-80 4-35 2 Triplet' H(2) and H(6)
5-48 5-02 4-60 o Triplet' H(3) and H(5)
5-80 5-90 5-54 1 Broad

multiplet H(l)
6-34 6-36 5-87 1 Broad

multiplet H(4)
8-71 8-78 8-20 9 Triplet H(7) and H(8)

a See configuration (II). b Measured in CDC13. c Measured
in D20. d Jph 14-0 Hz. e Shown by double-resonance experi¬
ments to be overlapping doublet of doublets.

configuration (II) since H(l) and H(4) will be magnetic¬
ally inequivalent. Furthermore, the smaller separation
between the H(2), H(6) and H(3),H(5) olefin protons is
consistent with cis-asymmetry. The detailed assign¬
ments have been confirmed by homonuclear decoupling
experiments (Table 2) and the coupling constants
obtained from these measurements are also shown in
Table 2.

* Interested readers are referred to Table 8, E. S. Switkes,
Ph.D. Thesis, Massachusetts Institute of Technology, 1972, in
which i.r. spectra of the products from six separate reactions are
listed.

In support of the i.r. observations, no change in the
n.m.r. spectrum was observed on heating a deuterio-

chloroform solution of the Ph3(PhCH2)P+ salt to ca.
323 K and, unlike the rhodium complexes, addition of an
excess of diene or chloride ion produced no change in the
diene resonance positions, even after setting aside for
3 days. Thus, it appears that these diene anions are
formed stereospecifically and are of high kinetic stability,

Table 2

Double-resonance experiment on
Ph3(PhCH2) P[RuC13CO(C7H8) ]

Resonance Fine structure
Irradiated at observed observed

t t Assignment on irradiation
0-34 H(4) 4-78 H(2), H(6) Double doublet

5-48 H(3), H(5) Doublet
5-80 H(l) No change
8-71 H(7), H(8) Doublet

5-80 H(l) 4-78 H(2), H(6) Doublet
5-48 H(3), H(5) Double doublet
6-34 H(4) No change
8-71 H(7), H(8) Doublet

5-48 H(3) and H(5) 4-78 H(2), H(6) Doublet
5-80 H(l) No change
6-34 H(4) Sharpens to

triplet
4-78 H(2) and H(6) 5-48 H (3), H(5) Doublet

5-80 H(l) Sharpens
6-34 H(4) No change

/[H(7),H(8)-H(1)1 1'25_ HZ; J[H(7>,HW-H<4)1 1'50 HZ; /[H(2)-H(3>
= /[h(6)-h(5)1 4-5 Hz; /[h(1)-h(2)] = /(h<1)-H(6)] 3-0 Hz;
JIH(4)-H<3)] = /[H (4)-H (5)] 3'5 Hz.

undergoing neither ligand exchange, isomerisation, nor
oxidation under the conditions studied. However, the
nature of the product is sensitive to the reaction con¬
ditions and, in particular, to which large cation is used.
With Ph3(PhCH2)PCl and CsCl, the only product isolated
was the acetone-insoluble M[RuC13CO(C7H8)]. How¬
ever, with Ph4AsCl,HCl, reaction with [RuCl2CO(C7H8)]n
in acetone at room temperature gave a mixture of
acetone-soluble products which unfortunately proved
impossible to separate satisfactorily. In addition, the
reaction was irreproducible, leading to different product
mixtures (i.r. and analytical evidence) under, ostensibly,
the same reaction conditions.*

If, however, Ph4AsCl,HCl and [RuCl2CO(C7H8)]n were
gently heated under reflux in acetone for ca. 1 h, a single
product was obtained which analysed closely for cis-
(Ph4As)2[RuCl4(CO)2]. In support of this formulation,
the complex has a conductivity in dichloromethane
characteristic of a 2 : 1 electrolyte [A(0-001m) 46 n cm2
moP1] and its i.r. spectrum shows two v(CO) bands at
2 030 and 1 940 cm"1 (Nujol), very close to those re¬
ported earlier for cis-Cs2[RuCl4(CO)2] [v(CO) 2 036 and
1 935 cm"1).12 No evidence for norbornadiene was
found in the i.r. or n.m.r. spectra. The mechanism by
which a dicarbonyl monomer is obtained from a complex
containing only one carbonyl ligand per ruthenium atom

11 K. Vrieze, H. C. Volger, and A. P. Praat, J. Organometallic
Chem., 1968, 15, 195 and earlier references.

12 R. Colton and R. H. Farthing, Austral. J. Chem., 1967, 20,
1283; M. J. Cleare and W. P. Griffith, J. Chem. Soc. (A), 1969,
372.
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is not understood at present. The extra carbonyl group
may arise from the solvent (c/. the synthesis of
[Ru(H)Cl(CO)(PPh3)3] 13) or from some intramolecular-
rearrangement process. It is of interest that Robinson
and Wilkinson6 also isolated a dicarbonyl complex
b/ams-[RuCl2(CO)2(quinoline)2] by reaction of [RuC12CO-
(C7H8)]n with an excess of quinoline in ethanol.

experimental

Microanalyses were undertaken by A. Bernhardt, West
Germany, and the University of Edinburgh Chemistry
Department. I.r. spectra were recorded in the region
4 000—200 cm-1 on a Perkin-Elmer grating spectrometer
using Nujol mulls on caesium iodide plates. Solution
spectra were run in potassium bromide cells. 1H N.m.r.
spectra were obtained on a Varian Associates HA-100
spectrometer equipped with a variable-temperature probe.
Conductivity measurements were made on a model 310
Portland Electronics conductivity bridge. Melting points
were determined with a Kofler hot-stage microscope and are
uncorrected.

Benzyl(triphenyl)phosphonium (Bicyclo[2.2.Y]hepta-2,5-
diene)carbonyltrichlororuthenate(n).—A suspension of the
complex [RuC12CO(C,H8)]„ (ref. 6) (0-40 g) was shaken in
degassed acetone (50 cm3) for 5 days with an excess of
benzyl(triphenyl)phosphonium chloride (1-10 g) and con¬
centrated hydrochloric acid (0-50 cm3). The resulting
orange solid was filtered, washed free of acid and excess of
benzyl(triphenyl)phosphonium chloride with warm water,
then with acetone, and recrystallised from dichloromethane-
heptane (62%); m.p. 177—-180 °C (Found: C, 57-8; H,
4-4; CI, 15-8; O, 2-5; P, 4-7. Calc. for C33H30C13OPRu :
C, 58-2; H, 4-5; CI, 15-6; O, 2-4; P, 4-6%). A(0-001m)
16-5 D cm2 mol-1 in CH2C12. Far i.r. spectrum (400—200
cm-1): 385m; 350w; 330m; 314w; 303w; 283vs; 268s;
250vs; 224m, and 202m cm-1.

Benzyl(triphenyl)phosphonium (Bicyclo\2.2.\~\hepta-2,5-
diene)lribromocarbonylruthenate(n).—The salt Ph3(PhCH2)-
P[RuC13CO(C,H8)] (0-20 g) was suspended in degassed
acetone (100 cm3) and shaken for ca. 6 h with an excess of
lithium bromide (1-20 g). The resulting brown solution

was concentrated to dryness, the residual solid leeched with
dichloromethane, and the unreacted lithium bromide
filtered off. The brown solution, now free of lithium
bromide, was concentrated to dryness and acetone-diethyl
ether addition then gave a brown microcrystalline solid
(65%); m.p. 162 °C (Found: C, 48-4; H, 3-6; Br, 29-7.
Calc. for C33H30Br3OPRu: C, 48-7; H, 3-6; Br, 29-5%).
A(0-001m) 25-4 Q. cm2 mol-1 in CH2C12. Far i.r. spectrum
(400—200 cm-1): 385m; 350w; 330m; 318w; 303m;
281vs; 269w; 255w; 249s; 225s, and 203vs cm-1.

Caesium (Bicyclo[2.2. l]hepta-2,5-diene)carbonyltrichloro-
ruthenate(n).—A suspension of the complex [RuCl2CO-
(C7H8)]„ (0-50 g) was shaken with an excess of caesium
chloride (TO g) and concentrated hydrochloric acid (0-50
cm3) in degassed acetone (50 cm3) for 6 days. The resulting
yellow powder was decanted from the unreacted caesium
chloride, filtered, washed with acetone, and recrystallised
from hot methanol to give a yellow powder (80%); m.p.
ca. 270 °C (decomp.) (Found: C, 21-2; H, 1-8; CI, 22-8;
O, 3-4. Calc. for C8H8Cl3CsORu: C, 20-9; H, 1-8; CI,
23-1; O, 3-5%). A(O-OOIm) 87-2 £1 cm2 mol-1 in methanol.
Far i.r. spectrum (400—200 cm-1): 326m; 280s; and
260s cm-1.

Bis(tetraphenylarsonium) cis-Dicarbonyltetrachlororuthen-
ate{u).—The complex [RuC12CO(C,H8)]„ (0-23 g) was heated
under reflux gently, under an atmosphere of nitrogen, in
degassed acetone (50 cm3) with an excess of Ph4AsCl,HCl
(0-97 g) for ca. 1 h. The solution was filtered and then
concentrated to dryness. The residue was washed with
water to remove unreacted Ph4AsCl and the yellow solid
recrystallised from dichloromethane-light petroleum (b.p.
60—80 °C) (Found: C, 54-2; H, 3-7; CI, 14-1. Calc. for
C50H40As2C14O2Ru: C, 56-3; H, 3-7; CI, 13-3%).

We thank Johnson, Matthey Ltd. for loans of ruthenium
trichloride, and the National Institutes of Health (E. S. S.)
and the National A. University of Mexico (L. R. R.) for
fellowships.

[3/352 Received, 15th February, 1973]

13 L. Vaska and J. W. DcLuzio, J. Amer. Chem. Soc., 1961, 83,
1262.
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New Thiocarbonyl Complexes of Ruthenium
By T. Anthony Stephenson,* Ellen S. Switkes, and (in part) Peter W. Armit, Department of Chemistry,

University of Edinburgh, Edinburgh EH9 3JJ

Reaction of the complex [RuCI2(CS) (PPh3)2]2, (I), with MCI-HCI in acetone leads to chloride-bridge cleavage with
formation of M[RuCI3(CS) (PPh3)2] (M = Ph4As+. Ph3(PhCH2)P+. or Et4N+), (II). A reinvestigation of the reaction
between the complex [RuC!2(PPh3)3] and CS2 reveals that, in addition to the previously reported [RuCI(r]-CS2)-
(PPh3)3]CI and (I), another thiocarbonyl complex, (III), with very similar physicochemical properties to (I) is also
formed. Full analytical data and 31P n.m.r. studies, together with an X-ray crystallographic study, show that com¬
plex (III) is the tri-f/.-chloro-species [(PPh3)2CIRuCI3Ru(CS)(PPh3)2], Although no evidence has been found
for conversion of complex (I) into (III), prolonged shaking of an acetone solution of (I) gives a small amount of
[(PPh3)(CS)CIRuCI3Ru(CS)(PPh3)2].Me2CO, (IV). Reaction of complex (III) with concentrated hydrochloric
acid gives paramagnetic [(PPh3)CI2RuCI3Ru(CS)(PPh3)2].2Me2CO, (V), which contains ruthenium in formal
oxidation states of (III) and (II).

There are now a large number of publications discussing
syntheses and characterisation of neutral complexes of
ruthenium(n), particularly those with ligands such as
tertiary phosphines, carbonyl, and various organic
molecules. Recent years have also produced an increas¬
ing amount of work on cationic ruthenium(n) com¬
plexes containing these types of ligand.1 However,
relatively few anionic ruthenium (11) complexes of this
type have been prepared other than those containing
nitrosyl2 and, more recently, carbonyl groups, e.g.
[RuX3(CO)3]-,3 [RuX4(CO)2]2~,35 and [RuX4C0(H20)]2-
(X = CI, Br, or I).3-6 In particular, only three papers
on anionic tertiary phosphine (or phosphite) complexes
of ruthenium(n) appear to have been published, none
of which involve ' conventional' methods of prepara¬
tion; e.g. the well known complex [Ru2C13L6]C1,7 on
heating in methyl acetate at 60 °C, gives [Ru2C13L6]-
[RuC13L3] (L = PEt2Ph).8 Similar diamagnetic com¬
plexes have been reported for the ligands L = P(OEt)3,
P(OMe)Ph2, and P(OEt)2Ph, obtained by direct reaction
of RuC13 with L (although the authors inadvertently
formulated them as [RuC14L2] anions, which would be
paramagnetic 9). A recent note 10 gives the results of a
reinvestigation of the reaction between the complex
[Ru(CO)3(PPh3)2] and methyl iodide which, instead of the
previously reported [Ru(CO)2(PPh3)2I(Me)], gives PPh3-
Me[RuI3(CO)2PPh3l. The same anionic complex could
be made from [RuI2(CO)2(PPh3)2] and methyl iodide.

Several years ago, one of us 11 reported that a con¬
venient synthesis of the ruthenium(ni) anions [RuX4L2]-
(X = CI or Br; L = PPh3, AsPh3, etc.) was through

1 For example, see W. Hieber, V. Frey, and P. John, Chem.
Ber., 1967, 100, 1961; G. M. Bancroft, M. J. Mays, B. E. Prater,
and F. P. Stefanini, J. Chem. Soc. (A), 1970, 2146; P. G. Douglas,
R. D. Feltham, and H. G. Metzger, J. Amer. Chem. Soc., 1971,
93, 84; R. A. Zelonka, and M. C. Baird Canacl. J. Chem., 1972,
50, 3063; B. F. Cavit, K. R. Grundy, and W. R. Roper, J.C.S.
Chem. Comm., 1972, 60; J. R. Sanders, J.C.S. Dalton, 1973, 743;
L. Ruiz-Ramirez, T. A. Stephenson, and E. S. Switkes, ibid.,
p. 1770.

2 M. J. Cleare and W. P. Griffith, J. Chem. Soc. (A), 1967,
1144; M. Mukaida, Bull. Chem. Soc. Japan, 1970, 43, 3805 and
Tpfprpnrps thprpin

3 M. J. Cleare and W. P. Griffith, J. Chem. Soc. (A), 1969, 372.
4 J. Halpern, B. R. James, and A. L. W. Kemp, J. Amer.

Chem. Soc., 1966, 88, 5142.
6 R. Colton and R. H. Farthing, Austral. J. Chem., 1967, 20,

1283.
8 J. Halpern and A. L. W. Kemp, J. Amer. Chem. Soc., 1966,

88, 5147.
' J. Chatt and R. G. Hayter, J. Chem. Soc., 1961, 896.

methanol displacement by halide ion from the complex
[RuX3L2MeOH]. Similar ruthenium(in) anions with
L = pyridine (py),12 or aniline 13 or L2 = ethylenedi-
amine (en),14 2,2'-bipyridyl (bipy),15 and o-phenylenebis-
(dimethylarsine) 16 are also known. Unfortunately,
our attempts to prepare the corresponding [RuX4-
(PPh3)2]2~ ions by reaction of [RuX2(PPh3)3 or 4] with
Ph4AsX-HX also gave [RuX4(PPh3)2]-.u [The de¬
tailed mechanism of this apparent ' oxidation ' on addi¬
tion of hydrogen halides is not known at present although
a ruthenium(iv) hydrido-intermediate may be involved.]
An alternative route used successfully in rhodium and
platinum chemistry to synthesise anionic complexes is
by cleavage of halide-bridged dimeric species with halide
ion, e.g. as in eqation (I).17 We have recently reported

OC ■

oc-
;Rh:

. CU

■ CI-
■Rh:

• CO

CO
+ 2MetNCl

2MetN[RhCl2(CO)2] (1)

the use of this type of reaction to synthesise the first
anionic ruthenium diene complexes [RuX3(CO)(C7H8)]~
(X = CI or Br; C7H8 = bicyclo[2.2.1]hepta-2,5-diene)
via [RuX2CO(C7H8)]„.18 These complexes are very
useful precursors for the preparation of a range of new
anionic complexes of type [RuXgCOLJ^ (L = AsPh3,
SbPh3, py, Me2S, CH2CHCN, etc.), although, to date,
attempts to prepare tertiary phosphine anions by this
method have been unsuccessful; instead complexes such

8 R. H. Prince and K. A. Raspin, J. Inorg. Nuclear Chem.,
1969, 31, 695; K. A. Raspin, J. Chem. Soc. {A), 1969, 461.

9 B. Jezowska-Trzebiatowska, H. Ratajczak, P. Sobota, and
R. Tyka, Bull. Acad, polon. Sci., Ser. Sci. chim., 1972, 20, 869.

10 J. Jeffery and R. J. Mawby, J. Organometallic Chem., 1972,
40, C42.

11 T. A. Stephenson, J. Chem. Soc. (A), 1970, 889.
12 J. Soucek, Coll. Czech. Chem. Comm., 1962, 27, 960
13 D. L. Key, L. F. Larkworthy, and J. E. Salmon, J .Chem.

Soc. (A), 1971, 2583.
14 J. A. Broomhead and L. A. P. Kane-Maguire, J. Chem. Soc.

(A), 1967, 546.
16 F. P. Dwyer, H. A. Goodwin, and E. C. Gyarfas, Austral.

J. Chem., 1963, 16, 42.
18 R. S. Nyholm and G. J. Sutton, J. Chem. Soc., 1958, 567,

572.
17 L. M. Vallarino, Inorg. Chem., 1965, 4, 161; D. N. Lawson

and G. Wilkinson, J. Chem. Soc., 1965, 1900.
18 T. A. Stephenson, E. S. Switkes, and L. Ruiz-Ramirez,

J.C.S. Dalton, 1973, 2112.



1974 1135

as [RuCl2CO(PPh3)2]2 and [RuCl2(PMe2Ph)2(C7H8)] are
preferentially formed.19 However, another halide-
bridged dimer already containing triphenylphosphine
groups is [RuCl2(CS)(PPh3)2]2, (I), prepared by Gilbert
et al. from [RuCl2(PPh3)3] and CS2.20 In the present
paper, reactions of complex (I) with halide ion are
described, together with results of a careful reinvestiga¬
tion of the [RuCl2(PPh3)3]-CS2 reaction. A preliminary
account of the first part of this work has been presented
elsewhere.21

RESULTS AND DISCUSSION

In accordance with the method of Gilbert et al.,20 the
complex [RuCl2(PPh3)3] 22 in carbon disulphide was
heated under reflux under an atmosphere of nitrogen for
5 min to give a deep red solution. After cooling the
solution, filtration gave a small amount of a dark red,
crystalline, solid readily identified as [RuCl(rj-CS2)-
(PPh3)3]Cl (ca. 8% yield). The red filtrate was con¬
centrated in vacuo and then treated with excess of

diethyl ether,* giving a purple-red precipitate and red
ethereal solution. The precipitate was well washed
with diethyl ether and dried in vacuo {ca. 16% yield).
This precipitate is almost certainly a sample of the com¬
plex [RuCl2(CS)(PPh3)2]2, (I), as established by full
elemental analyses (C, H, P, CI, and S) and osmometric
molecular-weight measurement in benzene (see Experi¬
mental section). Furthermore, in agreement with the
data in ref. 20, it is diamagnetic, non-conducting (in
CH2C12), completely soluble in benzene, dichlorometbane,
chloroform, and acetone, and, although cjuite air stable
in the former, rapidly turns greenish brown in acetone

SC

CI

PPh,
JCl

PPh,
3Cl

Ru Ru

PPh,
CI

PPh,
"CS

(la)

Ph3P °\S CI PPh,

PV Xcl1s^PPh3
(lb)

solution. Its i.r. spectrum fv(CS) at 1 290 cm"1] and
m.p. [165—166 °C (decomp.)] were very similar to those
reported earlier.

When complex (I) was dissolved in degassed acetone
and shaken under an atmosphere of nitrogen with excess
of Ph4AsCl,HCl for several days, slow conversion to a red
crystalline precipitate of Ph4As[RuCl3CS(PPh3)2],2Me2-
CO, (II), occurred. The same anion was obtained by
using either benzyltriphenylphosphonium chloride or
tetraethylammonium chloride together with concentrated
hydrochloric acid. In the absence of acid, no reaction
occurred. These diamagnetic complexes are 1 : 1 electro¬
lytes (CH2C12) and i.r. spectra show characteristic cation
bands, triphenylphosphine, and a thiocarbonyl band at
1 272 cm"1 (Nujol). Although they are not sufficiently

* In ref. 20 the word ether is used which we have taken to
mean diethyl ether, not light petroleum.

19 L. Ruiz-Ramirez, T. A. Stephenson, and E. S. Switkes,
J. Organometallic Chem., 1973, 49, C77.

20 J. D. Gilbert, M. C. Baird, and G. Wilkinson, J. Chem.
Soc. (A), 1968, 2198.

soluble for either JH or 31P n.m.r. studies, the presence
of a strong i.r. band at 320 cm"1 is characteristic of a
trans-RuC12 arrangement,23 consistent with either struc¬
ture (Ha) or (lib).

ci rph3ci
<

SC^I CI
PPh3

CS
CI | CI

Ru,

PhjP PPh,
CI

(Ha) (lib)

At this juncture, the only discrepancy with the work
of Gilbert et al. was our consistently low yield of com¬
plex (I) (16 as against 70% in ref. 20). Therefore, in
order to remedy this, we removed most of the solvent
from the red ethereal solution and added excess of light
petroleum (b.p. 60—80 °C), which gave a pinkish red
precipitate, (III) {ca. 40% yield). The same material
was obtained in a more crystalline form (maroon red)
when the ethereal solution was set aside for ca. 15 min.
Both samples were then insoluble in diethyl ether. At
first sight complex (III) appeared identical to the initial
precipitate (I). Thus, the complex is diamagnetic,
non-conducting (CH2C12), completely soluble in benzene,
dichloromethane, and chloroform, analyses closely for
[RuCl2(CS)(PPh3)2]2 (C, H, P, and CI), and is dimeric in
benzene. The complex melts at 167—168 °C and its
i.r. spectrum is virtually identical to (I) except that v(CS)
occurs at 1 284 cm"1 and there are slight differences
below 400 cm"1 (see Experimental section).

However, closer examination revealed that (I) and
(III) were not the same complex. Thus, benzene or
chloroform solutions of complex (III) rapidly darkened
when exposed to air. Furthermore, complex (III),
although transiently soluble in acetone, rapidly pre¬
cipitated from this solution as an acetone solvate
[v(CO) 1 705, v(CC) 1 221 cm"1]. Sulphur analyses on
complex (III) consistently gave values 50% lower than
found for (I); 31P n.m.r. studies revealed that (I) and
(III) had quite different spectra and, finally, reaction of
(III) and Ph4AsCl,HCl did not give Ph4As[RuCl3CS-
(PPh3)2], It is interesting to note that when light
petroleum (b.p. 60—80 °C) was used instead of diethyl
ether as precipitating solvent, both complexes (I) and
(III) were immediately precipitated (31P n.m.r. evidence)
and were readily separated by a few minutes shaking in
degassed acetone.

By means of the liquid-diffusion method 24 using a
dichloromethane-acetone solvent, crystals of complex
(III) were obtained suitable for A'-ray analysis. This
structure determination, which is reported in full in the
following paper,25 has unequivocally established that

21 T. A. Stephenson and E. S. Switkes, Inorg. Nuclear Chem.
Letters, 1971, 7, 805.

22 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear Chem.,
1966, 28, 945.

23 See M. S. Lupin and B. L. Shaw, f. Chem. Soc. (A), 1968,
741.

24 For method see G. H. Stout and L. H. Jensen, ' A-Ray
Structure Determination,' Macmillan, New York, 1968, p. 64.

25 A. J. F. Fraserand R. O. Gould, following paper.
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complex (III) has the molecular composition [(PPh3)2-
ClRuCl3Ru(CS)(PPh3)2], i.e. a tri-p-chloro-complex with

CI CI

Ph Pp-Ru—CI—Ru-3(1)/ \ / -
CI

^3

cs

(mi

one CS group. This formulation is consistent with the
analytical data and 31P n.m.r. spectrum. The spectrum

p3p4

P,P2

w
t,8-3

bl
36-1

p.p.m.

isomers (la) and (lb) with the trans-form favoured in
benzene and the cis form in chloroform. Irrespective of
the detailed interpretation of these observations, the
similarity in position of the higher-field quartet in com¬
plex (III) with the strong singlet of (I) in CDC13 suggests
that this quartet arises from the PPh3 groups numbered
(3) and (4) which are cis to the thiocarbonyl group.

Complex (III) represents another example of the
increasing number of ruthenium complexes which con¬
tain a RuCl3Ru bridging unit. Earlier examples are
[L3RuC13RuL3]C1 (L = PEt2Ph, etc.) 7 (although this
structure has not been verified by X-ray analysis),
[Ru2C13L6] [RuC13L3] (L = PEt2Ph),8 [(PEt2Ph)2ClRuCl3-
Ru(PEt2Ph)3] made by heating [Ru2Cl3(PEt2Ph)6]Cl in
methyl acetate at 120 °C,26 and the paramagnetic
[(PBun3)2(Cl)RuCl3RuCl(PBun3)2] made from RuCl3 and
PBun3.27 A very recent example is the complex [(PPh3)2-
ClRuCl3Ru(N2)(PPh3)2] made from [RuCl2(PPh3)4] 22
and molecular nitrogen by the novel technique of reverse
osmosis,28 and closely related examples are [(PPh3)2-
ClRuCl3Ru(N2B10H8SMe2)(PPh3)2]29 and [(CO)2(SnCl3)-
RuC13Ru(CO)3] made from Ru3(CO)12 and SnCl4.30 De¬
tails of the structural relations of (III) to these complexes
are presented in the following paper.25

It is tempting to speculate that complex (III) is
formed via (I) perhaps by intramolecular rearrangement
involving displacement of a thiocarbonyl group by
chloride ion [equation (2)]. A related rearrangement

Ph3P^l^C1X|/PPh3
Ru Ru

/| V/Ix
ph3P I, c, ls PPh3

C'\ /C'\ /PPh3
Ph3P— Ru —CI — Ru— PPh3

Ph3P/ \cs

+ CS(2)

31P N.m.r. spectrum of complex (IJI) measured in CDC13 (chemi¬
cal shifts are in p.p.m. to high frequency of 85% H3P04) at 298 K

shown in the Figure can be readily interpreted as two AB
quartets centred at 48-3 and 36-1 p.p.m. In contrast,

reaction has been reported by Rang and Maitlis [equation
(3)].31 A study of the relative yields of complexes (I) and
(III) as a function of reaction time would appear at first
sight to support this hypothesis. Thus, increasing the
time of reaction from 2 to 60 min increased the yield of
complex (III) and decreased that of (I). However,
further experiments showed that on heating complex (I)
under reflux in CS2 for up to 10 h, none of the triply

NaBPh

Etoh BPh4 ♦ NaCl (3)

the 31P n.m.r. spectrum of complex (I) in C6H6-C6D6
consisted of a strong singlet at 24-4 p.p.m. and a weak
singlet at 31-3 p.p.m. which disappeared when the solu¬
tion was set aside for several days. In CDC13, the
singlet at 31-3 p.p.m. was more intense. A possible
explanation of these observations is formation of two

28 N. W. Alcock and K. A. Raspin, J. Chem. Soc. (A), 1968,
2108; R. H. Prince and K. A. Raspin, ibid., 1969, 612.

27 J. K. Nicholson, Angew. Chem. Internat. Edn., 1967, 6, 264;
G. Chioccola, J. J. Daly, and J. K. Nicholson, ibid., 1968, 7,
131; G. Chioccola and J. J. Daly, J. Chem. Soc. (A), 1968, 1981.

bridged species was produced. Similarly, there was no
evidence for conversion of complex (I) into (III) in
acetone, benzene, or chloroform solutions.

However, when complex (I) was shaken in degassed
acetone for several days, a very small amount of golden-

28 L. W. Gosser, W. H. Knoth, and G. W. Parshall, J. Amer.
Chem. Soc., 1973, 95, 3436.

28 W. H. Knoth, J. Amer. Chem. Soc., 1972, 94, 104.
30 M. Elder and D. Hall, J. Chem. Soc. (A), 1970, 245.
31 T. W. Kang and P. M. Maitlis, T. Organometallic Chem.,

1971, 30, 127.
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yellow crystals were deposited. The i.r. spectrum of
this material showed evidence of solvent acetone, thio-
carbonyl [v(CS) 1 300 cm"1], and triphenylphosphine.
The far-i.r. spectrum had bands at 326, 288, and 259
cm"1, which may indicate both terminal and bridging
chloride ligands, and the complex is diamagnetic
(Evans' method). A possible formulation consistent
with this evidence and the analytical data is [(PPh3)-
(CS)ClRuCl3Ru(CS)(PPh3)2],Me2CO, (IV) {cf. [(PEt2Ph)2-
ClRuCl3Ru(PEt2Ph)3] 26}. The 31P n.m.r. spectrum of
complex (IV) in CDC13 consisted of two strong peaks at
48-1 and 37-7 p.p.m. of relative intensity 1:2.* The
positions of these resonances were close to those found
for complex (III), thus supporting the proposed formula¬
tion. The resonance arising from the two PPh3 groups
was only slightly split in this instance, indicating only a
small chemical difference between these two phosphorus
atoms, and therefore we tentatively attribute these

SC

Ph3P

/cl\ PPh.

RU;— PPh

^CS
(IVa )

/cl\
wCt- RU;— PPh,

^CS
(IVb)

sc.

h3P-
Cl"

signals to isomer (IVa). In addition, two other much
weaker peaks at 50-2 and 35-5 p.p.m. of relative intensity
1 : 2 also occurred in some samples. We tentatively
attribute these to isomer (IVb) since, in this instance, the
more intense resonance appears to exhibit a greater
splitting of the central peak compared to that observed
for the resonance at 37-7 p.p.m. This suggests a bigger
chemical-shift difference between the two phosphorus
atoms, which might arise if these atoms were cis to a
PPh3 and CI (or CS) group respectively [as in complexes
(III) and (IVb)] rather than to a CI and a CS group [as
in complex (IVa)]. The mechanism of formation of
complex (IV) from (I) could involve intramolecular
displacement of a PPh3 group by chloride ion [equation
(4)]-

c, SC^ /m3CI —Ru— CI —Ru —PPh3
/ V

Ph,P

(la)

vCr

(Ha)

VCS

At this juncture, it must therefore be concluded that
complexes (I) and (III) are probably formed by compet¬
ing reactions from [RuCl2(PPh3)3] or [RuCl(v)-CS2)-

* Note added in proof: These assignments are supported by
the 31P n.m.r. spectrum in CDC13 at 298 K of the isomorphous
[(PPh3)2ClRuCl3Ru(CO)(PPh3)2]Me2CO complex which has two
AB quartets centred at 48-0 and 40-3 p.p.m.

(PPh3)3]Cl. A speculative mechanism could involve
elimination of Ph3PS from the cationic complex (as
demonstrated in ref. 20) with formation of the complex
[RuCl2CS(PPh3)2]. This five-co-ordinate species might
then undergo dimerisation to give complex (I) or com¬
bine with unreacted ' RuCl2(PPh3)2 ' (the dissociation
product from [RuCl2(PPh3)3] (see ref. 22)} to give (III).
Such a mechanism (which is difficult to prove, particu¬
larly for these thiocarbonyl complexes) might explain
why complex (III) was not observed by earlier workers.
A similar mechanism involving intermediates such as

[RuCl2(N2)(PPh3)2] and ' RuCl2(PPh3)2 ' could also be
invoked to explain formation of the complex [(PPh3)2-
ClRuCl3Ru(N2)(PPh3)2] from [RuCl2(PPh3)4] and mole¬
cular nitrogen.28 f

Finally, although (III) does not react with Ph4AsCl,-
HC1 to give a ruthenium(n) anionic complex, it does
react slowly in acetone with concentrated hydrochloric
acid to give a sparingly soluble orange-brown solid. This
material is sharp melting (234 °C), non-conducting
(CH2C12), and its i.r. spectrum was very similar to that of
complex (III), except for v(CS) at 1 303 and 1 297 cm"1
and small differences in the far-i.r. region. However,
the complex is paramagnetic (strong e.s.r. signals) and
analysed closely (C, H, and CI) for [(PPh3)Cl2RuCl3Ru-
(CS)(PPh3)2],2Me2CO, (V). This formulation is sup¬
ported by the magnetic moment of 2-00 B.M. per dimer,
obtained on a Faraday balance at 292 K {cf. [(PBun3)2Cl-
RuCl3RuCl(PBun3)2] with peff. = 1-50 B.M. per dimer 27},
and the formation of complex (V) from (III) is readily
explained by invoking intermolecular displacement of a
PPh3 group by chloride ion.

CI.

Ph3P
^Cl PPh3

Ru—CI— Ru—CS

CI' ^Cl"^ ^PPhj
(Y)

It is hoped that current work on the reaction of other
[RuX2(PR3)3] (X = CI or Br; PR3 = PEtPh2, PEt2Ph,
etc.) 32 complexes with CS2 will help to clarify further
the various rearrangement reactions exhibited by this
interesting class of compounds.
EXPERIMENTAL

Microanalyses were by A. Bernhardt, West Germany, and
the University of Edinburgh Chemistry Department. I.r.
spectra were recorded in the region 4 000—250 cm"1 on a
Perkin-Elmer 225 grating spectrometer using Nujol mulls
on caesium iodide plates. Solution spectra were run in
potassium bromide cells. 1H N.m.r. spectra were obtained
on a Varian Associates HA-100 spectrometer and 31P n.m.r.
spectra on a Varian Associates XL 100 spectrometer with a
12 in wide gap magnet operating in the pulse and Fourier
transform mode at 40-5 MHz. Magnetic susceptibilities

t Note added in proof: This mechanism is supported by the
high yield synthesis of [(PPh3)2ClRuCl3Ru(CO) (PPh3)2],Me2CO
from reaction of [RuCl2(CO)(PPh3)2(dmf]] and [RuCl2(PPh3)3]
(1:1 mole ratio) in acetone dmf = AW'-dimethylformamide).

32 For method of preparation, see P. W. Armit and T. A.
Stephenson, J. Organometallic Chem., 1973, 57, C80.
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were measured by Faraday (solid) and Evans' n.m.r. methods
(solution).33 Conductivity measurements were obtained
on a model 310 Portland Electronics conductivity bridge.
M.p.s were determined with a Kofler hot-stage microscope
and are uncorrected.

Ruthenium(m) trichloride trihydrate (Johnson, Matthey
Ltd), carbon disulphide (Fisons), tetraphenylarsonium
chloride-hydrochloride (Koch-Light), tetraethylammonium
chloride (B.D.H.), and benzyltriphenylphosphonium chloride
(Alfa Inorganics) were obtained as indicated. The complex
[RuCl2(PPh3)3] was prepared as described earlier.22

Reaction of Dichlorotris(triphenylphosphine)ruthenium(\i)
with Carbon Disulphide.—The complex [RuCl2(PPh3)3]
(0T9 g) was heated under reflux for 5 min in degassed CS2
(30 cm3) under an atmosphere of nitrogen. The solution was
then cooled in ice in a stream of nitrogen. Filtration of the
deep red solution gave a red crystalline residue (0-016 g,
8%), m.p. 175—176 °C. This material initially contained
some CS2 of solvation [v(CS2) at 1 515 cm"1] but this was
removed by gentle suction. The product was then identical
(i.r. spectrum and analysis) to that reported earlier,20 i.e.
[RuC1(y]-CS2)(PPh3)3]Cl (Found: C, 64-0; H, 4-2. Calc.
for C55H45C12P3RuS2: C, 63-8; H, 4-4%).

The remaining red solution was concentrated on a rotary
evaporator to ca. 5 cm3 and then treated with excess of
diethyl ether to give a microcrystalline purple-red solid and
a red solution. The solid was shaken with degassed acetone
for ca. 10 min (virtually all soluble), filtered, and the solvent
removed. The residue was redissolved in degassed benzene
leaving a small undissolved amount of the complex [RuCl-
(ir]-CS2)(PPh3)3]Cl (i.r. evidence). Removal of benzene,
followed by washing with diethyl ether, then gave di-y.-
chloro-bis[chloro(thiocarbonyl) bis(triphenylphosphine)ruthen-
ium(n), (I) (0-024 g, 16%), m.p. 165—166 °C (decomp.),
v(CS) at 1 290 cm"1 [Found: C, 60-3; H, 4-2; CI, 9-3; P,
8-7; S, 4-2. M(in C„He) 974. Calc. for C74H60CI4P4Ru2S2:
C, 60-0; H, 4-1; CI, 9-5; P, 8-4; S, 4-3%. M 1 480],
This complex is completely soluble in benzene, dichloro-
methane, chloroform, and acetone, but rapidly oxidises in
the latter giving a greenish brown solution. As reported
earlier,20 it appears stable to oxidation in the other solvents.
The complex is non-conducting in dichloromethane and
diamagnetic. 31P N.m.r. spectrum: (C6H6-C6D6) 24-4
(singlet) (s); 31-3 (singlet) (w); (CDC13) 31-3 (singlet)
p.p.m. I.r. spectrum (400—250 cm"1) (Nujol): 330—320m
(broad); 260w cm"1.

Removing the diethyl ether immediately from the re¬
maining red solution and then adding excess of light
petroleum (b.p. 60—80 °C) gave a further pinkish red
precipitate which, after washing well with acetone to remove
any of the complex [RuCl2(CS)(PPh3)2]2, left tri-y.-chloro-
[ichlorobis(triphenylphosphine)ruthenium(u)][thiocarbonylbis-
(triphenylphosphine)ruthenium(n)], (III) (0-057 g, 39%), m.p.
167—168 °C, v(CS) at 1 284 cm"1 [Found: C, 60-7; H, 4-3;
CI, 9-4; P, 8-5; S, 2-3. M (in C6H6) 1 423. Calc. for
C73H60C14P4Ru2S: C, 61-0; H, 4-2; CI, 9-9; P, 8-6; S,
2-2%. M 1 436]. The same complex separated out in
smaller yield when the diethyl ether solution was set aside
for a few minutes. This complex is also completely soluble
in benzene, dichloromethane, and chloroform, but only
slightly soluble in acetone. Although the complex is quite
stable in acetone suspension, it is rapidly oxidised in benzene
and the other solvents. The complex is non-conducting
(CH2C12) and diamagnetic. 31P N.m.r. spectrum: (C6H6-
C6D6) 48-8 (quartet); 35-2 (quartet) (/PiPj 38-1, /PjP4 24-4,

SPiPi 124-9, SPlp4 43-8); (CDC13) 48-3 (quartet); 36-1 (quartet)
p.p.m., (/PiPt 37-4, /P>P( 24-6, Spxp2 94-0, Sp3p4 54-9 Hz).
I.r. spectrum (400—250 cm"1) (Nujol): 318s; 308msh;
and 260m cm"1.

The same products were also obtained by treating the
initial CS2 solution (after filtering off [RuCl(r)-CS2)(PPh3)3]-
Cl) with light petroleum (b.p. 60—80 °C). In this instance,
both thiocarbonyl complexes were immediately precipitated
and were separated by shaking with degassed acetone for
10—15 min. Under these conditions, complex (III)
separates out with an acetone molecule of solvation [v(CO)
at 1 705, v(CC) at 1 221 cm"1] which can be removed by
prolonged pumping at room temperature.

Finally, the relative percentages of the complexes
[RuC1(t;-CS2) (PPh3)3]Cl, (I) and (III) were dependent on
the time of reaction. Thus, after only 2 min, percentage
yields were 5, 24, and 50, after 5 min, 8, 16, and 39, and
after 60 min, 11, 9, and 47 respectively. This clearly
indicates that the yields of -r\-CS2 and mono(CS) complexes
increase with time, whereas that of the bis(CS) complex
decreases with time.

Preparations.— Tri-\x-chloro-[chloro(thiocarbonyl)(tri-
phenylphosphine) ruthenium (n) ] [thiocarbonylbis (triphenyl-
phosphine)ruthenium(u)]-acetone (1/1), (IV). Complex (I)
was shaken in degassed acetone for several days to give a
very small amount of golden-yellow crystals, m.p. 264 °C
[v(CS) at 1 300, v(CO) at 1 708 cm"1] (Found: C, 53-5; H,
3-7. Calc. for C59H51C14OP3Ru2S2: C, 52-5; H, 3-7%].

N.m.r. spectrum (CDC13): -r 2-8 (phenyl); 7-9 (acetone).
31P N.m.r. spectrum (CDC13): 48-1 (singlet), 37-7 (broad)
[isomer (IVa)]; 50-2 (singlet), 35-5 p.p.m. (doublet) [isomer
(IVb)]. I.r. spectrum (400—250 cm"1) (Nujol): 326s;
288s; and 259m cm"1.

Tri-[i-chloro-\dichloro(triphenylphosphine)ruthenium(ui)\-
[.thiocarbonylbis(triphenylphosphine)ruthenium(u)]-acetone
(1/2), (V). The acetone solvate of complex (III) (0-12 g)
was suspended in degassed acetone (18 cm3) and shaken with
concentrated hydrochloric acid (3-0 cm3) for several days.
The resulting orange-brown solid was then filtered off and
washed with water, acetone, and light petroleum (b.p.
60—80 °C)/(0-07 g, 66%), m.p. 234 °C, v(CS) at 1 303, and
1 297, v(CO) at 1 710, and v(CC) at 1 223 cm"1 (Found: C,
55-2; H, 4-2; CI, 12-8. Calc. for C61H5,C1602P3Ru2S: C,
55-2; H, 4-3; CI, 13-4%). The complex is sparingly
soluble in CH2C12, non-conducting, gives strong e.s.r. signals
(gx 2-43, g2 1-75), and has a magnetic moment of 2-00 B.M.
per dimer at 292 K (solid). I.r. spectrum (400—250 cm"1)
(Nujol): 339vs; 286m; and 260m cm"1. The same com¬
plex was obtained using a mixture of Ph4AsCl,HCl and HC1.

Tetraphenylarsonium trichloro (thiocarbonyl) bis (triphenyl-
phosphine)ruthenate(n)-acetone (1/2). Complex (I) (0-31 g)
was dissolved in degassed acetone (60 cm3) and shaken with
excess of Ph4AsCl,HCl (1-2 g) under an atmosphere of
nitrogen for 5 days. The red crystals which formed were
collected, washed with small amounts of ethanol and
pentane, and dried in vacuo (40 °C), m.p. 180—183 °C,
v(CS) at 1 272, and v(CO) at 1 712 cm"1 (Found: C, 62-8; H,
4-7; S, 2-6. Calc. for C67H62AsCl302P2RuS: C, 63-1; H,
4-9; S, 2-5%) [A(10"3m) in CH2C12 = 34-8 fl"1 cm2 moT1].

Benzyltriphenylphosphonium trichloro(thiocarbonyl)bis(tri-
phenylphosphine)ruthenate(n). Complex (I) (0-12 g) was
dissolved in degassed acetone (60 cm3) and shaken with
excess of Ph3PhCH2PCl (1-5 g) and concentrated hydro¬
chloric acid (0-30 cm3) for 5 days under an atomosphere of

33 D. F. Evans, /. Chem. Soc., 1959, 2003.
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nitrogen. The red precipitate was then collected and
washed with small amounts of acidified acetone to remove

Ph3PhCH2PCl, then with acetone and pentane, m.p. 190—
195 °C, v(CS) at 1 272 cm"1 (Found: C, 66-4; H, 4-7. Calc.
for C62H52C13P3RuS : C, 65-9; H, 4-7%) [A(l<r3M) in
CH2C12 = 20T fl"1 cm2 mol-1].

Tetraethylammoniuvn trichloro(thiocarbonyl)bis(triphenyl-
phosphine)ruthenate(u). This complex was prepared as
above using excess of Et4NCl and a small amount of conc.

HC1 (Found: C, 58-1; H, 5-1; N, 1-9. Calc. for C15H50-
C13NP2RuS: C.59-6; H, 5-6; N, 1-6%).

We thank Johnson, Matthey Ltd., for generous loans of
ruthenium(in) trichloride, the National Institutes of Health
(E. S. S.) and the S.R.C. (P. W. A.), for fellowships, Dr. A. S. F.
Boyd, for obtaining 31P n.m.r. spectra, and the Universities
of Newcastle and Dundee, for use of their Faraday balances.
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SYNTHESES OF DI- AND TRI-m-HALIDE COMPLEXES OF RUTHENIUM(II)-
CONTAINING CARBONYL AND TERTIARY PHOSPHINE LIGANDS

P.W. ARMIT and T.A. STEPHENSON

Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ (Great Britain)

(Received May 2nd, 1974)

We have recently shown that the reaction of [RuCl2(PPh3)3] and carbon di-
sulphide gives, in addition to the previously reported [1] di-yu-chloro complex
[RuCl2(CS)(PPh3)2 ]2 (I) and the r?-CS2 cation [RuCl(r?-CS2)(PPh3)3]Cl (II), the
tri-ju-chloro complex [(PPh3)2ClRuCl3Ru(CS)(PPh3)2 ] (III) which has been
characterised by X-ray analysis [2] and 31P NMR studies. Initially, it was thought
that (III) was probably formed from (I) by an intramolecular transfer of chloride
ion accompanied by displacement of a thiocarbonyl group (eqn. 1), but attempts
to carry out this conversion under the conditions of the original reaction were
unsuccessful.

Therefore, a speculative mechanism was suggested which involved formation
of [RuCl2(CS)(PPh3)2] (probably via abstraction of Ph3PS from (II)) and then,
either dimerisation of this five coordinate intermediate to give (I) or combination
with some unreacted [RuCl2(PPh3)3]* to give (III) (eqn. 2).

Although this latter mechanism is difficult to verify for the thiocarbonyl
compounds, we have now obtained good evidence for the feasibility of such a
mechanism by synthesis of the corresponding carbonyl complexes by this
method.

Thus, if the recently reported [RuCl2CO(PPh3)2dmf] (KCO) 1911 cm-1;
dmf = AI.AT'-dimethylformamide) [4] is gently refluxed in dichloromethane,

A
PI* n3 -f- CS

*
Recent 31P NMR studies of this compound in this and other laboratories (S. Cenini, private com¬
munication) show that in the complete absence of oxygen, this compound is not dissociated in solu¬
tion but when traces of oxygen are present, free triphenylphosphine oxide is rapidly produced.
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dimerisation occurs to give the pale orange [RuCl2(CO)(PPh3)2]2 (I, Y = CO)
(i>(CO) 1960 (br) cm-1) whereas if the dmf complex is refluxed with [RuC12-
(PPh3)3] in acetone (1/1 molar ratio), red crystals of the tri-^-chloro complex
[(PPh3)2 ClRuCl3Ru(CO)(PPh3)2 ] (III, Y = CO) (f(CO) 1951 cm-1) are formed.
This latter compound is isomorphous with the corresponding thiocarbonyl
complex and the 31P proton decoupled NMR spectra in CDC13 which consists of
two AB quartets centred at 48.0* and 40.3 ppm. (Y = CO) and 48.3 and
36.1 ppm (Y = CS) respectively confirm that the same structure is retained in
solution.

The tri-ju-bromo complex can be similarly prepared from [RuBr2(PPh3)3]
and [RuBr2 CO(PPh3)2dmf] and by reaction of 1/1 molar mixtures of [RuC12CO-
(PPh3 )2dmf]/[RuBr2 (PPh3 )3 ] and [RuBr2 CO(PPh3 )2 dmf] /[RuC12 (PPh3 )3 ]
respectively, the mixed tri-ju-halide complexes [(PPh3)2BrRuBrCl2Ru(CO)(PPh3)2]
and [ (PPh3)2ClRuClBr2Ru(CO)(PPh3)2] are readily isolated. Preliminary work
indicates that such coupling reactions can also be used to synthesise mixed
tertiary phosphine complexes e.g. [(PPh3)2ClRuCl3Ru(CO)(PEt2Ph)2 ] from
[ltuCl2(PPh3)3] and [RuCl2CO(PEt2Ph)2dmf].

Therefore, this work provides both an independent verification of the
proposed mechanism of formation of the thiocarbonyl compounds described in
ref. 3 and also a general route to the preparation of a wide range of binuclear
metal compounds with different bridging and terminal ligands and probably even
different metal ions.
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Reaction of Benzyltriphenylphosphonium Bicyclo[2.2.1 ]hepta-2,5-diene-
carbonyltrichlororuthenate(n) with Lewis Bases 1
By Lena Ruiz-Ramirez and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh,

Edinburgh EH9 3JJ

Adetailed investigation of the reactions of the salt [Ph3(PhCH2)P] [RuCI3(CO)(C7H8)] (I; C7He = bicyclo[2.2.1 ]-
hepta-2,5-diene) with ligands (L) containing Group Vb or VIb donor atoms is presented. Several different types
of behaviour are found, depending on both the nature and amount of added L. For L = Me2S, Me2SO, and
CH2=CH-CN, the salts [Ph3(PhCH2)P] [RuCI3(CO)L2], (II), have been isolated in high yield, whereas for L =
AsPh3. SbPh3, and C5H6N, a mixture of (II) and [RuCI2(CO)L(C7H8)], (III), have been obtained [(I) : L = 1 :2
molar ratio]. Reaction of complex (I) with excess of SbPh3 gives (II), (III), and [RuCI2(CO)(SbPh3)3], (IV).
In contrast, reaction of complex (I) with PPh3 (1 :2 molar ratio) gives [{RuCI2(CO) (PPh3)2}2], (V), whereas with
PMe2Ph, only [RuCI2(PMe2Ph)2(C7H8)], (VI), is isolated. A similar complex of type (VI) is formed with
PMePh2. together with some [RuCI2(CO)(PMePh2)3], (IV), whilst with 2,2'-bipyridyl or 1,10-phenanthroline
(L'), the complexes [{RuCI2(CO) (L')}„], (VII), and [Ph3(PhCH2)P] [RuCI3CO(L')j, (II), are obtained. Reaction
mechanisms consistent with this observed variation in product composition are tentatively proposed.

Recently we reported the synthesis and characteris¬
ation of the first anionic diene complexes of ruthenium(n),
M[RuX3(CO)(C7H8)] {M = Ph3(PhCH2)P+ or Cs+; X =

1 Preliminary communication, L. Ruiz-Ramirez, T. A.
Stephenson, and E. S. Switkes, J. Organometallic Chem., 1973, 49,
C77.

CI or Br; C7H8 = 7)-bicyclo[2.2.1]hepta-2,5-diene (nor-
bornadiene)}.2 Earlier workers, particularly in rhodium
chemistry, have shown that olefin compounds are often

2 T. A. Stephenson and E. S. Switkes, Inorg. Nuclear Chem.
Letters, 1971, 7, 805; T. A. Stephenson, E. S. Switkes, and L.
Ruiz-Ramirez, J.C.S. Dalton, 1973, 2112.

«
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very useful precursors for the synthesis of a range of
complexes by substitution of the olefin groups.3 In
view of the small amount of published work on con¬
venient methods of synthesising anionic ruthenium (n)
complexes with ligands containing Group Vb and VIb
donor atoms,4 we have undertaken a detailed study of
the reactions of [Ph3(PhCH2)P][RuCl3(CO)(C7H8)], (I),
with such ligands (L), in an attempt to obtain these
complexes. However, several different types of be¬
haviour are found experimentally, depending on the
nature and amount of ligand used in these attempted
exchange reactions. The different types of product are
first described and then reaction mechanisms consistent
with this observed variation are tentatively proposed.

results

When the complex [Ph3(PhCH2)P][RuCl3(CO)(C7H8)], (I),
was dissolved in dichloromethane and heated under reflux
under a nitrogen atmosphere with either Me2S, Me2SO, or
CH2=CH-CN [(I) : L = 1:2 molar ratio] for ca. 12 h,

complete displacement of the diene group occurred and
yellow or orange crystalline complexes [Ph3(PhCH2)P]-
[RuCl3(CO)L2], (II), were isolated from the reaction mixture

p CO -

/iyCLL j—CI
CL CL

(Ha) (lib) (He)
L = Me2S,Me2SO,CHj=CH-CN, AsPh3,SbPh3 or C H N

in 75—80% yield on addition of diethyl ether. For
L = Me2S, the n.m.r. spectrum (methyl region) con¬
sisted of a strong singlet at t 7-37 together with two very
weak doublets (ca. 5 Hz separation) centred at t 6-58 and
7-37. There are three geometrical isomers possible for
(II) and the strong signal at t 7-37 could be assigned to
isomer (Ha) or (lib) and the weaker ones to the presence
of a small amount of isomer (lie) (assuming restricted
rotation of the methyl groups at 300 K). For L = Me2SO,
the JH n.m.r. spectrum revealed a strong singlet at x 6-72
[attributed to isomer (Ila) or (lib)] and weak signals at
x 6-60 and 7-36. The highest-field signal corresponds to
free Me2SO and the others to S-bonded Me2SO {of.

* This assignment is based on the assumption that the cis-
influence of CO produces a lower-field shift of the carbon atoms
(1), (2), and (6) than that of chloride ion on (3), (4), and (5). This
assumption is also made in ref. 2 for the 1H n.m.r. spectrum.

3 For example, see R. R. Schrock and J. A. Osborn, J. Amer.
Ckem. Soc., 1971, 93, 2397; L. M. Haines, Inorg. Chem., 1971, 10,
1685 and references therein.

[RuX2(Me2SO)4] (refs. 5 and 6)}. The i.r. spectrum of this
complex showed a strong band at 1 113 cm"1 assigned to
S-bonded Me2SO, but no bands which can be attributed
definitely to O-bonded Me2SO. The absence of the latter
was confirmed by synthesis of the complex [Ph3(PhCH2)P]-
[RuCl3(CO)({2H6}Me2SO)2] (vso at 1 108 cm"1).

For L = CH2=CH-CN, vqn occurred at 2 245 cm"1,
suggesting that bonding occurs through the nitrogen
atom rather than the double bond {cf. [RuCl3(PPh3)2-
(CHa=CH-CN)], vCN at 2 230 cm"1 (ref. 6)}. The far-i.r.
spectra of these complexes (see Experimental section)
cannot unequivocally distinguish between isomer (Ila)
(CI trans to L and CO) and (lib) (CI trans to CO and CI),
but the similarity in properties between complex (II) and
[Ph3(PhCH2)P][RuCl3(CO)(L')] [L' = 2,2'-bipyridyl or 1,10-
phenanthroline (see later)] suggests that (Ila) is the most
probable structure. This isomeric form is also consistent
with that established for complex (I) by 1H (ref. 2) and
13C n.m.r. studies. The latter shows diene resonances at

77-10, 64-84, 60-92, 50-0, and 48-22 p.p.m., assignable to
carbon atoms (2) and (6), (3) and (5), (7), (1), and (4)
respectively.*

In attempts to extend the range of complexes (II),
ligands such as Et2S, Ph2S, CS2, MeCN, PhCH2CN, and
PhCN were reacted under the same conditions with (I),
but in all cases (I) was recovered unchanged. However,
with L = AsPhj, SbPh3, or C5H5N [(I) : L = 1:2 molar
ratio], reaction in CH2C12 for 12 h, followed by addition of
diethyl ether, also gave the complexes [Ph3(PhCH2)P]-
[RuC13(CO)LJ, (II), but with yields of only 18—25%. In
this instance, treatment of the ether filtrate with pentane
gave further yellow precipitates (60% yield). These were
non-electrolytes containing CO, L, and C7H„ groups ('H
n.m.r. and i.r. evidence) and elemental analyses and
molecular-weight determinations indicated the com¬

position [RuCl2(CO)(L)(C7H8)], (III). There are three
geometrical isomers possible for (III). XH N.m.r. spectra
of all these complexes [Figure 1 (L = AsPh3) and Table 1]
consisted of seven diene resonances of relative intensity
1:1:1:1:1:1:2. This clearly eliminates isomer (IIIc),
where only five diene resonances should be observed.
Homonuclear-decoupling experiments for L = AsPh3 in¬
dicated that the resonance at x 6-34 is coupled to the
resonances at x 5-60 and 4-52 and that at x 5-92 is coupled
to the peak at x 4-25. The signals at x 5-92 and 5-70 are
too close for decoupling studies. This information, plus
the assumption that the cis- and Aaws-influences of L and
CO respectively (or vice versa) produce lower-field shifts
than those of chloride ion, leads to the tentative assign¬
ments given in Table 1. Unfortunately, it is not possible
to distinguish between isomer (Ilia) and (Illb) on this
evidence, even by careful comparison of JH n.m.r. spectra
of complexes with different L groups, because of the lack
of information concerning the relative magnitudes of such
variables as cfs-influence, Aaws-influence, ring-current
effects, etc., of the other ligands on the chemical shifts of the
diene protons. However, the similarity in position of the
diene resonances for all these complexes, together with the
similar position of voo in each case (ca. 2 000 cm"1), suggests
that the same isomer is always produced. On leaving the

4 For references to earlier work see T. A. Stephenson, E. S.
Switkes, and P. W. Armit, J.C.S. Dalton, 1974, 1134.

5 I. P. Evans, A. Spencer, and G. Wilkinson, J.C.S. Dalton,
1973,204.

6 L. Ruiz-Ramirez, T. A. Stephenson, and E. S. Switkes,
J.C.S. Dalton, 1973, 1770.
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complex [RuCl2(CO)(AsPh3)(C,H8)] in CDC13 for 48 h.
additional resonances appeared at t 3-25, 6-43, and 8-04
corresponding to free norbornadiene. This indicates that
dissociation of the diene group in complexes (III) occurs
slowly in solution and that intermolecular exchange

(V). A similar complex [{RuCl2(CO)(PEt2Ph)2}2] has been
obtained by reaction of [Ru2Cl4(PEt2Ph)6] with butyr-
aldehyde.' The i.r. spectrum of complex (V) showed
several carbonyl bands (2 029m, 1 993s, 1 960s,br cm"1)
indicative of a mixture of isomers. The 31P n.m.r. spectrum

4-25 4-52 5 605-70 5-92 6-34 8-57

Figure 1 7H n.m.r. spectrum (diene region) in CDC13 of the complex [RuCl2(CO)(AsPh3)(C,H8)]

between free and bound diene is negligible at ambient
temperatures.

When complex (I) was refluxed with excess of SbPh3 in
CH2C12, the orange-red complex [RuCl2(CO)(SbPh3)3], (IV)
(vco at I 948 cm"1), was isolated, together with small

of this material, which contained a number of peaks, is
consistent with this interpretation. Recrystallisation from
dichloromethane-pentane gave a product still analysing for

Table 1

N.m.r. spectra (r values, in CDC13) and assignments
for the complexes [RuC12(CO)(L)(C7H8)], (III)

L = L = L = Rel. Fine Assign¬
AsPh3" SbPh3" C6H5N 8 intensity structure ment d

4-25 4-29 4-35 1 Triplet' H,
4-52 4-46 4-73 1 Triplet' h5
5-60 505 5-04 1 Triplet' h3
5-70 5-31 5-22 1 Triplet' h2
5-92 5-85 5-67 1 Multiplet h3
6-34 6-26 618 1 Multiplet H.
8-57 8-59 8-50 2 Singlet / Ha.b

one)

L = AsPh3,SbPh3 or C5H5N
amounts of (II) and (III). An orange-brown isomer of
(IV) has been reported earlier (v0o at l 961 cm"1) and was
obtained by direct reaction of SbPh3 with an ethanolic
'

carbonyl-containing ' ruthenium solution.7 Comparison
of far-i.r. spectra indicates vRuC1 at 320 cm"1 for the orange-
brown isomer and <300 cm"1 for the orange-red isomer.
This evidence, together with similarity of the vqo positions
to those of the two isomers established by 1H n.m.r. methods
for the complex [RuCl2(CO)(PMe2Ph)3],8 suggests that the
orange-red isomer has configuration (IVa) and the other
has configuration (IVb).

For L = PPh3, reaction with complex (I) in CH2C12
[(I) : L = 1:2 molar ratio] gave a non-conducting, dimeric,
orange complex analysing closely for[{RuCl2(CO)(PPh3)2}2],

* Added in proof: However, this complex has now been
synthesised by reaction of [RuCl2CO(PPh3)2(dmf)] and [RuCl2-
(PPh3)3] (1 : 1 molar ratio) in acetone (dmf = NV-dimethyl-
formamide).

• Also T 2-30—2-70 (15),* phenyl. » Also t2-00—2-70 (15),*
phenyl. c Also t 1-70, 2-30, and 2-72 (5),* pyridine. d Con¬
figuration (Ilia) or (Illb). ' Shown by double-resonance
experiments on L = AsPh3 to be an overlapping doublet of
doublets, f Broad.

* Numbers in parentheses indicate normalised integrated
intensities.

Cl_ ,co

/ Ru/CL—H-

CL

0Cr

Ru

Clr
CO -I

—,L

Ru

CL
L —I L_ CL-

(IYa) (TYb)
L = PPh3)SbPh3, PMePh2 or Me£

L

(ETc)

[{RuCl2(CO)(PPh3)2}2] but with the carbonyl band at
1 960 cm"1 increased in intensity with respect to higher-
frequency bands. There is no evidence here for formation
of the triple-chloride-bridged dimer [(Ph3P)2ClRuCl3Ru(CO)-
(PPh3)J,* in addition to the double-chloride-bridged dimer

7 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear Chem.,
1966, 28, 945.

8 J. M. Jenkins, M. S. Lupin, and B. L. Shaw, J. Chem. Soc.
(A), 1966, 1787.

8 R. H. Prince and K. A. Raspin, J. Chem. Soc. (A), 1969, 612.
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[{RuCl2(CO)(PPh3)2}2], (V). This is in contrast to the re¬
action between the complex [RuCl2(PPh3)3] and CS2, which
produces both [{RuCl2(CS)(PPh3)2}2] and [(Ph3P)2ClRuCl3-
Ru(CS)(PPh3)2].4

When complex (V) was reacted with excess of Ph3P
[or when (I) was reacted directly with excess of
Ph3P], an orange solid was obtained which analysed for
[RuCl2(CO)(PPh3)3], (IV), and whose i.r. spectrum con¬
tained carbonyl bands at 2 025m, 1 982m, and I 945s cm-1.
One isomer of this complex has been previously reported
with voo at 1 950 cm-1.7,10 By analogy with related work
on PMe2Ph complexes,8 the band at 1 945 cm-1 is probably
due to isomer (IVa) and that at 1 982 cm-1 to isomer (IVb).
The band at 2 025 cm"1 may be due to isomer (IVc), which
has not been previously observed in complexes of this type.
Unfortunately, attempts to separate these products by
either fractional recrystallisation or chromatography proved
unsuccessful. It is of interest to note that no products of
type (II) or (III) were isolated (or observed) with L = PPh3.

In contrast, reaction of complex (I) with dimethyl-
phenylphosphine in CH2C12 (1:2 molar ratio or excess)

L=PMe2Ph or PMePh2,X =CL or Br

gave a single product, which contained no carbonyl group.
This complex is monomeric, non-conducting, and analysed

[Ph3(PhCH2)P][RuBr3(CO)(C7H8)] and PMe2Ph gave
[RuBr2(PMe2Ph)2(C7H8)], which had a very similar 1H
n.m.r. spectrum. The same complexes were also obtained
by reaction of [RuX3(PMe2Ph)3] 12 and excess of C7H8 in
methanol. Related complexes [RuX2(L)2(C,H8)] (L =

PPh3 6>13 or AsPh3,6 X = CI or Br), [RuH(X)L2(diene)J
[L = PPh3, P(OR)3, etc.]," and [Ru(OH)2(CO)2(C7H8)] 15
have been reported elsewhere.

Rather surprisingly, reaction of complex (VI) (X = CI)
with excess of pyridine, 2,2'-bipyridyl, or triphenylarsine
led to recovery of the starting materials. We have no
explanation of the kinetic inertness of complexes (VI)
towards these nucleophiles, although, of course, chloride ion
is known to be a low /raws-effect ligand. If this is the
correct explanation, then we must ascribe the higher
reactivity of complex (I) (where the diene group is also
trans to chloride ions) 2 to its formal negative charge.

When complex (I) was heated under reflux with methyl-
diphenylphosphine in CH2C12 (1:2 molar ratio), a pale
yellow solid was isolated and shown by 1H n.m.r. studies
(Figure 2) to be a mixture of [RuCl2(PMePh2)2(C7H8)]
and [RuCl2(CO)(PMePh2)3], (IV). Although attempts to
separate this mixture of complexes by either t.l.c. or
fractional recrystallisation were unsuccessful, the formu¬
lation of the mixture as 53% [RuCl2(PMePh2)2(C7H8)] and
47% (IV) (from 1H n.m.r. integration) is consistent with
the analytical data. The 1H n.m.r. spectrum of the diehe
complex was that expected for configuration (VI). For
the complex [RuCl2(CO) (PMePh2)3], the doublet and triplet
pattern of resonances are indicative of either isomer (IVa)
or (IVb). The position of \>co (1 938s cm-1) is consistent
with isomer (IVa). The 31P n.m.r. spectrum consisted of
three singlets at 7-53 [(VI)], 8-17, and 14-54 p.p.m. [(IVa)].
When excess of PMePh2 is used, the same. work-up pro¬
cedure gave a yellow solid with a very similar i.r. spectrum

(VI)

6-68 6-88
_i_

7-47 7-82

T

8-25 8 98

Figure 2 7H N.m.r. spectrum in CDC13 (t 6-0—9-0) of the product mixture from the reaction of complex (I) with PMePh2 [(I):
PMePh2 =1:2 molar ratio]

for [RuCl2(PMe2Ph)2(C7H8)]. The 1H n.m.r. spectrum
unequivocally showed fra«s-PMe2Ph groups (virtually
coupled ' triplet ') 11 and the three diene resonances ex¬
pected for configuration (VI). The 31P n.m.r. spectrum,
which consists of a singlet at 6-91 p.p.m., also supports
this formulation. Similarly, reaction of the complex

10 J. Halpern, B. R. James, and A. L. W. Kemp, J. Amer.
Chem. Soc., 1966, 85, 5142.

11 M. S. Lupin and B. L. Shaw, J. Chem. Soc. (A), 1968, 741.
12 J. Chatt, G. J. Leigh, D. M. P. Mingos, and R. J. Paske,

J. Chem. Soc. (A), 1968, 2636.

to the mixture above but its 1H n.m.r. spectrum contained
an extra peak at t 8-30. Dissolution of the mixture in

CH2C12 and reprecipitation with diethyl ether gave a
yellow powder and a small amount of orange crystals which
could be separated manually. The former consists of
complexes (IVa) and (VI) and the orange solid is identical

S. D. Robinson and G. Wilkinson, J. Chem. Soc. (A), 1966,
300.

371.
J. J. Hough and E. Singleton, J.C.S. Chem. Comm., 1972,

15 R. B. King and P. N. Kapoor, Inorg. Chem., 1972, 11, 336.
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(i.r. and 'H n.m.r. spectra) to [RuCl,(PMePh,)J, which we
recently prepared in high yield by reaction of [RuCl,-
(PPh3)3] with PMePh2 in hexane.1* Presumably, the small
amount of tetrakisphosphine complex arises from slow
reaction of [RuCl2(PMePh2)2(C7Hg)] with excess of PMePh,.

Reaction for 12 h of complex (I) with 2,2'-bipyridyl (bipy)
or 1,10-phenanthroline (phen) (L') [(I) : L' = 1:1 molar
ratio] in CH3C12 gave yellow precipitates which analysed
closely for [{RuClj(CO)(L')}„]. These precipitates are too
insoluble for either molecular-weight or 1H n.m.r. measure¬
ments, but the observation of only one carbonyl band in
their i.r. spectrum (e.g. for L' — bipy, v0o is at 1 940 cm"1)
is consistent with a structure such as (Vila) or (Vllb)

ation, this might be a sample of [RuCl(CO)(bipy)j]Cl {cf.
purple [RuC1(H30) (bipy) JC1,H,0}.«'17

DISCUSSION

It remains to devise an overall mechanism of reaction
between complex (I) and the various ligands (L) which
will explain the rather surprising differences in be¬
haviour as a function of electronic and steric properties
of the ligands. In Scheme 1, a mechanism for reaction
of complex (I) with all the ligands (1:2 molar ratio)
except PR3, bipy, and phen is presented. Thus, we
postulate that in all these reactions, the initial step is

CL CO

N\ I ^-CL\ I -N
Ru . Ru^

N ^ | ^CL ^-N
CO CL

(Vila)

)
crab) (yuc )

(cf. [{RuC12(CO)(C7H8)}b], vco at 2 045 cm"1].13 Work-up
of the orange filtrates gave, in addition to [Ph3(PhCH2)P]Cl,
small amounts of orange solids which were reasonably
close in analysis to [Ph3(PhCH2)P][RuCl3(CO)(L')]. In
this instance, configuration (lib) is impossible and there¬
fore, on the basis of earlier results with L — Me2S, Me2SO,
etc. [which indicated either configuration (Ila) or (lib) but
not (He)], we tentatively suggest that (Ila) is the most
probable structure.

Reaction of complex (I) with excess of bipy gave an orange
precipitate which also analysed for [{RuCl2(CO)(bipy)}n]
but contained two carbonyl bands in its i.r. spectrum at

cleavage of a ruthenium-olefin bond by L, to give an
anionic intermediate (VIII) containing the C7H8 group
bound through only one olefinic bond. Further reaction
can then occur by one of four competing paths: (i) re¬
version to complex (I) by displacement of L from (VIII)
by the free double bond (this is very unlikely especially
in the presence of free L and is not considered further);
(it) cleavage of the second ruthenium-olefin bond by L
to give (Ila); (in) displacement of the chloride ion trans
to CO by the free double bond with formation of (Illb);
and (iv) displacement of the chloride ion trans to L by
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1 952 and 1918 cm-1. Again, the material is too insoluble
for further study but it could be formulated either as an
isomer such as (VIIc), with cts-carbonyl groups, or a
mixture of two isomers with /ra«s-carbonyl groups. The
filtrate from this experiment contained the anionic complex
(II) together with a very small amount of a purple complex.
Although insufficient of the latter was produced for examin-

18 P. W. Armit and T. A. Stephenson, J. Organometallic Chem.,
1973, 57, C80.

the free double bond with formation of (Ilia). If this
mechanism is valid, then the percentage yields of
complexes (Ila), (Ilia), and (Illb) will depend on the
relative magnitudes of the rates of these competing
reactions. This assumes, of course, that none of these
products undergo further reaction. For example, one

17 F. J. Miller and T. J. Meyer, J. Amer. Chem. Soc., 1971, 93,
1294; S. A. Adeyeni, F. J. Miller, and T. J. Meyer, Inorg. Chem.,
1972, 11, 994.
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other possible way to form either complex (Ilia) or
(Illb) is by reaction of (Ha) with free diene. However,
this path has been eliminated by showing that there is
no reaction between the complex [Ph3(PhCH2)P][RuCl3-
(CO^AsPh^J and C7H8 when these are heated under
reflux in CH2C12 for 12 h.

It is now reasonable to ask what properties of ligand
L will enhance the rate of sub-step (ii) compared to
that of (Hi) or (iv). Clearly, if L is a fairly strong, small,
nucleophile, this should favour step (it). Conversely,
the bulkier the nucleophile, the slower reaction (it)
should become and the more facile the ring-closure
reaction [steps (Hi) and (mj)] will become in order to
relieve steric repulsions between the bulky L and the
bicyclic diene groups. Experimentally, this is exactly
what is found since for L = Me2S, Me2SO, and
CH2=CH-CN (small bases) only complex (la) is formed
[i.e. (it) (in) or (iv)], whereas for L = AsPh3, SbPh3,
and C5H5N (larger bases), a mixture of (Ha) and (III)

enhanced in the less-polar solvent. For L = Me2SO in
benzene, only complex (Ila) is isolated.

This proposed mechanism hinges on facile formation
of a long-lived intermediate, (VIII), containing an un-
co-ordinated double bond. Although we were unable
to isolate such an intermediate in a pure state, hydro-
genolysis (after 30 min of reaction) of a dichloromethane
solution containing (I), AsPh3 (1 : 2 molar ratio), and
[RhC^PPh^j] (a good hydrogenation catalyst)18 gave
a mixture of compounds whose 1H n.m.r. spectrum
contained additional signals at t 8-60, 8-74, and 8-90.
These resonances are close to those found in this region
for norbornene (t 8-43, 8-68, 8-93, and 9-06).19
Under the same conditions, no hydrogenation occurred
using a mixture of either [RhCl(PPh3)3] and C7H8 or
[RhCl(PPh3)3], C7H8, and AsPh3. Therefore, this evi¬
dence supports formation of an intermediate with one
free double bond.

Finally, it is not easy to decide whether isomer (Ilia)
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(a or b) is produced [i.e. (ii) < (Hi) or (iv)]. The failure
to observe reactions of complex (I) with bases such as
Et2S and PhCN can presumably be attributed to the
inability of these weaker nucleophiles to cleave the
ruthenium-olefin bonds. Furthermore, if the mechan¬
ism shown in Scheme 1 is valid, increasing solvent
polarity should favour reaction (ii) rather than (Hi) or
(iv). In agreement with this, for L = AsPh3, changing
the solvent medium from CH2C12 to MeOH increases the
yield of complex (Ila) compared to that of (III), whereas
in C8H6 the reverse is true. However, for L = Me2S,
changing the solvent from CH2C12 to C6H6 gives a lower
yield of complex (Ila) (52%) together with some
[RuCl2(CO)(Me2S)3] (20%) [voo at 1 943 cm1, configur¬
ation (IVa)]. The failure to isolate any diene complex
here would suggest that even in benzene (ii) > (Hi) or
(iv), but that the tendency of the resulting anion to
undergo further reaction with Me2S is considerably

16 J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson,
J. Chem. Soc. (A), 1966, 1711.

12 K. Tori, K. Aono, Y. Hata, R. Muneyuki, T. Tsuji, and H.
Tanida, Tetrahedron Letters, 1966, 9.

or (Mb) is preferentially formed. If the main factor
determining this is the fraws-effect of CO compared to
L, then, since earlier work 20 has shown that CO has a

higher trans-efleet than either AsPh3, SbPh3, or C5H8N,
isomer (Mb) is favoured. However, since this trans-
effect series is based on evidence obtained from sub¬
stitution reactions in square-planar platinum(n) com¬
plexes, it does not necessarily follow that a similar order
is valid for such reactions in octahedral ruthenium(n)
complexes. Furthermore, isomer (Ilia) is more
sterically favoured than (Mb). Hence at this juncture,
we prefer to reserve judgement until more direct
evidence is available.

For L = PMe2Ph, we have to explain why only
complex (VI) is obtained on reaction with (I). As
shown in Scheme 2(a), the same intermediate (VIII) is
proposed but, in this instance, we suggest that the high
trans-efiect of PMe2Ph, together with the high affinity
of this ligand for ruthenium(n),21 results in displacement

20 For detailed list see F. R. Hartley, ' The Chemistry of
Platinum and Palladium,' Applied Science Publishers Ltd.,
London, 1973, p. 299.

21 P. G. Douglas and B. L. Shaw, J. Chem. Soc. (A), 1970, 1666.
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from (VI' I) of a chloride ion trans to the PMe2Ph group
to give (IX) in preference to formation of (Ha) or (III).
Ring closure of the free olefin group in complex (IX)
with expulsion of carbon monoxide to give [RuC12-
(PMe2Ph)2(C7H8)], (VI), then appears to be a reasonable
final step. The alternative site of attack (i.e. the
chloride ion trans to CO) would give the complex
[RuCl(CO)(C7H8)(PMe2Ph)2]Cl which might be favoured
in more polar solvents. In fact, reaction of complex (I)
and PMe2Ph in methanol gives a conducting green
solution, but only an unstable green oil could be isolated
from the reaction mixture. An alternative mechanism
is shown in Scheme 2(b). Again, the affinity of PMe2Ph
for ruthenium(n) and the high /raws-effect of CO
combine to give the complex [RuCl2(CO) (PMe2Ph) (C7H8)],
and this is followed by expulsion of CO by PMe2Ph to
give (VI). Both these mechanisms are consistent with
results of earlier studies of ruthenium-phosphine

pared to the PMe2Ph reaction, thus leading to formation
of [RuCl2(CO)(PMePh2)3], (IVa).

For L = PPh3, a mechanism to explain formation of
an isomeric mixture of [{RuC12(CO) (PPh3)2}2] is presented
in Scheme 3. It seems reasonable to postulate that the
same intermediate (VIII) is first formed and then, since
PPh3 is a stronger nucleophile than EPh3 (E = As or
Sb), that reaction (it) will be facilitated more than (Hi)
or (iv). After formation of complex (Ila), we suggest
that the higher ^raws-influence of PPh3 compared to the
other ligands studied, together with the unfavourable
cts-arrangement of these bulky groups in (Ila) (since
PPh3 has a larger ligand cone angle than EPh3 on co¬
ordination to a metal),23 could readily lead to expulsion
of a chloride ion, in order to relieve steric crowding, with
formation of [RuCl^CO^PPh^J. This five-co-ordinate
species might then be expected to undergo facile intra¬
molecular-rearrangement reactions in order to minimise
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chemistry 7>22 which indicate that fraws-R3P-Ru~PR3
arrangements are not formed via isomerisation of cis-
Ru(PR3)2 arrangements. A possible way of distinguish¬
ing between mechanisms 2(a) or 2(b) is by means of
hydrogenation experiments. Reaction of complex (I)
and PMe2Ph solutions with [RhCl(PPh3)3] and hydrogen
gave solutions with additional strong 'H n.m.r. signals
at t 8-29, 8-42, and 9-14. These resonances did not
appear on reaction of hydrogen with dichloromethane
solutions of [RhCl(PPh3)3], C7H8, and PMe2Ph. Thus,
the mechanism depicted in Scheme 2(a) involving an
intermediate with a free olefin group is preferred.

For PMePh2 a similar mechanistic path can be
invoked to explain formation of the complex [RuC12-
(PMePh2)2(C7H8)]. However, in this instance, the lower
affinity of PMePh2 for ruthenium (n) might enable
competing reaction steps to be more dominant as com-

22 B. F. Prater, J. Organometallic Chem., 1972, 34, 379.
23 For a full discussion of ligand cone angles see C. A. Tolman,

J. Amer. Chem. Soc., 1970, 92, 2956.
24 G. Yagupsky and G. Wilkinson, J. Chem. Soc. (A), 1969, 725.

further steric strains, e.g. by formation of isomers with
axial-equatorial or axial-axial PPh3 groups respectively.
Similar rearrangements have been elegantly demon¬
strated for related complexes [IrH(CO)2(PR3)2] (R =
Ph 24>25 or _£-MeC6H4 25).

Finally, it seems reasonable to propose that the
various five-co-ordinate isomers might then recombine
to produce dimeric species containing energetically
favourable six-co-ordinate ruthenium (n) ions. Similar
processes readily occur for [RuX2(PR3)3] (X = Cl or Br;
R3 = Et2Ph or EtPh2) to give the binuclear complexes
[Ru2X3(PR3)6]X.16 Reaction of more PPh3 with this
isomeric mixture of [{RuCl2(CO)(PPh3)2}2] complexes
would then be expected to give an isomeric mixture of
[RuCl2(CO)(PPh3)3] complexes. However, a very recent
paper 26 reported the preparation of the yellow complex
[RuCl2(CO)(PPh3)2] (m.p. 259—263 °C) by recrystallis-

25 P. Meakin, E. L. Muetterties, and J. P. Jesson, J. Amer.
Chem. Soc., 1972, 94, 5271.

26 B. R. James, L. D. Markham, B. C. Hui, and G. L. Rempel,
J.C.S. Dalton, 1973, 2247.
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ation of [RuCl2(CO)(PPh3)2L"] (L" = AW-dimethyl-
formamide or TVTV-dimethylacetamide) from CH2C12-
MeOH. This monomeric complex [voo at 1 921 and
1 931 (Nujol), 1 940 cm-1 (CH2C12)] is reported to
isomerise in CH2C12 with the original 1 940 cm"1 carbonyl
band being gradually replaced by a rather broad band
at 1 970 cm"1; however, only the original isomer
precipitates from solution on addition of methanol.

In view of the disagreement between the results of
this work and that required to support our proposed
mechanism, namely facile dimerisation of a monomeric
intermediate such as [RuCl2(CO)(PPh3)2], we re-examined
this ' isomerisation ' reaction. Our results indicate that
the five-co-ordinate monomer is more correctly formu¬
lated as the six-co-ordinate complex [RuCl2(CO)(PPh3)2-
(MeOH)]. This formulation is based on mass-spectral
evidence, which indicates methanol, and the presence
of an extra i.r. band at 1 020 cm"1 {cf. [RuCl3(PPh3)2-
(MeOH)], 1012 cm"1;7 [RuCl3(PhSPri)2(MeOH)], 990
cm"1 (ref. 27)} when compared with the i.r. spectrum of
the complex [{RuC12(CO) (PPh3)2}2]. Elemental analyses
quoted in ref. 26 are also consistent with this formulation
{Found: C;60-3; H, 4-3; CI, 9-1. [RuCl2(CO)(PPh3)2-
(MeOH)] requires C, 60-5; H, 4-5; CI, 9-4%}. Further¬
more, on gentle heating under reflux of a CH2C12 solution
of this yellow complex, an orange solution is formed from
which a pale orange solid can be precipitated on addition
of pentane. This complex contains no methanol but
its i.r. spectrum [voo at 1 960br cm"1 (Nujol)] and m.p.
[168—170 °C (decomp.)] are very similar to those
reported by us for the most stable isomer of [{RuC12(CO)-
(PPh3)2}2], Finally, addition of methanol to a dichloro-
methane solution of the complex [{RuCl2(CO)(PPh3)2}2]
(prepared either from the diene anion or methanol
complex) reprecipitates [RuCl2(CO)(PPh3)2(MeOH)].
This is analogous to recrystallisation of the complex
[{RuC12(CO)3}2] from ethanol-stabilised CHC13 which is
reported to give some [RuCl2(CO)3(EtOH)].28

Therefore, the information reported, but incorrectly
interpreted, in ref. 26 provides good evidence for the
feasibility of the mechanism outlined in Scheme 3.
For L' = bipy and phen, a similar mechanism involving
a five-co-ordinate intermediate [RuC12(CO)(L')] might
also explain formation of [{RuC12(CO)(L')}„] but, in this
instance, more information is required to substantiate
this speculative proposal.
EXPERIMENTAL

Microanalyses were by A. Bernhardt, West Germany,
and the University of Edinburgh Chemistry Department.
Molecular weights were determined on a Perkin-Elmer-
Hitachi osmometer (model 115) at 37 °C. I.r. spectra were
recorded in the region 4 000—250 cm"1 on Perkin-Elmer
225 and 457 grating spectrometers using Nujol mulls on
caesium iodide plates. Solution spectra were run in
potassium bromide cells. 1H N.m.r. spectra were obtained
on a Varian Associates HA-100 spectrometer and 13C and
31P n.m.r. spectra on a Varian XL100 spectrometer operating
in the pulse and Fourier-transform mode at 25-2 and 40-5

* Numbers in parentheses indicate normalised integrated
intensities.

MHz respectively. Conductivity measurements were made
on a model 310 Portland Electronics conductivity bridge.
M.p.s were determined with a Kofler hot-stage microscope
and are uncorrected. Analytical data for the new
ruthenium(u) complexes are given in Table 2.

Preparations.—Benzyltriphenylphosphonium carbonyltri-
chlorobis(dimethyl sulphide)ruthenate(u), (II). The complex
[Ph3(PhCH2)P][RuCl3(CO)(C7H8)], (I) 2 (0-20 g), and di¬
methyl sulphide (0-04 cm3; 1 : 2 molar ratio) were
dissolved in dichloromethane (100 cm3) and the solution
gently heated under reflux for 12 h under an atmos¬
phere of nitrogen. The resulting pale orange solution
was then reduced in volume and a pale orange solid was
precipitated on addition of excess of diethyl ether. This
product was washed with warm distilled water and then
recrystallised from dichloromethane-diethyl ether (70%
yield) (voo at 1 953 cm"1); i.r. (400—250 cm"1) 312s, 309,
295w, 285, 271m, and 249m cm"1. When the reaction was
carried out in benzene under the same conditions, a yellow
solution was obtained. After filtering off some [Ph3-
(PhCH2)P]Cl, addition of excess of diethyl ether gave a
pale orange solid (52%) identified as [Ph3(PhCH2)P]-
[RuCl3(CO)(Me2S)2], (II). Concentration of the filtrate
followed by pentane addition gave a yellow solid which
was identified as carbonyldichlorotris(dimethyl sulphide)-
ruthenium(i\), (IV) (20%) (vqo at 1 943 cm"1). JH N.m.r.
spectrum (CDC13): t 7-48 (singlet) (2) * and 7-65 (singlet) (1) *.
I.r. spectrum (400—250 cm"1): 330w; 319w; and 275m
cm"1.

Benzyltriphenylphosphonium carbonyltrichlorobis(dimethyl
sulphoxide)ruthenate(u), (II). This complex was prepared
from (I) and Me2SO (1:2 molar ratio) heated under reflux
in CH2C12 (12 h). The resulting yellow solution gave a
crystalline yellow solid on addition of diethyl ether. The
product was recrystallised from CH2C12-Et20 (78%) (v00 at
1 980 cm"1) [A (O-OOIm) 18-8 O"1 cm2 mol"1 in CH2C1J.
I.r. spectrum (400—250 cm"1): 379s; 330s; 316m; and
283s cm"1. When benzene was used as solvent, the same

product was formed (70%). Benzyltriphenylphosphonium
carbonyltrichlorobis(perdeuteriodimethyl sulphoxide)ruthenate-
(ii), (II), was prepared as above using [2H6]Me2SO and the
yellow product was recrystallised from dichloromethane-
pentane (75%) (voo at 1 977 cm"1). I.r. spectrum (400—
250 cm"1): 319s; 308; 295w; 283w; and 260w cm"1.
The complex [Ph3(PhCH2)P][RuBr3(CO)(Me2SO)2] was
prepared as for the chloro-complex from [Ph3(PhCH2)P]-
[RuBr3(CO)(C7H8)] and Me2SO to give a yellow crystalline
solid (60%) (vco at 1 975, vgo at 1 080 cm"1). I.r. spectrum
(400—250 cm"1): 323w; 300s; and 280w cm"1.

Benzyltriphenylphosphonium bis(acrylonitrile)carbonyltri-
chlororuthenate(u) monohydrate, (II). This was prepared as
for the other anionic complexes as a yellow solid and was
recrystallised from dichloromethane-pentane (80%) (vc0 at
1 950, vojj at 2 245 cm"1). The same product was formed
when an excess of acrylonitrile rather than 1 : 2 molar
ratios were used [A(0-001m) 16-5 Q"1 cm2 mol"1 in CH2C12].
I.r. spectrum (400—250 cm"1): 316m; 307m; 281w; and
27lw cm"1.

Benzyltriphenylphosphonium carbonyltrichlorobis(triphenyl-
arsine)ruthenate(n), (II). Complex (I) (0-20 g) and tri-
phenylarsine (0-20 g; 1:2 molar ratio) were heated under

27 J. Chatt, G. J. Leigh, and A. P. Storace, /. Chem. Soc. (A),
1971, 1380.

28 E. Benedetti, G. Braca, G. Sbrana, F. Salvetti, and B.
Grassi, J. Organometallic Chem., 1972, 37, 361.
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reflux in CH2C12 (100 cm3) under a nitrogen atmosphere for
12 h. The resulting yellow solution (shown to be a mixture
by t.l.c.) gave an orange precipitate on addition of diethyl
ether. This was washed with light petroleum (b.p. 40—
60 °C), then water, and recrystallised from dichloromethane-
pentane (20%) (vco at 1 928 cm"1). I.r. spectrum (400—
250 cm-1): 348; 332s; and 320 cm-1. The remaining
solution was concentrated and then treated with pentane to

I.r. spectrum (400—250 cm-1): 355w; 330w; 320w; 270s;
and 250m cm-1. Treating the residual solution with
pentane gave a yellow precipitate of (bicyclo[2.2.1]hepta-2,5-
diene)carbonyldichloro(triphenylstibine)ruthenium(n) (III)
(60%) which was recrystallised from dichloromethane-
pentane. This complex is more insoluble than the corre¬
sponding Ph3As derivative in common organic solvents.
Reaction of complex (I) (0-20 g) with excess of SbPh3

Table 2

Analytical data for some new ruthenium(n) complexes
Found (%)

Complex
[Ph3(PhCH2)P][RuC13(CO)(Me2S) J (II)

[Ph3(PhCH2)P][RuCl3(CO)(Me2SO)2] (II)

[Ph3(PhCH2)P][RuCl3(CO) (fH}Me2SO) J
(II)

[Ph3(PhCH2)P][RuCl3(CO)-
(CH2=CH—CNJJ.HjO (II)

[Ph3(PhCH2)P][RuCl3(CO) (AsPh3) J (II)

[Ph3(PhCH2)P][RuBr3(CO)(AsPh3)2] (II)

[Ph3(PhCH2)P][RuC13(CO)(SbPh3) J (II)

[Ph3(PhCH2) P] [RuC13(CO) (C5H5N) J (II)

[Ph3(PhCH2)P][RuCl3(CO)(bipy)] (II)

[Ph3(PhCH2)P][RuClj(CO)(phen)] (II)

[Ph3(PhCH2)P][RuBr3(CO)(bipy)] (II)

[RuCl2(CO)(AsPh3)(C7H8)] (III)

(RuCl2(CO)(SbPh3)(C7H8)] (III)

[RuC12(CO)(C5H6N)(C,H8)] (III)

[{RuC12(CO)(bipy)}n] • (VII)
[{RuCl2(CO)(phen)}„] (VII)
[{RuC12(CO) (PPh3) 2}2] (V)

[RuCl2(PMe2Ph)2(C7H8)] (VI)

[RuBr2(PMe2Ph)2(C7H8)] (VI)

[RuC12(CO)(Me2S)3] (IV)

» (H + D)%. » Osmometrically in CHC13 (37 °C).
(37 °C).

Colour M.p. (tro C H N CI

Orange 206

(decomp.))
50-5 4-2 17-3

Yellow 184—185

(decomp.)
48-2 4-5

Yellow 160—161
(decomp.)

47-9 6-1 « 111

Yellow 197—198

(decomp.)
43-5 4-3

Yellow 157—158

(decomp.)
53-8 3-9 3-8 14-8

Orange 215—217

(decomp.)
60-5 4-2

Pale 136—138 53-7 3-8
brown (decomp.)

Pink 128—130
(decomp.)

530 3-5 8-6

Yellow 120—122

(decomp.)
57-1 4-3 30

Orange 173—175
(decomp.)

51-9 3-7 4-0

Orange 183—185
(decomp.)

53-2 3-5 4-6

Orange- 195—196 47-5 3-4 5-0
brown (decomp.)

Yellow 215—217
(decomp.)

52-1 3-8 12-4

Yellow 231—232
(decomp.)

51 '5 3-8
.

Yellow 171—174

(decomp.)
43-2 3-5 3-7

Yellow >280 36-6 21 7-7 20-5
Yellow >280 37-9 2-3 6-7
Orange 168—172

(decomp.)
59-8 4-2

Yellow 247
(decomp.)

510 5-5

Yellow 214^—215

(decomp.)
45-7 4-8

Yellow 200—202
(decomp.)

22-3 4-7

! Obtained from (I): bipy = 1

Calc. (%)
I

.

M C H N CI M
50-5 4-8 14-9

48-4 4-6

47-6 6-1 ■ 13-9

41-2 3-9

53-9 41 3-9 14-9

621 4-3

50-0 3-8

57-5 4-0 8-2

57-9 4 3 3-7

58-1 4-0 3-8

59-3 3-9 3-7

49-2 3-4 3-2

613 s 52-2 3-8 11-9 597

48-4 3-6

390 s 42-1 3 5 3-8 371

371 2-2 7-9 20-0
38-2 2-7 6-9

1 460 s 61-3 4-2 1 448
1 386 3

/580 s 510 5-5 520
1600 J

44-0 4-8

21-8 4-6

molar ratio. d Osmometrically in C„H6

give a yellow solid which, on recrystallisation from dichloro-
methane-pentane, gave microcrystals of (bicyclo\2.2.1]-
hepta-2,5~diene)carbonyldichloro(triphenylarsine)ruthenium-
(ii), (III) (60%) (vqo at 2 008 cm-1). I.r. spectrum (400—
250 cm-1): 354m; 338; 325s; 308w; 280m; and 250s cm-1.
When the reaction was carried out in the presence of excess
of concentrated hydrochloric acid, the same relative
amounts of products were found. However, if methanol
was used instead of dichloromethane as solvent, under the
same conditions, an increase of 35% in the yield of the
complex (II) accompanied by a 42% decrease in the yield of
(III) was observed.

Benzyltriphenylphosphonium carbonyltrichlorobis(triphenyl-
stibine)ruthenate(u), (II). This complex was prepared as
for the triphenylarsine derivative, isolated as a pink powder
(18%), and recrystallised from CH2C12-Et20 (vco at
2 002 cm-1) [A (0'001m) 18-5 fl-1 cm2 mol-1 in CH2C12].

(0-40 g) heated under reflux in CH2C12 for 12 h gave an
orange solution. Work-up as above gave samples of
complexes (II) and (III) and a residual orange solution.
On concentration and pentane addition the orange-red
solid carbonyldichlorotris(triphenylstibine)ruthenium(n) (IV)
(vco at 1 948 cm-1) was precipitated, m.p. 215—216 °C
(Found: C, 53-2; H, 3-8. Calc. for C55H45Cl2ORuSb3:
C, 52-5; H, 3-6%). Similarly yellow [Ph3(PhCH2)P]-
[RuC13(CO)(C6H5N)2] (II) (22%) (vco at 1 925 cm-1)
[A (0-001m) 17-5 a-1 cm2 mol 1 in CH2C12] and yellow
[RuC12(CO) (C5HsN) (C,Hg)] (III) (60%) (v00 at 2 010 cm-1)
were prepared from complex (I) and C5H5N (1:2 molar
ratio) in CH2C12.

Di-\j.-chloro-bis[carbonylchlorobis(triphenylphosphine)-
ruthenium(n)\, (V). Complex (I) (0-24 g) and triphenyl-
phosphine (0-20 g; 1:2 molar ratio) were dissolved in
CH2C12 (100 cm3) and the solution heated under reflux
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under a nitrogen atmosphere for 12 h. The resulting pale
orange solution was reduced in volume and diethyl ether
added to give a white precipitate of [Ph3(PhCH2)P]Cl.
The remaining solution was treated with pentane to give
the pale orange solid (70%) (vco 2 029m, 1 993s, and
1 960s cm-1). 31P N.m.r. spectrum (CDC13): 17-2 (singlet)
(s); 25-5 (singlet) (s); 38-5 (multiplet) (w); 42-3 (multi-
plet) (w); and 52-6 p.p.m. (multiplet) (w). Recrystal-
lisation from hot dichloromethane-pentane gave a deeper
orange product (with the carbonyl band at 1 960 cm"1
increased in intensity with respect to higher-frequency
bands) but still analysing for (V) [Found: C, 60-5; H, 4-4.
[{RuCl2(CO)(PPh3)2}2] requires C, 61-3; H, 4-2%].

When complex (I) (0-24 g) and excess of triphenyl-
phosphine (0-40 g) were heated under reflux in CH2C12
(100 cm3) under a nitrogen atmosphere for 12 h and the
resulting orange solution treated exactly as above, orange
crystals of carbonyldichlorotris(triphenylphosphine)ruthenium-
(n) (IV) (72%) were isolated, m.p. 150 °C [lit.,9 for isomer
(IVa) 70—72 °C] (Found: C, 66-3; H, 4-6. Calc. for
C55H15Cl2OP3Ru: C, 66-9; H, 4-6%) (vco at 2 025m,
1 982m, and 1945s cm"1).* The same mixture of isomers
was obtained by reaction of [(RuC12(CO) (PPh3)2}2] with
PPh3 under the same conditions.

(Bicyclo[2.2.1]hepta-2,5-diene)dichlorobis(dimethylphenyl-
phosphine)ruthenium(ii), (VI). Complex (I) (0-20 g) was
heated under reflux in CH2C12 (100 cm3) under a nitrogen
atmosphere with PMe2Ph (0-10 cm3) for ca. 12 h. Re¬
duction in volume of the yellow solution followed by
diethyl ether addition gave a white precipitate of
[Ph3(PhCH2)P]Cl. The remaining solution was then
treated with pentane to give the yellow solid which was
washed with methanol and recrystallised from dichloro¬
methane-pentane (80%). The same complex was obtained
when an excess of PMe2Ph was used. TO N.m.r. spectrum
in CDC13: t 6-70 (protons 1, 4); 7-20 (2, 3, 5, 6); 8-50
(a, b); 2-00—2-60 (phenyl multiplet); and 7-74 (1:2:1
'triplet,' PMe2Ph). I.r. spectrum (400—250 cm"1): 305w;
277s; and 253s cm"1. The complex [RuBr2(PMe2Ph)2-
(C,H8)] was prepared in the same way from [Ph3(PhCH2)P]-
[RuBr3(CO) (C7H8)] and PMe2Ph as a yellow crystalline
solid (65%). TO N.m.r. spectrum in CDC13: t 6-67
(protons 1 and 4); 7-12 (2, 3, 5, 6); 8-74 (a, b); 2-00—2-60
(phenyl multiplet); and 7-56 (1:2:1' triplet,' PMe2Ph).

Reactions.—Complex (I) and PMePh2. Complex (I)
(0-20 g) and PMePh2 (0-10 cm3; 1 : 2 molar ratio) were
heated under reflux in CH2C12 (100 cm3) under a nitrogen
atmosphere for ca. 12 h. Concentration of the solution
followed by diethyl ether addition gave a white precipitate
of [Ph3(PhCH2)P]Cl. Pentane addition to the residual
yellow solution gave a pale yellow solid, shown by TO
n.m.r. studies to be a mixture of complexes [RuCl2(PMePh2)2-
(C7H8)], (VI), and [RuCl2(CO)(PMePh2)3] (IV) (vc0 at
1 938 cm"1) (53 and 47% respectively as established by
integration). This mixture, which could not be separated
by t.l.c. or fractional recrystallisation, analysed closely for
the relative percentages of complexes indicated by the
1H n.m.r. studies (Found: C, 59-3; H, 4-9. [RuC12-
(PMePh2)2(C,H8)] (53%) and [RuCl2(CO)(PMePh2)3] (47%)
requires C, 58-7; H, 4-9%}. 1H N.m.r. spectra in CDC13
(Figure 2): [RuCl2(PMePh2)2(C,H8)] (VI) r 6-68 (protons
1, 4), 6-88 (2, 3, 5, 6), 8-98 (a, b), 2-00—2-60 (phenyl multi¬
plet), 7-47 (1:2:1 'triplet,' PMePh2); [RuC12(CO)-
(PMePh2)3) (IVa) 7-82 (triplet) (2) and 8-25 (doublet) (1).

When excess of PMePh, was used, the same work-up

procedure gave a yellow solid (Found: C, 60-1; H, 5-3%).
This material had a very similar i.r. spectrum to the solid
obtained earlier, but contained an extra peak in its 1H
n.m.r. spectrum at t 8-30. When the mixture was dissolved
in CH2C12 (green solution) and reprecipitated on addition of
diethyl ether, a yellow powder and orange crystals were
obtained. The orange crystals are identical (i.r. and XH
n.m.r. spectra) to [RuCl2(PMePh2)4].16

Complex (I) and 2,2'-bipyridyl (bipy). Complex (I)
(0-20 g) and bipy (0-045 g; 1:1 molar ratio) were heated
under reflux in CH2C12 (100 cm3) under a nitrogen atmo¬
sphere for 12 h. The resulting yellow precipitate of
[{RuCl2(CO)(bipy)}re] (vco at 1 940 cm"1) was filtered, then
washed with CH2C12, methanol, and diethyl ether, and
finally dried in vacuo at 40 °C (58%). This product was
insoluble in all common organic solvents. I.r. spectrum
(400—250 cm"1): 344m; 322w; and 278w cm"1. The
remaining orange solution was reduced in volume
and diethyl ether added giving a white precipitate of
[Ph3(PhCH2)P]Cl. The residual solution was treated with
pentane to give an orange precipitate of benzyltriphenyl-
phosphonium (2,2'-bipyridyl)carbonyltrichlororuthenate(u)
(20%) (vqo at 1 926 cm"1), recrystallised from dichloro¬
methane-pentane [A (0-001m) 15-0 ft 1 cm2 mol"1 in CH2C12].
When the reaction was stopped after 1 h, the complex
[{RuCl2(CO)(bipy)}n] was present but the solution only
contained starting materials. When the complex [{RuC12-
(CO)(bipy)}n] and [Ph3(PhCH2)P]Cl were heated under
reflux in CH2C12 for 12 h, a very small amount of
[Ph3(PhCH2)P][RuCl3(CO)(bipy)] was isolated from the
solution. Using an excess of bipy, an orange precipitate
(vco at 1 952 and 1 918 cm"1) analysing reasonably closely
for [(RuC12(CO)(bipy)}„] was obtained (Found: C, 40-6; H,
2-7; N, 8-7. Required: C, 37-1; H, 2-2; N, 7-9%).
I.r. spectrum (400—250 cm"1): 336w; 321m; 300w; and
270w cm"1. The residual solution contained the complex
[Ph3(PhCH2)P][RuCl3(CO)(bipy)] (orange) contaminated
by a very small amount of purple material (t.l.c. evidence).
Similarly, reaction of complex (I) and 1,10-phenanthroline
(1:1 molar ratio) in CH2C12 gave an insoluble yellow
precipitate of [{RuCl2(CO)(phen)}„] (57%) (vco at 1 945 cm"1)
and orange [Ph3(PhCH2)P][RuCl3(CO)(phen)] (20%) (vco
at 1 925 cm"1) [A (0-001m) 13-2 ft"1 cm2 mol"1 in CHjClJ.

Hydrogenation Experiments.—Complex (I) (0-20 g) and
triphenylarsine (0-20 g; 1:2 molar ratio) were heated under
reflux in dichloromethane under a nitrogen atmosphere for
ca. 30 min. Then the complex [RhCl(PPh3)3] (0-05 g) was
added to the reaction mixture and hydrogen passed through
the solution under reflux for a further 2 h. Reduction in
volume of a portion of this solution, followed by addition
of diethyl ether, gave an orange solid identified as
[Ph3(PhCH2)P][RuCl3(CO)(AsPh3)2], (II). Treatment of
the filtrate with pentane gave a yellow solid. This was a
mixture (t.l.c. evidence), conducting, and its n.m r. spectrum
in CDC13 showed extra peaks at t 8-60, 8-74, and 8-90
(cf. norbornene: 19 -r 8-43, 8-68, 8-93, and 9-06). The
remainder of the solution was hydrogenated for a further
hour. The orange complex (II) and the yellow solid were
isolated by the same method as above and analysis of the
latter product was consistent with a mixture of [RuC12(CO)-
(AsPh3)(C7Hs)] and [Ph3(PhCH2)P][RuCl3(CO)(AsPh3)-
(C,H10)] (Found: C, 56-3; H, 4-3%). Similarly, when the
reaction was repeated but the CH2C12 solution was simply

* We thank Dr. E. S. Switkes for the preparation of this
complex.
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reduced in volume and a *H n.m.r. spectrum obtained,
additional resonances occurred at x 8-26, 8-76, and 9-14
which shows that these peaks do not arise because of the
work-up procedure. Under the same conditions, no such
evidence for hydrogenation was found using a mixture of
either [RhCl(PPh3)3] and C7H8 or [RhCl(PPh3)3], C7H8, and
AsPh3. Similarly, hydrogenation of dichloromethane solu¬
tions of complex (I), PMe2Ph, and [RhCl(PPh3)3] for 4 h
gave a solution with additional 1H n.m.r. signals at x 8-29,
8-42, and 9-14. No additional resonances were found when

solutions of [RhCl(PPh3)3], C7H8, and PMe2Ph were treated
with hydrogen under the same conditions.

We thank Johnson Matthey Ltd. for generous loans of
ruthenium trichloride, the National A. University of
Mexico for a fellowship (to L. R. R.), Dr. A. S. F. Boyd for
obtaining the 31P and 13C n.m.r. spectra, and Mr. J. Miller
for the 3H n.m.r. spectra.

[3/2521 Received, 10th December, 1973]
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8.1 INTRODUCTION

The chemistry of these ligands is discussed under the same headings as in
MTP International Review of Science,, Series One\ However, because of the
restrictions of space, the chemistry is not sub-divided into triads, and dia¬
grams are restricted to a minimum.

8.2 ARENE-METAL CARBONYL COMPLEXES

As in the earlier review', most of the recent work published in this area has
dealt with the arene-Cr(CO)3 compounds. Chromium n complexes of both

287
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pyrrole and some of its jV-substituted derivatives have been prepared for the
first time; with 1-phenylpyrrole, the Cr(CO)3 group coordinates either with
the pyrrole or the benzene ring2, whereas with 2-phenylpyrrole, Cr(CO)6 and
Mn2(CO)10, complex (1) is formed3. Migration of a Cr(CO)3 group from a
six- to a five-membered ring has been proposed to account for the ]H n.m.r.
spectral changes produced by addition of base to fluorene-chromium tri-
carbonyl4. Reaction of Cr(CO)6 and Ph2AsCH2AsPh2 in decane gives (2)s,
whereas with tri(o-tolyl)phosphine and M(CO)6 (M = Cr, Mo, W) complex (3)
is produced6. Complexes of a,/?,y,(5-tetraphenyl-porphin and its metal
chelates with Cr(COj3 have also been synthesised7.

Binuclear species [(arene)2Cr2(CO)„]+ (n = 0, 1,2, 3) have been detected
in the mass spectra of arene-Cr(CO)3 complexes8 and ionisation and appear¬
ance potential measurements reported'. Separation of an isomeric mixture of
(2,3-dimethylnaphthalene)chromium tricarbonyl has been achieved by means
of high-speed column liquid chromatography10. A normal-coordinate
analysis of C6H6Cr(CO)3 has been presented, incorporating a sixfold sym¬
metry for the benzene ring11. However, more recent low-temperature, x-ray
and neutron-diffraction studies on C6H6Cr(CO)3 indicate some distortion of
the molecule, consistent with a threefold symmetry of the benzene ring12.

More examples of carbonyl replacement in arene-Cr(CO)3 complexes
giving (arene)Cr(CO)2X [X = SiHCl313, C(OMe)C6H514, P(C5H4FeC5H5)315]
have been reported. The factors influencing the ease of protonation in arene-
Cr(CO)3 and arene-Cr(CO)2PPh3 complexes have been discussed16, and a
"H n.m.r. spectroscopic method of distinguishing between metal or ring attack
by hydride ion on these compounds has also been outlined17. Several investi¬
gators have examined the effect of complexation of a Cr(CO)3 group18 on
arene ring substituent reactivity. Arene-M(CO)3 compounds (M = Cr, Mo,
W) are also effective homogeneous catalysts in promoting Friedel-Crafts-
type reactions" and the affinity of these compounds for halide ion is demon¬
strated by the ready formation of such compounds as (R4N)3[(CO)3MX3M-
(CO)3] and (R4N)2[(CO)3MX2M(CO)3] (X = F, CI, Br, I, etc.)20.

A wide range of nucleophilic addition reactions to [(arene)Mn(CO)3] +
cations giving substituted cyclohexadienyl compounds has been reported21.
In contrast, reaction with primary alkylamines gives arene-Mn(CO)2CONHR
complexes22. With (C6H5_„Me„CN)Mn(CO)3, oxidation with eerie ion
liberates the cyano-arenes, C6H5_„Me„CN, whereas thermal decomposition
in polar solvents generates (arene)Mn(CO)2CN23. The latter undergo facile
electrophilic attack on the coordinate cyano group, giving, for example, with

f Ph3CBF4, the [(arene)Mn(CO)2CNCPh3]+ cation24.

.Cfv / L IM

OC | AsPhj OC | CO
CO CO

(2) (3)(1)
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Reaction of YCCo3(CO)9 (Y = F, Me, Ph)and arenes gives YCCo3(CO)6-
(arene)25 and full preparative and spectroscopic details for the compounds
(arene)Co4(CO)9 are now available26.

8.3 CYCLOHEPTATRIENE AND CYCLOHEPTATRIENYL
COMPLEXES

The preparation of C7H8Cr(CO)2L [L = PPh3, P(OPh)3] by photochemical
reactions of C7H8Cr(CO)3 and L has been reported27. In contrast, thermal
reactions of C7H8Cr(CO)3 with nitriles28 or isocyanides29 give /ac-[X3Cr-
(CO)3]. Reaction of (/F-C7H7)M(CO)2I (M = Mo, W) with various tertiary
phosphines and phosphites gives (/)7-C7H7M(CO)LI which, in some cases,
appears to exist in two different isomeric forms30. 13C n.m.r. studies on
L'M(CO)3 (M = Cr, Mo, W; L' = arene or triene) indicate stronger metal-
triene than metal-arene bonds31, e.g. YCCo3(CO)6(triene) is readily synthe-
sised from YCCo3(CO)6(arene) and triene25. An x-ray structure of (tropone)-
chromium tricarbonyl reveals a non-planar ring and h6 coordination32. In
contrast, structural33 and spectroscopic studies34 on [H2B(3,5-Me2Pz)2]C7H7-
(CO)2Mo and related compounds indicate h3-C1 H7 bonding and stereo¬
chemical non-rigidity.

Reaction of [(/!6-C7H8)Mn(CO)3]BF4 made by hydride abstraction from
(/i5-C7H9)Mn(CO)3 with X" (X = H, OMe, OEt, etc.) gives the 6-exo-
substituted cycloheptadienyl compounds, (/;5-C7H8X)Mn(CO)335. The com¬
pound (/i5-C7H7)Mn(CO)3 has been synthesised by low-temperature photo¬
chemical decarbonylation of C7H7COMn(CO)5, and its fluxional properties
compared with those of the isoelectronic [(/;5-C7FI7)Fe(CO)3] + ion36. Other
papers published in this period on iron-triene chemistry are mainly concerned
with various aspects of the organic chemistry of (/i4-C7H8)Fe(CO)3. These
include electrophilic substitution and addition studies37, reaction with tetra-
cyanoethylene38 and reaction with base39. In the latter paper, evidence for
[C7H7Fe(CO)3]~ is presented. Organic reactions of cycloheptatrienon'e-40,
cycloheptadienone-40 and heptafulvene-iron tricarbonyls41 are also discussed
and the chemistry of the latter compound is compared with that exhibited by
(heptafulvene)chromium tricarbonyl42 where h6 coordination is present.
Finally, the structure of C7H8Fe2(CO)6 has been published43.

8.4 METAL-ARENE COMPLEXES

Oxidation of [(Me6C6)3M3X6]+ (M = Nb, Ta; X = CI, Br) (see Ref. 1) gives
compounds of empirical formula [(Me6C6)3M3X6]2 + . These are formulated
as the hexanuclear cations [(Me6C6)6M6X12]4+ on the basis of their dia-
magnetism and close similarity with the well-known [(M6X12)Y6]"~ {n =2, 3,
4) complexes44.

Normal-coordinate analysis of molecular vibrations has been performed
for Cr(C6H6)2 assuming D6h symmetry45 and the calculated mean amplitudes
show excellent agreement with electron-diffraction data46. Convenient methods
of synthesising pure Cr(arene)2 (arene = cumene, m-di-isopropylbenzene),
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Cr(arene)(PF3)3 (arene = C6H6, C6F6, etc.) and Fe(C6H6)(PF3)2 by co-
condensation reactions have been reported recently by Timms et al."; a new
improved synthesis of [Fe(C6H6)2](PF6)2 (79% yield) via FeCl3, A1C13 and
benzene has been described also48. Isotopic hydrogen exchangein [Cr(arene)2]"+
(« = 0, 1) has been demonstrated by Russian workers49 and the rate constants
for these reactions given.

A series of excellent papers by Green and co-workers on the reactions of
[bis(arene)]molybdenum(0) complexes has appeared. Treatment with tertiary
phosphines or phosphites (L) gives C6H<,MoL350 which, for L = PMePh2
and PMe2Ph, are readily protonated to give both [C6H6MoL3H]+ and
[C6H6MoL3H2]2+ cations50-51. Reaction with allyl chloride gives [(arene)-
Mo(//3-C3H5)C1]2 (4) which undergoes bridge cleavage with PR3 giving
(arene)Mo(/;3-C3H5)(PR3)Cl52'53. Reduction of this compound with NaBH4
in the presence of excess PR3 gives C6H6Mo(PR3)3, except for R = Ph when
(arene)Mo(PPh3)2H2 is formed52- 53. This dihydride reacts with nitrogen to
form either (5) or (6) from which dinitrogen can be displaced by carbon
monoxide to give (arene)Mo(PR3)2C053. Further reactions of (4) with
butadiene, allylmagnesium chloride, 2,2'-bipyridyl, etc. have also been
outlined51 and (4) is shown to act as a homogeneous catalyst for the poly¬
merisation of dienes and related reactions54.

The compounds [(/;6-arene)RuX2]2 (arene = C6H6; X = CI, Br, I, SCN55;
arene = C6H5Me, p-MeC6H4CHMe2, etc.; X = CI56) have also been fully
characterised. Reaction with PR3 gives (arene)RuX2PR355- 56 and x-ray
analyses56 of (arene)RuCl2(PMePh2) (arene = C6H6, /j-MeCfcP^CHMej)
reveal that the ruthenium-carbon distances occur as one set of four equivalent
short bonds and one set of two equivalent long bonds, an asymmetry attri¬
buted to the larger trans-bond weakening property of the tertiary phosphine.

' The arene dimers also react with R2Hg (R = Me, Ph) and then PPh3, giving
(/i6-C6H6)Ru(R)Cl(PPh3) and with tetra-allyltin to form (/!6-C6H6)RuCl-

( (/i3-C3H5)57; reaction with cyanide and hydride ion forms cyanocyclohexa-
dienyl and 1,3-cyclohexadiene complexes respectively (2H n.m.r. spectral
evidence)55.

Full details of the structures of MH(C10H7)(Me2P(CH2)2PMe2) [M = Ru,
Os] have now been reported58 and the structure proposed earlier for
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Ru(C6Me5)2, namely (/!6-C5Me6)Ru(/i4-C6Me6), has been verified by x-ray
analysis59.

8.5 MIXED SANDWICH COMPLEXES

The first compound containing both a cycloheptatrienyl and a cyclohepta-
dienyl ring, (/)7-C7H7)Ti(/)5-C7H9), has been reported60. Reaction of VCl4,
i-C3H7MgBr and cycloheptatriene gives V(/;6-C7H8)2, which undergoes
stepwise hydride abstraction with Ph3CBF4 to give (/!7-C7H7)V(/i6-C7Hg)BF4
and then V(/!7-C7H7)2(BF4)2". An alternative synthesis of the previously-
reported (/;7-C7H7)Cr(/74-C7H10)62 has also been published6'. A range of
substituted cycloheptatrienyl complexes (/i7-C7H6X)V(/!5-C5H5) and (h1-
C7H6X)V(CO)3 (X = Me, Ph, etc.) has been reported and their mass spectra
thoroughly discussed63. E.S.R. and 'H n.m.r. spectra for the compounds
(//5-C5H5)Cr(/;6-C6H6)and (/;5-C5H5)Cr(/z7-C7H7) have been recorded and the
magnetic parameters related to ring size and the total charge of the complexes64.
The compound (/75-C5H5)Ru(/;6-C6H6)C1 has been synthesised via [(/j6-C6H6)-
RuC12]2 and T1C5H557 and the related (/i5-C5H5)Ru(/)6-PhBPh3) has been
obtained by reaction of (/25-C5H5)Ru(PPh3)2Cl and NaBPh465. Reaction of
[(//5-C5H5)Fe(/;6-C6H6)]+ cations (arene = biphenyl, diphenylmethane, etc.)
with ferrocene in the presence of a Lewis acid gives novel dications of type
(7)66 whereas reaction of bis(indenyl)iron with BF3Et20 induces intramole¬
cular ligand exchange giving the cationic arene compound (8)67. The mono-
meric dications [(/!5-C5Me5)M(/!6-arene)]2+ and monocations [(/j5-C5H5)M-
(7t-pyrrole)]+ (M = Rh, Ir) have been synthesised from (/is-C5Me5)M-
(0C0CF3)2H20. The former, but not the latter, reacts with nucleophiles,
giving exo-substituted cyclohexadienyl monocations68. Finally, displacement
of diene from [Rh(diene)2]BF4 with arenes69-70 or cycloheptatriene69 gives
[(diene)Rh(arene)]BF4 and [(diene)Rh(C7H8)]BF4 (diene = C7Hg, C8H12)
respectively; the mono-ene complex [(C2H4)2Rh(arene)]BF4 may be pre¬
pared from Rh(C2H4)2(acac), Ph3CBF4 and arene69.

(CH2)n
2*

(7) (8)

8.6 COMPLEXES OF LARGER RING TRIENES

The three dimensional x ray structure of all trans (cyclododeca 1,5,9 triene)
nickel has been determined71 and evidence presented for the analogous Cu1
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complex72. Proton addition to (bicyclo[6,l,0]nonatriene)molybdenum tri-
carbonyl (9) produces a 71-* a rearrangement giving (10)73. The x-ray
structure of (bicyc!o[4,4,l]undeca-l,3,5-triene)chromium tricarbonyl reveals
the presence of a six ^-electron homoaromatic ring74.

HSOj F / SO^

MO(CO)3 (CO)3MO—H
(9) (10)

Other compounds of higher ring trienes published in this period do not
involve hb or h1 coordination. However, interested readers should consult the
following papers: cobalt, rhodium and iridium cyclo-octa-trienes75 and
-trienyls76; reaction of Ru3(CO),2 with cyclododeca-l,5,9-triene77; reactions
of Fe2(CO)9 with m-(bicyclo[6,2,0]deca-2,4,6-triene)78, semi-7' and aza-
bullvalene80 and iron, chromium and molybdenum compounds of anti-l,i-
benzotricyclo[4,2,0,0]deca-3,7,9-triene8t.

8.7 MISCELLANEOUS COMPLEXES

Although none of the compounds exhibit hb or hi1 coordination, work on
titanium82- 83, vanadium83, zirconium84, iron85, ruthenium86 and osmium86
cyclo-octatetraenes may be included for completion.
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Synthesis and Rearrangement Reactions of Dihalogenotris- and Dihalo-
genotetrakis-(tertiary phosphine)ruthenium(u) Compounds1
By Peter W. Armit, Alan S. F. Boyd, and T. Anthony Stephenson,* Department of Chemistry, University of

Edinburgh, Edinburgh EH9 3JJ

The reactions of [RuCI2(PPh3)4] with several tertiary phosphine ligands in various solvents have been examined.
Whereas prolonged reaction in ethanol or dichloromethane leads to the well known ionic dimers [Ru2CI3L6] CI
(L = PEtPh2. PEt2Ph, or PMe2Ph), reaction in non-polar solvents such as hexane or light petroleum (b.p. 60—80 °C)
produces neutral complexes. For L= PEtPh2. [RuCI2(PEtPh2)3] has been isolated although this readily converts
to the triple chloride-bridged dimer [(Ph2EtP)3RuCI3RuCI(PEtPh2)2] in non-polar and [Ru2CI3(PEtPh2)6]CI in
polar media. For L = PEt2Ph and PCIPh2, only [L3RuCI3RuCIL2] can be isolated although 31P n.m.r. studies
indicate the presence of [RuCI2(PEt2Ph)3] in the reaction mixture. For L = PMe2Ph, c/'s-[RuCI2(PMe2Ph)4] is
formed although this very readily rearranges to [Ru2CI3(PMe2Ph)6]CI. Preliminary studies indicate that similar
compounds are formed from [RuBr2(PPh3)4]. All these compounds {including [RuCI2(PPh3)3 and 4]} have been
extensively studied by variable-temperature 31P n.m.r. spectroscopy and an overall mechanism for the rearrangement
reactions of all tertiary phosphine complexes of type [RuX2L3 or 4] is proposed.

The reaction of ' RuC13-30H2 ' with triphenylphosphine
is a function of reaction time and solvent. Thus, in
methanol,2,3 ethanol,3 or isopropyl alcohol 3 at reflux for
several hours [RuCl2(PPh3)3] is formed, whereas shaking
the reaction mixture at room temperature yields
[RuCl2(PPh3)4].2 Prolonged reaction at room tempera¬
ture using a 1 : 2 ratio of ruthenium to PPh3 gives
[RuCl3(PPh3)2(HOMe)] 2 whereas the reactants in iso-
butyl alcohol or cyclohexanol yield [{RuCl2(PPh3)2}„] 3
{which can also be made by heating [RuCl^PPh^g] under
reflux in methyl ethyl ketone 4}. Solvents such as 2-
methoxy- and 2-ethoxy-ethanol take part in the reaction
itself, producing [RuH(Cl)(CO)(PPh3)3] 3,5 and [RuC12-
(CO)(PPh3)2] 3 respectively.

In contrast, trialkyl-, dialkylaryl-, and alkyldiaryl-
phosphines react with ' RuC13*30H2 ' in aqueous ethanol6
(or 2-methoxyethanol7) to give the triple chloride-
bridged compounds [Ru2C13L6]C1 f (L = phosphine)
which do not react with an excess of phosphine to give
[RuC12L4].8 Under acid conditions, however, [RuC13L3]
have been isolated.8,11 Bulky phosphines such as
PBun3 or PPrn3 react in ethanol during 72 h to give
[{RuClgLJJ and [L2C1RuC13RuC1L2] with no evidence
for mononuclear compounds.12 In contrast, related
ligands give monomeric Ru11 compounds | RuC12L'3 or 4]
(L' = PHR2,13 AsR3,8,u or SbPh3 15) and there is no
evidence for compounds with tri-|j.-halogeno-bridges.

t Analogous dimeric cations are formed with P(OR)2Ph,
P(OR)Ph2 (R = Me or Et),» and P(OR), (R = Me or Et) 10
by reaction of [{RuClz(C,H9)}„] with excess of ligand and Na[BPh4]
in methanol.

J Recent examples include [RuCl2{P(C4H4Me-/,)3}3 »n,i 4],18
[RuCl2{PMe2(CH2Ph)}4]," and [RuCl2(PF3)2(PPh3)2].>8

§ In ref. 1 we erroneously formulated these as monomeric
[RuXtLs] species on the basis of elemental analyses alone.

1 Preliminary communication, P. W. Armit and T. A. Stephen¬
son, J. Organometallic Chem., 1973, 57, C80.

3 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear
Chem., 1966, 28, 945.

3 R. K. Poddar and U. Agarwala, Indian J. Chem., 1971, 9,
477.

4 J. D. Gilbert and G. Wilkinson, J. Chem. Soc. (A), 1969,
1749.

4 L. Vaska and J. W. Di Luzio, J. Amer. Chem. Soc., 1962,
83, 1262.

' J. Chatt and R. G. Hayter, J. Chem. Soc., 1961, 896.
' M. S. Lupin and B. L. Shaw, J. Chem. Soc. (A), 1968, 741.
8 J. Chatt, B. L. Shaw, and A. E. Field, J. Chem. Soc., 1964,

3466.

Thus, although some monomeric tertiary-phosphine
halide complexes of Ru11 are known, { no general synthe¬
sis is available and this we set out to find.

RESULTS AND DISCUSSION

It has been shown that when [RuX2(PPh3)4] (X = CI
or Br) are heated under reflux with excess of triaryl
phosphites in dichloromethane, ethanol, or hexane the
corresponding [RuX2L4] compounds [L = P(OPh)3, etc.]
are produced.19 Our studies now show that the cor¬

responding ligand-exchange reactions involving tertiary
phosphines are much more sensitive both to the nature
of the solvent and to the phosphine used. Thus, when
[RuX2(PPh3)4] were heated under reflux for prolonged
periods with a six-fold excess of tertiary phosphine in
either ethanol or dichloromethane the sole products were
[Ru2X3L6]X, whereas when the same reaction was carried
out in hexane (or light petroleum, b.p. 60—80 °C) neutral
tertiary phosphine complexes of ruthenium (n) could be
isolated. For L = PMe2Ph, PEtPh2, and PEt2Ph and
PClPh2, [RuX2L4], [RuX2L3],and [L2XRuX3RuL3] § were
formed, respectively. The mononuclear species undergo
facile rearrangement in solution in a complex fashion
which we have analysed mainly by 31P n.m.r. and far-i.r.
(400—150 cm"1) spectroscopy. These results are dis¬
cussed separately for each phosphine, together with a
proposed overall mechanism for the rearrangement reac¬
tion in solution of all tertiary phosphine compounds of
type [RuX2L3 or 4],

" D. A. Couch and S. D. Robinson, Inorg. Chem., 1974, 13, 456.
10 D. A. Couch and S. D. Robinson, Inorg. Chim. Acta, 1974,

9, 39.
11 J. Chatt, G. J. Leigh, D. M. P. Mingos, and R. J. Paske,

J. Chem. Soc. (A), 1968, 2636.
12 J. K. Nicholson, Angew. Chem. Internat. Edn., 1967, 6, 264;

G. Chioccola, J. J. Daly, and J. K. Nicholson, ibid., 1968, 7,
131; G. Chioccola and J.J. Daly, J. Chem. Soc. (A), 1968, 1981.

13 J. R. Sanders, J. Chem. Soc. (A), 1971, 2291 and refs.
therein.

14 M. M. T. Khan, R. K. Andal, and P. T. Manoharan, Chem.
Comm., 1971, 561.

15 B. E. Prater, J. Organometallic Chem., 1972, 34, 379.
18 W. H. Knoth, J. Amer. Chem. Soc., 1972, 94, 104.
17 R. L. Bennett, M. I. Bruce, and F. G. A. Stone, J. Organo¬

metallic Chem., 1972, 38, 325.
18 R. A. Head, J. F. Nixon, J. R. Swain, and C. M. Woodard

J. Organometallic Chem., 1974, 76, 393.
18 J. J. Levison and S. D. Robinson, J. Chem. Soc. (A), 1970,

639.
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(a) L = PPh3.—Although the compounds [RuX2-
(PPh3)J (X = CI or Br; * = 3 or 4) were first reported
in 1966,2 few studies have been made to ascertain the
nature of the species present in solution {cf. the numerous
studies on the related [RhCl(PPh3)3]}.20 In the original
paper reporting the preparation of these compounds,
osmometric molecular-weight determinations in acetone
on [RuCl2(PPh3)3] and [RuCl2(PPh3)4] gave values of
about a third and a half respectively of those required for
a monomer and it was therefore suggested that extensive
dissociation of both compounds occurs in solution
[equations (1) and (2); L = PPh32]. Recent, spectro¬
photometry studies21 in deoxygenated benzene sup¬
ported these conclusions showing that [RuCl2(PPh3)4] was

[RuC12L4] [RuCl,LJ + L (1)
[RuCljLg]^ [RuC12L2] + L (2)

completely dissociated in solution and that a 10~3m
solution of [RuCl2(PPh3)3] was ca. 80% dissociated at
298 K [K for equation (2) was calculated to be (2.7 ±
0.5) X 10~3 mol l"1].* We have now examined the
variable-temperature proton-noise-decoupled 31P n.m.r.
spectra of more concentrated solutions of these com¬
pounds (ca. 0.01—0.1m) in an attempt to identify more
directly the species present in solution.f

Thus, the spectrum of [RuCl2(PPh3)3] in deoxygenated
CDC13, at ca. 200 K (ca. 0.1m), consisted of two strong
signals at 25.0 and 75.8 p.p.m. of relative intensity 2 : 1
[Figure 1(a)]. At 173 K in CH2C12-(CD3)2C0 these
signals were resolved into a doublet and triplet pattern
respectively [/(PP) 30.3 Hz] which is consistent with the
square-pyramidal structure (I) established for the com¬
pound by X-ray analysis.23 In addition [Figure 1(a)]
there were some weak peaks centred at 56.0 p.p.m. which
comprise an AB pattern [/(PP) 42 Hz, S(P1P2) 320 Hz]
and a small singlet at —7.3 p.p.m. (free PPh3) also of
relative intensity 2:1. On raising the temperature the
intense signals first broadened and then coalesced (ca.
250 K) and finally gave a sharp singlet (>290 K) at 41.1
p.p.m.; the smaller peaks broadened and coalesced at
slightly higher temperatures (ca. 290 K), but the free
PPh3 signal remained sharp to ambient temperature
although it shifted slightly to lower field [see Figure
1 (b) and (c)]. On lowering the temperature, the spectrum
shown in Figure 1(a) was produced. In C6D6-toluene
(ca. 0.01m) at ca. 220 K the same spectrum as in Figure
1(a) was observed except that the AB pattern at 57.6
p.p.m. and the free PPh3 peak were much more intense
in comparison to the [RuCl2(PPh3)3] signals [Figure 1 (d)].
On addition of free PPh3 the AB pattern disappeared,
indicating the resonances arise from a dissociation pro¬
duct of [RuCl2(PPh3)3],

* 1m = 1 mol dm"3.
t Although some of our results are very similar to those briefly

reported by Caulton 22 whilst this work was in progress, we pro¬
pose to give them in detail here because they are of use in inter¬
preting the more complicated behaviour observed with the other
[RuX2(PR3)3 or 4] compounds in solution.

20 For detailed references see C. A. Tolman, P. Z. Meakin,
D. L. Lindner, and J. P. Jesson, J. Anter. Chem. Soc., 1974 96
2762.

These observations are indicative of only slight dis¬
sociation (ca. 5%) of [RuCl2(PPh3)3] at 0.1m concen¬
tration, considerable dissociation at 0.01m (ca. 30%),

250

-7-3

W -6-3

AM

Id

56 0

57-6

(d)

76-5

-5-3

-6-9

26-9

Figure 1 S1P N.m.r. spectra of [RuCl2(PPh3)3] (ca. 0.1m) in
CDC13 at (a) 200, (b) 260, and (c) 308 K, and (d) in C,D,-toluene
(ca. 0.01m) at 220 K

rapid scrambling of equatorial and apical PPh3 groups
above 200 K in (I) probably via an intramolecular
pseudo-rotation mechanism [since the resonance line-

21 B. R. James and L. D. Markham, Inorg. Chem., 1974, 13,
97.

22 K. G. Caulton, J. Amer. Chem. Soc., 1974, 96, 3005.
23 S. J. La Placa and J. A. Ibers, Inorg. Chem., 1965, 4, 778.
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shapes of (I) appear concentration independent], and
slow intermolecular exchange between free and bound
PPh3 groups of either of the ruthenium complexes present
in solution. The AB resonance pattern is attributed to

CI

CI L

(1)

L I /CI /CInj/ \ /
JlRu Ru
/ \ /|\CI CI L

II)

2[RuC12L3] [{RuCljLgjg] + 2L (3)

of excess of PPh3. This behaviour of [RuCl2(PPh3)4] is
reminiscent of that reported for ML4 compounds (M =
Ni, Pd, or Pt; L = PPh3, etc.)25 which are substantially
dissociated into ML3 and L at ambient temperature.
A suggestion made by Tolman et al.25 could also be valid
here, namely that the tetrakis complex might be best
represented as [RuCl2(PPh3)3*PPh3] with one PPh3
group trapped in the lattice. This suggestion is sup¬
ported by the similar colours of [RuCla(PPh3)3 and 4]
{of. [Ni(PPh3)4] and [Ni(PPh3)8]}.^

As noted earlier,2 solutions of [RuCl2(PPh3)3] are
extremely sensitive to oxygen, rapidly changing from
yellow-brown to green with the formation of Ph3PO.

the dissociation compound [{RuCl2(PPh3)2}„] and, like
Caulton,22 we conclude that such a pattern is incompat¬
ible with a monomeric [RuCl2(PPh3)2] species {only a 31P
n.m.r. singlet is expected for tetrahedral or square-planar
configurations and stabilisation of a cis-octahedral
compound [RuCyPPh^^solventy is very unlikely in
solvents such as CDC13 or toluene}, but it is consistent
with a dimeric structure of type (II).*

Thus we suggest that equilibrium (2) should be re¬
formulated as (3).| This equilibrium is analogous to

[RuCl2(PPh3)3] + 1.50, • 3Ph3PO RuCL (6)
Cenini et al.26 postulated the formation of an intermediate
oxygen complex [RuCl2(02)(PPh3)2] during this process
although no direct evidence has been found.

-9-3

that now established for the behaviour of [RhClL3]
[L = PPh3 or P(C6H4Me-/>)3] in solution 20 [equation (4)],
although earlier spectrophotometric studies 24 (for L =

PPh3) were erroneously interpreted in terms of equi¬
librium (5). Therefore, with the modification that there

2[RhClL3] ^ [{RhClL2}2] + 2L (4)
[RhClLg] [RhClL2] + L (5)

is a monomer-dimer, (3), and not a monomer-monomer
equilibrium, (2), for [RuCl2(PPh3)3] in low polarity
solvents, these 31P n.m.r. results are in excellent agree¬
ment with those of the recent spectrophotometric
studies.21

For [RuCl2(PPh3)4] (ca. 0.1m), s1P n.m.r. measurements
show even at 153 K in CH2C12-(CD3)2C0 (Figure 2)
complete dissociation into [RuCyPPhjy and PPh3.
On raising the temperature coalescence of the two
signals from [RuCla(PPh3)a] occurred but there is no
evidence of the weak peaks at 56,0 p.p.m. This is
further confirmation that these signals are due to a dis¬
sociated species since they are suppressed in the presence

* By analogy with [RuCl,(PPh,)a], we have assigned this a
square-pyramidal structure although there is no reason why
it should not be trigonal bipyramidal or even octahedral by
inclusion of solvent molecules.

t James and Markham " also considered the possibility of
equilibrium (3) instead of (2) but concluded that at IIP'm concen¬
trations significant amounts of dimers such as [{RuCl,(PPha)a-
(solvent)},] are unlikely to be present. However, these "P
n.m.r. studies clearly show that the same dissociation product is
present at 0.01 and 0.1m concentrations in C,D,-toluene or
CDC1, and that its spectral pattern is compatible with a dimeric
structure. However, it is possible that at even lower concen¬
trations significant amounts of a monomeric species are in fact
present.

23-3

750

■//- 8 /ppm
Figure 2 alP N.m.r. spectrum of [RuCla(PPh,)a] (ca. 0.1m)

in CH,Cl,-(CDs),CO at 153 K

Therefore, we examined the 31P n.m.r. spectra of
[RuCla(PPh3)s and 4] in the presence of small amounts of
air. When the sealed tube was open to air for short
periods, the CDC13 solution (at 308 K) turned greenish
brown and the 31P n.m.r. spectrum showed an extra
strong sharp resonance at 29.4 p.p.m. corresponding
closely to that of free Ph3PO. Addition of some Ph3PO
to this solution produced virtually no shift indicating
that it does not arise from a Ru(OPPh3) compound in
rapid exchange with free Ph3PO. The formation of
Ph3PO was accompanied by a substantial decrease in the
intensity of the resonance at 41.2 p.p.m. (and an increase
in the intensity of the AB resonance pattern at 56.0

M H. Arai and J. Halpern, Chem. Comm., 1971, 1571.
85 C. A. Tolman, W. C. Seidel, and D. H. Gerlach, J. Amer.

Chem. Soc., 1972, 94, 2069.
" S. Cenini, A. Fusi, and G. Capparella, Inorg. Nuclear Chem.

Letters, 1972, 8, 127.
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p.p.m.), but when excess of PPh3 was present {or
alternatively when solutions of [RuCl2(PPh3)4] were
exposed to air} much less Ph3PO was generated. Pre¬
sumably the presence of excess of PPh3 inhibits the form¬
ation of Ph3PO by shifting equilibrium (3) even further
to the left. This is consistent with the observation that
the tris(phosphine) complex is virtually inactive as a
catalyst for this oxygenation reaction.21

Small extra singlet peaks were found in the 31P n.m.r.
spectrum of [RuCl^PPh^g] after air exposure. In
CDC13 a peak at 48.1 p.p.m., whereas in CH2C12-(CD3)2C0
extra peaks at 48.1 and 38.8 p.p.m., were observed. For

L\j>\ /LRu Ru

L/ N^l X
ct

(mi

[RuCl2(PPh3)4] these extra peaks were absent, suggesting
they arise by dissociative mechanisms. It is very
difficult to unequivocally determine the species giving
rise to these weak singlets. Possibilities for the signal at
48.1 p.p.m. are small amounts of [RuCl^PPh^J,
[RuCl2(02)(PPh3)2], a Ru(OPPh3) complex, dimers such
as (III) or (IV) with equivalent PPh3 groups, or even a
cationic Ru11 compound (see below). Since the signal
at 38.8 p.p.m. is only observed in acetone between ca. 230
and 270 K, it might arise from a solvate such as
[{RuCl2(PPh3)2(OCMe2)}„], although an ionic formulation
cannot be discounted. Clearly, exposure of these solu¬
tions to air generates additional complications which are
very difficult to analyse in detail.

An alternative dissociation path is available for
[RuCl2(PPh3)3] which would be facilitated in more polar

equilibria were important in polar solvents but no
cationic compounds were isolated.21 Also, [RuC12-
(PPh3)3] gave a pale yellow air-stable solution in nitro-
methane which had a conductivity corresponding to that
of a 1 : 1 electrolyte but attempts to isolate solid com¬

pounds by solvent removal were unsuccessful.2 How¬
ever, 31P n.m.r. studies on [RuCl2(PPh3)3] in MeN02
revealed an AB pattern centred at 46.1 p.p.m. and a
strong singlet at 27.0 p.p.m. (Ph3PO). A possible
formulation of the compound in solution based on this
evidence is [RuCl(PPh3)2(02NMe)3]Cl, (V), which is con¬
sistent with the spectrophotometry results21 and with the

L L

.CU\lCI— Ru ;Ru—CI

I \^l
L L

HZ)

recent synthesis of compounds such as [RuClL2(NCMe)3]-
[PFJ (L = PPh3, etc.) via [RuCl(C8H12)(NCMe)3][PF6].27

OjNMe

Finally, it should be noted that no evidence has been
found for any dimeric complexes containing more than
two PPh3 ligands per ruthenium atom.

(b) L = PEtPh2.—When [RuCl2(PPh3)4] was heated

Far-i.r. spectra (400-
Compound

-150 cm"1) of some ruthenium(n) phosphine complexes (shoulders in italics]
k(RUX)

[RuCl2(PPh3)3] 315s

[RuBr2(PPh3)3] 249w

[{RuCl2(PPh3)2(OC Me2)}2] 323vs, 250m

[RuCl2(PEtPh2)3] 327s

[RuBr2(PEtPh2)3] 252w
[Ru2Cl3(PEtPh2)6]Cl 250m

[Ru2C14(PEtPh2)J 312m, 260m(br)
[Ru2Cl4(PEt2Ph)s] 311s, 246s
[Ru2Cl3(PEt2Ph)6]Cl 250s

[Ru2Cl4(CO)(PPh3)4] 319s, 260m
[Ru.Cl.lCSJtPPh,),] 318s, 260m
[RuCl2(PMe2Ph)4] 292s

[RuBr2(PMe2Ph)4] 230s

[Ru2Cl3(PMe2Ph)6]Cl 241s

Other bands

298w, 284w, 275w, 266w, 257w, 235m. 230, 197m, 183m, 176w, 155w
307s, 277w, 266m, 257m, 232s, 196m, 184w
329, 290m, 280w, 267m, 260w, 239w, 224s, 216m, 196w, 192w, 182s,

164w
296w, 272m(br), 246w, 173m(br)
322w, 317w, 290w, 265m(br), 190w
296w, 269s, 208w, 180m
300w, 206w
291m, 264w, 217w, 155w
319w, 299m, 217w
284w, 270m, 250\v, 236w, 230w, 180m
308
358s, 341s, 282s, 248, 234vs, 189w
352m, 338s, 283m, 182m, 167m
288w, 263w, 177m

solvents; namely loss of CI" to produce Ru11 cations
[equations (7) and (8)]. Spectrophotometric and
conductometric studies on AW-dimethylformamide (dmf)
solutions of [RuCl2(PPh3)3] indicated that these types of

[RuC12L3] [RuC1L3]+ + CI" (7)
[RuC1L3]C1 [RuC1L2]C1 + L (8)

under reflux with excess of PEtPh2 in degassed hexane
under nitrogen for ca. 18 h green crystals were deposited
which analysed closely for the empirical formula
[RuCl2(PEtPh2)3], Likewise, reaction with [RuBr2-
(PPh3)4] gave green [RuBr2(PEtPh2)3], whereas in

27 T. V. Ashworth and E. Singleton, f. Organometallic Chem.,
1974, 77, C31.
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ethanol or dichloromethane prolonged reflux of [RuC12-
(PPh3)4] with PEtPh2 gave lemon-yellow [Ru2C13-
(PEtPh2)6]Cl, (VI). Comparison of the far-i.r. spectra
of these compounds showed that the green compound

no use in verifying this statement, confirmation was
obtained from 31P n.m.r. studies. Thus, when the green
complex was dissolved in degassed CDC13 at ca. 225 K the
31P n.m.r. spectrum consisted of two strong signals at

48-2

-14-7

la) (e)

31-9 -13 2

48 1

If)

43-0
32-0

-12-8

(g)

48-3

Id)

32-6

43 0 32-^

JXj
48-3

(h)

■vrfS

31-8

K

-13 9

'..v.-

S/ppm

73-7

32-8

La-
w».

■ 14-4

Figure 3 31P N.m.r. spectra of [RuCls(PEtPh1)3] (ca. 0.1m) in CH2C12-(CD,)sCO at (a) 195, (b) 213, (c) 233, (d) 253, (e) 273,
(/) 293, (g) 308, and (h) recooled to 213 K

contained no traces of (VI) (see Table) and that the
position of v(RuCl) was similar to that found for [RuC12-
(PPh3)3], consistent with a structure of type (I). Al¬
though the 1H n.m.r. spectrum of this compound was of

30.4 and 73.3 p.p.m. (relative intensity 2 : 1) which in
CH2C12-(CD3)2C0 at 195 K were resolved into a doublet
and triplet pattern respectively [/(PP) 30.0 Hz]. In
addition, there was a very weak broad resonance at ca.
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47 p.p.m., together with a very weak sharp peak at
ca. —13 p.p.m. assigned to free PEtPh2. Thus, by
analogy with the PPh3 studies, this indicates that the
green compound has the same structure in solution as
[RuCl2(PPh3)3] and that there is very little dissociation of
the type shown in either equation (2) or (3) at this
temperature and concentration (ca. 0.1m).

However, when [RuCl2(PEtPh2)3] was first dissolved
at room temperature and then cooled for examination,
the observed 31P n.m.r. spectra were more complicated.
Thus, at 195 K in CH2C12-(CD3)2C0, in addition to the
peaks at 29.4 and 73.7 p.p.m. {[RuCl^PEtPh^j]}, the
spectrum consisted of a broad resonance at 48.1 p.p.m., a
strong sharp resonance at —14.7 p.p.m. (free PEtPh2),
and a broad asymmetric resonance between 31 and 34
p.p.m. [Figure 3(a)]. On raising the temperature
various changes occurred. The triplet and doublet
resonances (29.4 and 73.7 p.p.m.) lost their fine structures,
broadened, and also became progressively weaker with
respect to the other peaks so that by ca. 250 K, there was
very little [RuCl2(PEtPh2)3] left in solution. At the
same time the peak at 48.1 p.p.m. became sharper and
more intense, and it can then be seen that there is a very
weak resonance on the high-field side of this sharp singlet
(at ca. 47 p.p.m.) [Figure 3(A)—3(d)]. The free phos-
phine resonance also increased in intensity and shifted
slightly to lower field and the broad resonance between
34 and 31 p.p.m. grew in intensity and became much
sharper so that by ca. 250 K it exhibited an unmistake-
able AB2 pattern [Figure 3(d)] [A 33.7, B 31.5 p.p.m.;
8(AB) 91.0, 7(AB) 27.3 Hz]. Above 250 K a broad peak
appeared at ca. 43 p.p.m. which corresponds to the
averaged position of the [RuCl2(PEtPh2)3] resonances
{cf. [RuCl2(PPh3)3]}, all the other resonances being
slightly decreased in intensity, and the AB2
resonance pattern began to broaden [Figure 3(e)], At
293 K the resonance at 43.0 p.p.m. had sharpened con¬
siderably and the AB2 set collapsed to a broadened
singlet at 32.0 p.p.m. with a strong shoulder at 33.0
p.p.m., whereas at 308 K there was a strong singlet at
32.6 p.p.m. and a weak shoulder at 32.1 p.p.m. The
other peaks were much the same except that the PEtPh2
resonance (now at —12.3 p.p.m.) was broader and weaker
than at lower temperatures [Figure 3(/) and (g)].
Finally, when this solution was left for 3 h at 308 K and
then recooled to ca. 213 K [Figure 3(A)] the spectrum was
similar to that observed earlier at this temperature
[Figure 3(A)] except for the following differences: (i) the
resonances due to [RuCl2(PEtPh2)3] and free PEtPh2
were much weaker on recooling; and (it) the various
signals between 31 and 34 p.p.m. were comparable in
position and intensity with those shown in Figure 3(A)
except that the peak at 32.8 p.p.m. [which was a weak
shoulder in Figure 3(A)] was the strongest resonance.

The same variations in 31P n.m.r. spectra with tempera¬
ture were observed for [RuCl2(PEtPh2)3] in CeDg-C6Hg
except that all the resonances were shifted ca. 2 p.p.m.
to low field and that at 308 K there was only one broad¬
ened peak at 34.3 p.p.m. This indicates that, with the

exception of the compound which forms irreversibly in
CH2C12-(CD3)2C0 and which is absent in benzene, all the
other resonances arise from non-ionic species.

The 31P n.m.r. spectrum of [Ru2Cl3(PEtPh2)g]Cl, (VI),
(made by refluxing ' RuC13-30H2 ' and excess of PEtPh2
in aqueous ethanol 6) in CDC13 at 308 K consisted of a
sharp singlet at 32.7 p.p.m. This compound does not
undergo further reaction under the experimental condi¬
tions present in this study (but see later). Next, when
[RuCl2(PEtPh2)3] was dissolved in CH2C12 at room
temperature, the solvent removed from the green solution
in vacuo, and light petroleum (b.p. 60—80 °C) added to

33-1

33-7

5 /p-p-m
Figure 4 31P N.m.r. spectrum in CDC1„ at 220 K of product

from [RuCl2(PEtPh2)3] and PEtPh2 after refluxing in ethanol
for 3 h

the sticky residue, most of the material dissolved giving
an orange-brown solution and a green residue. {[RuC12-
(PEtPh^g] is initially completely insoluble in light
petroleum (b.p. 60—80 °C).} Removal of solvent then
gave an orange-brown solid whose 31P n.m.r. spectrum at
260 K in CgDg-hexane consisted of a sharp singlet at 50.4
p.p.m. and an AB2 pattern of resonances between 33 and
36 p.p.m. (relative intensity 2:3). This AB2 pattern
has identical parameters to that shown in Figure 3(d)
(except for the low-field shift of ca. 2 p.p.m.). The
orange-brown solid analysed for [Ru2Cl4(PEtPh2)5].,
(VII), and further support for this formulatiqn comes
from molecular-weight measurements in CgHg, far-i.r.
studies which show both terminal and bridging v(RuCl)
vibrations {cf. [(Ph3P)2YRuCl3RuCl(PPh3)2] (Y = CO -iV

/•T&f
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or CS), Table), and the similarity of this data to those
for [Ru2Cl4(PEt2Ph)s] (see later).

Furthermore, when [RuCl2(PEtPh2)3] was heated un¬
der reflux with excess of PEtPh2 in ethanol for 3 h a
yellow conducting solution was formed which gave a
yellow solid on solvent removal. The 31P n.m.r. spec¬
trum of this material [which analysed closely for
'

RuCl2(PEtPh2)3 '] in CDC13 at 220 K consisted of an
AB2 pattern on which was superimposed a sharp strong
singlet at 33.1 p.p.m. {[Ru2Cl3(PEtPh2)6]Cl) (Figure 4).
Ffowever, the AB2 pattern had a different set of para¬
meters from [Ru2Cl4(PEtPh2)5], namely A 31.0, B 34.1
p.p.m., 8(AB) 126.8, 7(AB) 63.4 Hz. Similarly, reaction
of [RuCl2(PPh3)4] with excess of PEtPh2 in refluxing
ethanol for short periods gave a yellow solid with the
same 31P n.m.r. spectrum in CDC13 at 210 K as that
shown in Figure 4. However, on raising the temperature

2[rux2l4]
(IT)

(-2L)
(//I

ism shown in the Scheme. Thus, it is proposed for
L = PEtPh2 that the dissociative path (i) is of minor
importance since only a small amount of dissociation
product (II) (resonance at 47 p.p.m.) is observed under
all experimental conditions. However, associative pro¬
cesses are very important here and we suggest that
ready dimerisation of [RuCl2(PEtPh2)3], (I), occurs in
solution to give the double halide-bridged dimer, (VIII)
[step («)].* Related double halide-bridged dimers
[{RuCl2(Y)(PPh3)2}2] (Y = CS28 or CO29) have
been characterised. However, (VIII) is very un¬
stable both to phosphine loss with formation
of the triple halide-bridged [Ru2Cl4(PEtPh2)s], (VII)
[step (in)], or halide loss with formation of
[Ru2Cl3(PEtPh2)6]Cl, (VI) [step (iv)]. Also at higher
temperatures solvent cleavage of (VIII) occurs to re¬
generate (I) [step (d)]. In fact, close examination of

2 [rux2l3 ]
(I)

C)

(/')

[{rux2lj)j] + 2l
mi

ran

Scheme

to 308 K, the spectrum showed a very strong peak at
32.7 p.p.m. {[Ru2Cl3(PEtPh2)g]Cl), a weak peak at 43.1
p.p.m. {[RuCl2(PEtPh2)3]}, weak peaks at 48.5 and 32.1
p.p.m. {[Ru2Cl4(PEtPh2)5]}, -11.0 p.p.m. (free PEtPh2),
and a very weak AB2 pattern compared to that observed
at 210 K. Thus the species (VIII) giving rise to this
AB2 pattern is only stabilised at low temperature or in the
presence of excess of PEtPh2. On raising the tempera¬
ture in the absence of free PEtPh2 it rearranges to form
[RuCl2(PEtPh2)3], [Ru2Cl4(PEtPh2)5], [Ru2Cl3(PEtPh2)6]-
Cl, and free PEtPh2.

A complete rationalisation of all these experimental
observations is provided by the rearrangement mechan-

* Structure (VIII) with the three L groups cis is preferred to
the isomer with two L groups mutually trans because the former

e' likely to give a 31P AB2 resonance pattern and also
*

j ■'£ bflramse. ijt readily leads to structures (VII) and (VI) by simple
^ ie fn^raMolecular rearrangement. Furthermore, the absence of any
!\ V'' , association process for [RuCl,(PPh,)J is best explained by the

steric constraints involved in arranging three PPh3 groups cis to
. >^each other as in structures (VI), (VII), and (VIII).

Figure 3(c) shows extra signals (marked with asterisks)
in addition to those from (VII) and (I) which can be
attributed to [{RuCl2(PEtPh2)3}2], (VIII) (c/. Figure 4).
Precedents for intramolecular rearrangements of this
type are provided by the rearrangement of the related
[{RuCl2(CS)(PPh3)2}2] to [Ru2Cl4(CS)2(PPh3)3] and
of [{(r)-C5Me5)RhCl2}2] to [(r,-C5Me5)2Rh2Cl3][BPh4].3»
Thus step (iv) is favoured in polar solvents particularly in
the presence of free PEtPh2. In non-polar solvents step
(in) is dominant and no ionic dimer is formed. How¬
ever, in more polar solvents, after formation of (VII) and

| Recent studies show that this rearrangement process is
much more facile for Y = CO and that it is difficult to isolate
[{RuCl2(CO)(PPh3)2}2] without contamination from [Ru2C14-
(CO),(PPh,)J.

28 T. A. Stephenson, E. S. Switkes, and P. W. Armit, J.C.S.
Dalton, 1974, 1134.

28 P. W. Armit and T. A. Stephenson, J. Organometallic Chem.,
1974, 73, C33.

30 J. W. Kang and P. M. Maitlis, J. Organometallic Chem., 1971,
30, 127.
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free PEtPh2, slow displacement of the terminal halide
group by PEtPh2 occurs to give (VI) [step (ft)].

The observation of a broad resonance between 34 and
31 p.p.m. below 215 K which sharpened to an AB2
pattern at higher temperatures and then coalesced to a
singlet at ambient temperatures (Figure 3) appears
rather baffling at first sight. However, the high-
temperature broadening is ascribed to intermolecular
exchange of the bound phosphine groups in (VII) with
free PEtPh2 and this is readily demonstrated by addition
of excess of PEtPh2. The low-temperature broadening
which is also reversible is attributed to viscosity effects.

(c) L = PEt2Ph.—When [RuCl^PPhj)^ was heated
under reflux with excess of PEt2Ph in light petroleum
(b.p. 60—80 °C) under nitrogen for 24 h, a dark green
solution was formed. Removal of solvent gave a green
oil which on treatment with light petroleum (b.p. 60—
80 °C) deposited an orange solid. The same orange solid
separated out on allowing the reaction to proceed for
36 h. Although elemental analyses on this material were
slightly variable (see Experimental section) and it was
impossible to distinguish on this evidence alone between
[RuCl2(PEt2Ph)3] and [Ru2Cl4(PEt2Ph)5(solvent)], the
far-i.r. spectrum was very similar to that found for
[Ru2Cl4(PEtPh2)5] and [Ru2Cl4(Y)(PPh3)4] (Y = CO or
CS) (Table), the compound was dimeric in benzene, and
the 31P n.m.r. spectra in either CH2C12-(CD3)2C0 or
CDC13 from 210 to 310 K consisted of a sharp singlet at
44.3 p.p.m. and an AB2 pattern of signals at higher field
[A 39.1, B 35.4 p.p.m.; 8(AB) 84.2, J{AB) 29.0 Hz]
(relative intensity 2 : 3) (Figure 5). However, conclusive
proof that this compound was a sample of [(PhEt2P)3-
RuCl3RuCl(PEt2Ph)2] came from comparing its 31P
n.m.r. and far-i.r. spectra with a genuine sample pre¬
pared by pyrolysis of [Ru2Cl3(PEt2Ph)g]Cl in n-propyl
propionate at 120 °C.31

Attempts to isolate a green solid from this reaction
were unsuccessful. Also, when [Ru2Cl4(PEt2Ph)5] was
heated under reflux in benzene with excess of PEt2Ph a
yellowish green solution was obtained, but removal of
solvent only gave the orange starting material. How¬
ever, a 81P n.m.r. spectrum of this solution at 280 K
revealed a weak broad resonance at ca. 43 p.p.m. {in
addition to the [Ru2Cl4(PEt2Ph)s] and free PEt2Ph
signals} which can be attributed to the presence of some
[RuCl2(PEt2Ph)j], (I). When [Ru2Cl4(PEt2Ph)B] was
heated under reflux in ethanol with excess of PEtgPh
yellow [Ru2Cl3(PEt2Ph)8]Cl, (VI) (the 31P n.m.r. spectrum
in CDC13 was a singlet at 35,4 p.p.m.), was formed.

The product from reaction of [RuBr2(PPh3)4] with
excess of PEtaPh was only briefly examined. Again, the
analytical data did not unequivocally distinguish
between the formulations [RuBr2(PEt2Ph)3] and [Ru2Br4-
(PEtaPh)6(solvent)] but the 31P n.m.r. spectrum in
CDC13 at 220 K, which consisted of a sharp singlet at
44.2 p.p.m. and a broadened resonance at 35.6 p.p.m.
(relative intensity 2:3), indicates the latter,

" R. H. Prince and K. A. Raspin, J. Inorg. Nuclear Chem.,
1969, 31, 696.

Thus these reaction products are consistent with the
Scheme.

(d) L = PClPh2.—Reaction of [RuCl2(PPh3)4] with
excess of PClPh2 in refluxing hexane for 3 h gave a non¬
conducting yellow precipitate. The 31P n.m.r. spectrum
of this in CDC13 was temperature invariant from 210 to
290 K and consisted of a singlet at 145.7 p.p.m. and an
AB2 pattern at higher field [A 134.5, B 126.1 p.p.m.;
8(AB) 341.0, 7(AB) 34 Hz] confirming the formulation

U-3

34-9

35-9

*
8/p-p-m

Figure 5 31P N.m.r. spectrum of [RuXljfPEtjPhJJ in
CDClj at 295 K

[Ru2Cl4(PClPh2)6]. Attempts to carry out similar reac¬
tions in ethanol were unsuccessful due to extensive

ethanolysis of the P~C1 bonds with the formation of an
intractable mixture of compounds.

(e) L = PMeaPh.—Reaction of [RuCl2(PPh3)4] with
excess of PMe2Ph in refluxing light petroleum (b.p.
60—80 °C) for 3 h gave a crystalline yellow precipitate
which analysed closely for [RuCl2(PMe2Ph)4], This
compound can also be prepared by reaction of mer-
[RuCl3(PMe2Ph)3] with excess of PMe2Ph in hexane.
Although this compound is quite stable in the solid state,
it rapidly rearranges in solvents such as CH2C12 to give
[Ru2Cl3(PMe2Ph)8]Cl. This process can be monitored by
the steady increase in conductivity of a CH2C12 solution
with time. After ca. 5 h at 300 K removal of CH2C12
gave a quantitative yield of [RugCl3(PMe2Ph)8]Cl.
However, the compound is quite stable if it is dissolved
in less polar solvents such as CDC13 and kept at tempera¬
tures below 270 K. Thus the 31P n.m.r. spectrum in
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CDClj from 210 to 270 K showed two 1:2:1 triplets at
15.8 and -6.5 p.p.m. [/(PP) 30.0 Hz] [Figure 6(a)] con¬
sistent with the cis configuration (IX) {cf. cfs-[RuH2-
(PMe2Ph)4]} ,32 Above this temperature rapid conversion
to the ionic dimer occurred as observed by the appear¬
ance of a sharp singlet at 22.0 p.p.m. and a decrease in
the intensity of the two triplets [Figure 6(6)]. Rather

-6-5

15 8

fa)

220

lb)

H-3 -7-3

S/ppm
Figure 6 31P N.m.r. spectra of cis-[RuCl2(PMe2Ph)1] in

CDC13 at (a) 213, and (6) 303 K

surprisingly, there is no evidence for any intermediates
such as [RuCl2(PMe2Ph)3], [{RuCl2(PMe2Ph)3}2],
[Ru2Cl4(PMe2Ph)5], or even free PMe2Ph. However,
the absence of the latter is due to fast intermolecular

exchange at temperatures above 270 K between PMe2Ph
and the ionic dimer as was readily shown by adding free
PMe,Ph to [Ru2Cl3(PMe2Ph)6]Cl in CDC13 solution.
The failure to observe any of the other intermediates

* A ' pseudo-triplet' pattern consists of a sharp doublet with
a broad hump situated between the doublet and signifies a
relatively large /(PP) compared to |/(PH) + /(PH)'| value

ces-[Ru(SaPMea),(PMe,Ph)J 33}.
33 P. Z. Meakin, E. L. Muetterties, and J. P. Jesson, /. Amer.

Chem. Soc., 1973, 95, 75.

proposed in the Scheme does not necessarily invalidate
the occurrence of this general rearrangement mechanism

L\l
Ru

CI

EC

in this instance. The known high affinity of PMe2Ph
for Ru11 (ref. 33) is probably responsible for the
short-lived nature of species such as (I) and (VIII).

The *H n.m.r. spectrum of (IX) in CDC13 at 250 K
showed two triplets at t 8.40 and 8.52 corresponding to
the methyl protons of the mutually trans- and cis-
phosphines respectively. This pattern is very similar
to that observed for [RuH2(PMePh2)4],34 except that in
(IX) the cfs-phosphorus nuclei are much more strongly
coupled giving rise to a ' pseudo-triplet.' * On raising
the temperature the XH n.m.r. spectrum became a single
'

pseudo-triplet' at x 8.33 characteristic of [Ru2Cl3-
(PMe2Ph)6]Cl. At 250 K the 13C proton-noise-decoupled
n.m.r. spectrum of (IX) in CDC13 showed a pattern
similar to the XH n.m.r. spectrum, namely two triplets
for the methyl carbons at 15.8 and 21.4 p.p.m. [/(PC)
15 Hz], two triplets for the quaternary carbon atoms of
the phenyl rings [140 p.p.m., /(PC) 17 Hz], and a com¬
plex series of doublets for the remaining phenyl carbons
between 126 and 139 p.p.m.

Conclusion.—These studies clearly show that earlier
attempts to generate monomeric ruthenium(n) halide
tertiary-phosphine compounds by direct reaction of
'

RuCl3*30H2 ' and PR3 have generally been unsuccessful
because of the facile rearrangement processes to form
dimeric compounds. The driving force for these re¬
arrangements is presumably the high stability of six-
co-ordinate Ru11 (4d6) compounds containing a triple
halide bridge. Only when bulky tertiary phosphines
such as PPh3 or P(C6H4Me-/>)3 are used are monomeric
compounds isolated from the trichloride since steric
constraints inhibit associative rearrangement reactions.

EXPERIMENTAL

Microanalyses were by A. Bernhardt, West Germany and
the University of Edinburgh, Chemistry Department.
Molecular weights were determined on a Perkin-Elmer-
Hitachi 115 osmometer in benzene at 37 °C. I.r. spectra
were recorded in the region 4 000—250 cm-1 on Perkin-
Elmer 457 and 225 grating spectrometers using Nujol and
hexachlorobutadiene mulls on caesium iodide plates and in
the region 400—150 cm-1 on a Beckman RIIC IR 720 far-i.r.
spectrometer using pressed Polythene discs. lH N.m.r.

33 P. G. Douglas and B. L. Shaw, J. Chem. Soc. (A), 1970,
1556 and refs. therein.

34 K. C. Dewhirst, W. Keim, and C. A. Reilley, Inorg. Chem.,
1968, 7, 546.

33 D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 739.
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spectra were obtained on a Varian Associates HA 100
spectrometer equipped with variable-temperature attach¬
ment and 13C and 31P n.m.r. spectra on a Varian Associates
XL100 spectrometer operating in the pulse and Fourier-
transform mode at 25.2 and 40.5 MHz respectively.
Chemical shifts are reported in p.p.m. to high frequency of
tetramethylsilane and 85% H3P04 respectively. Conduc¬
tivity measurements were made on a model 310 Portland
Electronics conductivity bridge. M.p.s were determined
with a Kofler hot-stage microscope and are uncorrected.

The compounds [RuX2(PPh3)3 or 4] (X = CI or Br) were
prepared as described earlier 2 and their 3lP n.m.r. spectra
(X = CI) were obtained on solutions which had been
thoroughly deoxygenated by ' freeze-thaw ' techniques and
then sealed into 5 mm n.m.r. tubes. For the other tertiary
phosphine compounds which are much less air sensitive,
purging the solvents by heating under reflux in a stream of
nitrogen was sufficient to eliminate formation of phosphine
oxides and other oxidation products for the duration of the
spectroscopic studies. Pure samples of the ionic dimers
[Ru2Cl3L6]Cl (L = PEtPh2, PEt2Ph, or PMe2Ph) were
obtained by literature methods.8'7

Dichlorotris(ethyldiphenylphosphine)ruthenium(u), (I).—
The compound [RuCl2(PPh3)4] (1.0 g) was heated under
reflux in degassed hexane (30 cm3) with ethyldiphenyl-
phosphine (0.40 cm3) under nitrogen for 18 h. The resulting
green crystalline precipitate was filtered off, washed thorough¬
ly with light petroleum (b.p. 40—60 °C) to remove any
free phosphine, and dried in vacuo at 40 °C (0.59 g, 88%),
m.p. 142 °C (decomp.) (Found: C, 62.0; H, 5.7; CI, 9.0.
Calc. for C42H45C12P3Ru : C, 61.9; H, 5.5; CI, 8.7%).
Dibromotris(ethyldiphenylphosphine)ruthenium(u), (I), was
also prepared using [RuBr2(PPh3)4] (0.40 g) and PEtPh2
(0.40cm3) (0.22 g, 80%), m.p. 156—158 °C (Found: C, 55.4;
H, 5.1. Calc. for C42H45Br2P3Ru: C, 55.8; H, 5.0%).

dei-Tri-g.-chloro-a.-chloro-bcghi-pentakis(ethyldiphenylphos-
phine)diruthenium(u), (VII).—The compound [RuC12-
(PEtPh2)3], (I), was dissolved in dichloromethane at room
temperature to give a green solution and then solvent re¬
moved in vacuo to leave a sticky residue. Addition of light
petroleum (b.p. 60—80 °C) then gave an orange-brown
solution and a green residue. Partial removal of solvent
precipitated the orange-brown product, m.p. 118—122 °C
(decomp.) [Found: C, 59.1, 59.2; H, 5.4, 5.6%; M (in
C6H6) 1 132. Calc. for C,„H75C14P6Ru2: C, 59.4; H, 5.3%;
M 1 414],

Reaction of [RuCl2(PEtPh2)3] with PEtPh2 in Ethanol.—
The compound [RuCl2(PEtPh2)3], (I) (0.14 g), was heated
under reflux in degassed ethanol (50 cm3) with PEtPh2
(0.10 cm3) under nitrogen for 3 h. The solution was filtered
hot to remove excess of green starting material and then
solvent removed in vacuo. Addition of light petroleum
(b.p. 60—80 °C) to the resulting oil gave a yellow solid which
analysed closely for ' RuCl2(PEtPh2)3 ' [Found: C, 60.6;
H, 5.7. Calc. for * RuCl2(PEtPh2)3': C, 61.9; H, 5.5%].
31P N.m.r. studies indicated this material to be a mixture of

[Ru2Cl3(PEtPh2)6]Cl, (VI), and [{RuCl2(PEtPh2)3}2], (VIII).
del-Tri-[i-chloro-a.-chloro-bcgbi-pentakis(diethylphenylphos-

phine)diruthenium(u), (VII).—(a) The compound [RuC12-
(PPh3)4] (0.40 g) in degassed light petroleum (b.p. 60—80 °C)
(50 cm3) was heated under reflux with diethylphenyl-
phosphine (0.35 cm3) for 24 h under nitrogen. The resulting

dark green solution was filtered and evaporated to a green
oil from which the orange product separated on addition of
light petroleum (b.p. 60—80 °C). The product was filtered
off and washed with light petroleum (b.p. 40—60 °C) to re¬
move any free PPh3 (0.11 g, 58%), m.p. 125—127 °C [Found:
C, 53.5, 52.4, 51.9; H, 6.7, 6.8, 6.8; CI, 10.5%; M (in C,He)
1115. Calc. for C60H„Cl4P5Ru2: C, 51.1; H, 6.4; CI,
12.1%; M 1 174], The variable analytical figures are
ascribed to differing amounts of solvent of crystallisation
{cf. the preparation of [Ru2Cl4(PEt2Ph)6] from [Ru2C13-
(PEt2Ph)6]Cl and n-propyl propionate}.31

(b) The same compound was made directly by heating
[RuCl2(PPh3)4] (0.40 g) under reflux in light petroleum (b.p.
60—80 °C) with PEt2Ph (0.35 cm3) for 36 h when orange
crystals were precipitated.

det-Tri-g.-bromo-a.-bromo-bcgbi-pentakis(diethylphenyl-
phosphine)diruthenium(u), (VII).—This was prepared as for
the chloro-compound using [RuBr2(PPh3)4] (0.2 g) and
PEt2Ph (0.16 cm3). Orange-red crystals separated from the
hot reaction mixture and were purified as above (0.05 g,
48%), m.p. 158—159 °C [Found: C, 47.2; H, 6.0%; M (in
C6H6) 1 348. Calc. for C50H75Br4P5Ru2: C, 44.4; H, 5.5%;
M 1 352]. Again the high analyses figures are ascribed to
the presence of solvent of crystallisation since the 31P n.m.r.
spectrum (see text) indicated the dimeric formulation.

det-Tri-y.-chloro-a.-chloro-bcg\u-pentakis(chlorodiphenyl-
phosphine)diruthenium(u), (VII).—The compound [RuCla-
(PPh3)4] (0.40 g) in degassed hexane (50 cm3) was treated
with chlorodiphenylphosphine (0.40 cm3) and the mixture
heated under reflux for 3 h under nitrogen. The complex
was filtered off as a bright yellow powder and washed
thoroughly with light petroleum (b.p. 40—60 °C) (0.14 g,
60%), m.p. 191—193 °C (Found: C, 51.2; H, 3.7; CI, 21.2.
Calc. for C60H60C1#P6Ru2: C, 49.8; H, 3.5; CI, 22.0%).

Dichlorotetrakis(dimethylphenylphosphine)ruthenium(u),
(IX).—(a) The compound [RuCl2(PPh3)4] (0.40 g) in de¬
gassed light petroleum (b.p. 60—80 °C) (70 cm3) was heated
under reflux with PMe2Ph (0.30 cm3) for 3 h under nitrogen.
Yellow crystals of the product were filtered from the hot
solution and washed thoroughly with light petroleum (b.p.
40—60 °C) to remove excess of phosphine (0.16 g, 65%),
m.p. 165—170 °C (decomp.) (Found: C, 53.1; H, 5.6; CI,
9.7. Calc. for C32H44Cl2P4Ru: C, 53.0; H, 6.1; CI, 9.8%).

(b) The compound mer-[RuCl3(PMe2Ph)3] (0.10 g) was
heated under reflux in hexane (50 cm3) with excess of
PMe2Ph (0.04 cm3) for 12 h under nitrogen. The yellow
solid formed was filtered off, washed with light petroleum
(b.p. 100—120 °C), and dried (88%). The same reaction
in methanol gave only [Ru2Cl3(PMe2Ph)6]CL*

Dibromotetrakis(dimethylphenylphosphine)ruthenium(u),
(IX), was also prepared using [RuBr2(PPh3)4] (0.20 g) and
PMe2Ph (0.13 cm3) as a yellow solid (0.055 g, 41%), m.p.
144—160 °C (decomp.) (Found: C, 47.6; H, 5.6. Calc. for
C32H44Br2P4Ru: C, 47.2; H, 5.4%).

We thank Johnson, Matthey Ltd. for loans of ruthenium
trichloride, the S.R.C. for the award of a research student¬
ship (to P. W. A.), and Messrs. J. Savage and S. G. D.
Henderson for experimental assistance.
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Cationic and Neutral Complexes of Ruthenium-(n) and -(in) containing
Tertiary Phosphines or Arsines and Nitrogen-donor Ligands 1
By Lena Ruiz-Ramirez and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh.

Edinburgh EH9 3JJ

In contrast to the reaction of [RuX3(EPh3)2(HOMe)] (X = CI or Br; E = P or As) with N-N (N-N = 2,2 -
bipyridyl or 1.10-phenanthroline) in CH2CI2 which gives [RuX3(EPh3)(N-N)], the reaction in methanol 9'v®*
[RuX(EPh3) (N-N)2]X (X = CI or Br; E = P). For E = As these cations are only formed if [RuCI3(AsPh3) (N-N)J
and N—N in methanol are reacted in the presence of Na[BPh4], However, reaction of [RuCI3(PPh3)2(02NMe) J.
bipy, and Na[BPh4] in methanol gives both [RuCl2(PPh3)2(bipy)] [BPh4] and [RuCI(PPh3)(bipy)2] [BPh»J
whereas [RuCI3(PPh3)(bipy)] and PhCN give [RuCI2(PPh3)(NCPh)(bipy)]CI-H20. Reaction of mer-[^a»
(PMe2Ph)3] and excess of bipy in methanol followed by recrystallisation from acetone-light petroleum giveS
[RuCI(PMe2Ph)3(bipy)]CI-2H20 and [RuCI(PMe2Ph)2(bipy)(OCMe2)]CI. whereas in CH2CI2 [RuCI2(PMe2Ph «J
(bipy)] and a small amount of [Hbipy] [RuCI3(PMe2Ph) (bipy)] is formed. With phen the product from CHjCl,-
hexane is [RuCI2(PMe2Ph)2(phen)], but from methanol, followed by recrystallisation from CH2CI2—light petroleum,
the main product is [RuCI(PMe2Ph)2(phen) (CH2CI2)] CI together with small amounts of [Hphen] [RuCI3(PMe2Pbr
(phen)]-H20. With 3,4,7.8-tetramethyl-1,10-phenanthroline (Me4phen), reaction with [RuCI3(PMe2Ph)3l irl
methanol gives [RuCI(PMe2Ph)3(Me4phen)]CI which on recrystallisation from CH2CI2-pentane gives [RoC ■
(PMe,Ph)2(Me4phen)(CH2CI2)]CI. In contrast, reaction with 2,9-dimethyl-1,10-phenanthroline (Me.,pbe<1
gives [Ru2CI2(Me2phen)4]CI2 and [Ru2CI3(PMe2Ph)6]CI. All the complexes have been characterised by elements
analysis, lH and 31P n.m.r. spectra, and heteronuclear-decoupling studies and attempts have been made to ration
alise the observed differences in product composition.

Several successful methods of preparation of neutral
Rum complexes containing tertiary phosphines and

1 Preliminary communication, L. Ruiz-Ramirez, T. A.
Stephenson, and E. S. Switkes, J. Organometallic Chem., 1973, 49,
C77.

arsines have been reported elsewhere.2 However, 13
reported briefly earlier,2 when some of these reacti0"3
are carried out in more polar solvents such as methano ,

' L. Ruiz-Ramfrez, T. A. Stephenson, and E. S. Switkt-
J.C.S. Dalton, 1973, 1770 and refs. therein.
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ther than dichloromethane, reduction to cationic Run

Jornplexes occurs- Although a wide range of neutral
jjun complexes has been reported, few cationic Ru11
complexes containing phosphine (or arsine) ligands are
know"11-3 Therefore we considered it of some importance
to attempt to synthesise and characterise more com¬
ixes of this type, especially in view of the antibacterial
activity recently demonstrated for rhodium(m) cations
containing various nitrogen-donor ligands.4
results and discussion

(a) Triphenyl-phosphine and -arsine Complexes con-
I,lining Nitrogen-donor Ligands.—A range of neutral
Ru111 complexes containing tertiary phosphines or arsines
and bidentate nitrogen-donor ligands was prepared by
reaction of [RuX3(EPh3)2(HOMe)] (X = CI or Br;
jr = P or As) with either 2,2'-bipyridyl or 1,10-phen-
anthroline (N-N). When the reactions were carried out
in CH2C12, the only products obtained were the neutral
paramagnetic Rum complexes [RuX3(EPh3)(N-N)] (ex¬
cept in the case where E = P, X = Br, and N-N ==
bipy, when a small amount of a yellow-brown solid
identified as the halide-bridged complex [Ru2Br2(PPh3)4-
(bipy)2]Br2 was also isolated). The complex [Ru2Br2-
(PPh3)4(bipy)2]Br2 was obtained in higher yield by
reaction of [RuBr2(PPh3)3] and bipy in CH2C12; similarly
[Ru2Cl2(PPh3)4(bipy)2]Cl2 was synthesised from [RuC12-
(PPh3)3] and bipy (see ref. 2).

However, when the reactions of [RuCl3(PPh3)2(HOMe)J
and excess of N~N were carried out in methanol [RuCl-
(PPh3)(N-N)2]Cl*H20, (I), were obtained together with
very low yields of [RuCl3(PPh3) (N-N)]. The monomeric
cations can also be prepared by reactions of [RuC13-
(PPh3)(N-N)] and excess of N~N in methanol. Simi¬
larly, reactions of [RuCl2(PPh3)3] with excess of N-N in
methanol gave the same cations together with small
amounts of [Ru2Cl2(PPh3)4(N~N)2]Cl2. The monomeric
formulation is confirmed by the ready synthesis of the
(PF6]~ and [BPh4]~ salts (see ref. 2). In contrast, the
reaction of [RuCl3(AsPh3)2(HOMe)] or [RuCl3(AsPh3)-
(bipy)] with excess of bipy in methanol gave [Ru(bipy)3]-
C12-6H20, (II), and small amounts of purple [RuC1(OH2)-
(bipy)2]Cl-H20. (III). However, when a mixture of
[RuCl3(AsPh3)(bipy)], bipy, and Na[BPh4] was heated
under reflux in methanol the only product was [RuCl-
(AsPh3)(N-N)2][BPh4], (I) (see ref. 2).

In the Scheme possible modes of formation of com¬
plexes (I)—(III) are presented. The structures of
[RuCl3(EPh3)2(HOMe)] (A) and [RuCl3(EPh3) (N-N)] (B)
have been previously established.2 Thus, in step (i)
N-N displaces first the labile MeOH ligand and subse¬
quently a EPh3 group to form the Ru111 complex (B).

* Although 110 direct experimental evidence is available, we
suggest that all complexes (I) have a cis configuration by analogy
with earlier studies on [MC12(N—N) jCl (M = Co, Cr, or Rh) which
only exhibit eis-octahedral geometry.5

3 For recent references see G. M. Bancroft, M. J. Mays, B. E.
Prater, and F. P. Stefani, /. Chem. Soc. (A), 1970, 2146; B. E.
Cavit, K. R. Grundy, and W. R. Roper, J.C.S. Chem. Comm.,
1972, 60; J. R. Sanders, J.C.S. Dalton, 1973, 743; T. V. Ash-
worth and E. Singleton, J. Organometallic Chem., 1974, 77, C31.

2245

In CH2C12, further dissociation of halide groups is not
encouraged and therefore (B) is the only product.
However, step (ii) is facilitated when methanol is used
as solvent. Here the more polar solvent encourages
dissociation of the halide groups, probably initially of
X1 (trans to N-N) and then X2 (or X3) is subsequently
displaced to give (I).* The displacement of halide

HOMe

X\ I EPhj
Ru

Ph,E^ I
X

(A)

CO

tal

N\
X3\ l/N

,Ru

Ph3^ I.^X2
x'

(B)

for E=P

(N-N).BPhp
in MeOH

(vi) (ii) (b) (Hi) tc)

,EPh,

Ph3E"
]Ru

X

(IV)

IviiJ

N-

Ph3E"'"T
N-

I /N
/RuC

^ 1 y

(I)

Id) (v)

N-

XO^N
H20^ I

N-

(ii) (m)
Scheme (a), N—NinCH2Cl2; (6), E = P, excess of N—Nin MeOH;

(c), E = As, excess of N—N and [BPh4]_ in MeOH; (d), E = As,
excess of N—N in MeOH

groups is also accompanied by reduction of the metal to
the bivalent state. For E = As further reaction occurs

in methanol, namely displacement of the AsPh3 group
and the remaining halide ligand by N-N to give
[Ru(N-N)3]X2, (II) [step (iv)]. In addition, small
amounts of [RuC1(0H2)(N-N)2]C1-H20, (III), are pro¬
duced, presumably by displacement from (I) of the
AsPh3 group by water [step (v)]. Reactions (iv) and
(v) do not occur under these conditions when E = P,
presumably because PPh3 is a stronger nucleophile than
AsPh3. However, the synthesis of [RuCl(AsPh3) (bipy)2]-
[BPh4] by reaction of [RuCl3(AsPh3)(bipy)], bipy, and

1 For detailed refs. see M. J. Cleare, Co-ordination Chem. Rev:,
1974, 12, 383.

5 See E. D. McKenzie and R. A. Plowman, J. Inorg. Nuclear
Chem., 1970, 32, 199 and refs. therein.
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Na[BPh4] in methanol confirms that (I) is initially
formed even for E = As [step (iii)].

When [RuCl3(PPh3)2(02NMe)],* excess of bipy, and
Na[BPh4] were heated under reflux in methanol two
orange products formed. The less soluble species, which
is obtained in higher yield (60%), analysed for the Rum
cation [RuCl2(PPh3)2(bipy)][BPh4], (IV), and the other
product is [RuCl(PPh3)(bipy)2][BPh4], (I). Therefore,
in methanol, preferential replacement of halide ion
rather than PPh3 occurs and the resulting Ru111 cation
(IV) can be precipitated by [BPh4]~ ion before sub¬
stantial reduction to the Ru11 cation (I) occurs. Hence,
in polar solvents, steps (vi) and (vii) (see Scheme) also
constitute an important alternative path for formation
of (I).

In an attempt to synthesise mixed nitrogen-donor
ligand cationic complexes, [RuCl3(PPh3)(bipy)J was
treated in methanol with excess of phenyl cyanide.
A yellow solid was isolated which analysed for the Ru111
cation [RuCl2(PPh3)(NCPh)(bipy)]Cl-H20 (^h. 1.78 B.M.
by Evans' method ).6>t The i.r. spectrum contained a
weak band at 2 222 cm-1 [v(CN)J suggesting that bonding
occurs through the nitrogen.7 Examination of the
far-i.r. spectrum revealed two bands at 320 and 300 cm-1
[v(RuCl)] consistent with configuration (Va). How¬
ever, recrystallisation from CH2Cl2-pentane gave a
product with a single band at 331 cm-1 and no changes
in the rest of the spectrutn. A possible explanation is
facile isomerisation of (Va) to give (Vb). In this
instance, the absence of Ru11 species {cf. the reaction of
[RuCl3(PPh3) (bipy)] with bipy} can be attributed to the
lower nucleophilicity of PhCN compared to bipy.

N-
CU

Ph3P "NCFfi
CI

(Va)

CI
CI.

Ph3P'
Ru

|^Cl
NCPh

CI

(Vb)

* In ref. 2, it was shown that [RuCl3(PPh3)2(02NMe)] under¬
goes the same reactions as [RuCl3(PPh3)2(HOMe)] providing the
entering ligand is a stronger nucleophile than MeNOa.

t 1 B.M. s: 9.27 x 10~24 A m2, 1m = I mol dm-3.
J On the basis of C, H, and N analyses alone this complex was

initially considered to be a geometrical isomer of (Via).1

doublet pattern (relative intensity 1 : 2), is in agreemer
with this proposed stereochemistry. In addition, thei
was a singlet in the XH n.m.r. spectrum at x 7.73 (301 K
whose position was temperature and concentratio

Figure 1 lH N.m.r. spectrum of [RuCl(PMe2Ph)3(bipy)]Cl-H2i
in CDC13 (methyl region) at 301 K

dependent, indicating the presence of hydrogen-bonde
water molecules {cf. [Pt(S2CNR2)(PR'3)2]ChH20 8}.

There are three structures which fit these n.m.r. date

namely (Via)—(Vic). Structure (VIb) can be di;
counted because the conductivity data indicate a 1 :
electrolyte and this is verified by synthesis of [RuC!
(PMe2Ph)3(bipy)][BPh4]*2H20; (Vic) seems even mor
unlikely but cannot be completely ruled out on th
present evidence {cf. [PtCl(phen)(PEt3)2][BF4] shown I
have structure (VII) 9}. Nevertheless, (Via) appears t
be the most likely structure.

Concentration of the red filtrate gave a dark re<
conducting solid whose JH n.m.r. spectrum in CDC1
(methyl region) consisted of four doublets of equa
intensity. This clearly indicates that the comple:
contains two mutually cis PMe2Ph groups and th

(b) Dimethylphenylphospkine Complexes containing Bi-
dentate Nitrogen-donor Ligands.—Reaction of mer-
[RuClgfPMeaPhJj] (A') with excess of bipy in refluxing
methanol followed by solvent removal and rccrystallis
ation from acetone-light petroleum gave an orange
precipitate and a red filtrate. The former, whose i.r.
spectrum showed the presence of PMe2Ph, bipy, and
water ligands, analysed for [RuCl2(PMe2Ph)3(bipy)-
(OH^J and is conducting in CH2C12. Its *H n.m.r.
spectrum in CDC13 (Figure 1) signifies two mutually
trans PMc2Ph groups with no plane of symmetry passing
through the phosphorus atoms and a third PMe2Ph
group cis to these ligands. The proton-noise decoupled
31P n.m.r. spectrum, which consisted of a triplet and

PMe2Ph
Nk

W ^Cl

PMe2Ph

PMe2Ph

C1-H20
CI

PMe/fi

I ^OH,

(Via).

PMejPh

(Vic)

Ct-H:

c
PMe2Ph

.Ru
^PMe^Ph

"OH

PMe2Ph

ci2-h2o
CP ^PEt,

;pt'
N" PEt,

[BpJ

(VIb) (vii)

other ligands are so arranged that the phosphorus atom-
do not lie on a plane of symmetry of the molecule-,

8 D. F. Evans, J. Chem. Soc., 1959, 2003.
7 R. A. Walton, Quart. Rev., 1965, 19, 126.
8 J. M. C. Alison and T. A. Stephenson, J.C.S. Dalton, 19'J-

254. ,
' G. W. Bushnell, K. R. Dixon, and M. A. Khan, Ca»a

Chem., 1974, 52, 1367.



1975
fhe 31P n-m r- spectrum (two doublets of equal intensity)

nCj heteronuclear decoupling studies support this
conclusion (see Experimental section). In addition,
there was a singlet at t 7.86 whose position was tem-

_rature invariant. This resonance is therefore assigned
[o co-ordinated acetone and this conclusion is supported

the weak i.r. band at 1 620 cm"1 [v(CO)] {cf. [RuC13-

PMe2Ph
/N^ I ^PMe2Ph(>- "CI

s

(Villa)

Ct c
PMe2Ph

^PMejPh
;ru.

I ^
a

(Vlllb)

ci

(S = Me2CO or CH2Cl2)

(AsPh3)2(OCMe2)], v(CO) at 1 656 cm-1}.10 The only
structures which fit the above information are (Villa) or

(VHIb). Similar complexes of composition [Ru(bipy)2-
(S)C1]C1 (S = Me2CO, MeCN, etc.) have been recently
reported and proved useful intermediates for synthesis-
jng a range of complexes by solvent displacement, e.g.
[Ru(bipy)2Cl(py)]+, [Ru(bipy)2Cl(N02)], etc. (py =
pyridine).11

Likewise, preliminary investigations indicate that
(VIII) is a useful starting material for reactions of this
type. For example, reaction of (VIII) with PMe2Ph
readily gave the orange complex (Via). Also, the
conductivity of (VIII) in CH2C12 decreased with time
such that after 4—5 h the 1H n.m.r. spectrum of the
solution was identical with that of [RuCl2(PMe2Ph)2-
(bipy)] (see below). Finally, red solutions of (VIII)

[RuCl (PMe2Ph) 2(bipy) (Me2CO)]Cl
[RuCl2(PMe2Ph)2(bipy)] + Me2CO (1)

(S = CH2C12) and PMe2Ph were produced when CH2C12
solutions of (Via) were left to stand for several weeks.
This suggests that (Villa) is the most likely structure
of the solvated complex, which is consistent with the
higher trans effect of PMe2Ph compared to bipy.
Complex (Villa) was also slowly formed when [RuC12-
(PMe2Ph)2(bipy)] was left in strongly solvating solvents
for several days.

Reaction of A' with excess of bipy in CH2C12 gave the
dark red non-conducting [RuCl2(PMe2Ph)2(bipy)]. Its
XH n.m.r. spectrum in CDC13 at 233 K (methyl region)
consisted of four doublets, suggesting structure (IX).
Again, 31P n.m.r. and heteronuclear decoupling studies
confirm this suggestion (see Experimental section). A
minor product of this reaction was an orange-red solid
which analysed for [Hbipy][RuCl3(PMe2Ph)(bipy)]. In
support of this formulation, the i.r. spectrum showed
extra bands in the region 1 500—1 600 cm-1, assignable

10 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear Chem.,
1966, 28, 945.

11 S. A. Adeyemi, F. J. Miller, and T. J. Meyer, Inorg. Chem.,
1972, 11, 994.
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to the [Hbipy]+ ion.12 In hexane-CH2Cl2 (10 : 1 ratio
by volume) only [RuCl2(PMe2Ph)2(bipy)] was isolated.

From earlier studies,2 it was expected that reactions of
phen would follow the same pattern as those of bipy.
However, although reaction of A' with excess of phen
in methanol did give orange and red products, the orange
product was not the expected [RuCl(PMe2Ph)3(phen)]Cl
but analysed for [Hphen][RuCl3(PMe2Ph)(phen)]*H20.
This complex is conducting in methanol and showed
extra i.r. bands in the region 1 500—1 600 cm"1 character¬
istic of [Hphen]+ ion.12 The main product, which was
separated from the orange solid by recrystallisation
from CH2Cl2-light petroleum, was the expected dark red
[RuCl(PMe2Ph)2(phen)(CH2Cl2)]Cl, (Villa) (XH and 31P
n.m.r. evidence). Although no evidence was found in
this reaction for formation of [RuCl(PMe2Ph)3(phen)]Cl,
addition of a large excess of PMe2Ph to a red CDC13
solution of (Villa) (N~N = phen, S = CH2C12) rapidly

PMejPh

Ru

N- ~Cl
CI

(DO

gave an orange solution with a 1H n.m.r. pattern very
similar to that observed for the [RuCl(PMe2Ph)3(bipy)]+
cation. The main reason for the instability of the
(PMe2Ph)3 complex here is probably steric. In hexane-
CH2C12 (10 : 1 v/v) reaction of A' with excess of phen
gave neutral [RuCl2(PMe2Ph)2(phen)], (IX).

In view of these differences in behaviour of bipy and
phen, the reaction with A' was extended to some
methyl-substituted 1,10-phenanthrolines. Reaction be¬
tween 3,4,7,8-tetramethyl-l,10-phenanthroline (Me4phen)
and A' in methanol gave a red solution which after
concentration and addition of CH2Cl2-pentane gave
orange-red [RuCl(PMe2Ph)3(Me4phen)]Cl. This was con¬
firmed by its proton-noise decoupled 31P n.m.r. spectrum
which showed the expected triplet and doublet pattern
(relative intensity 1:2). However, recrystallisation
from CH2Cl2-pentane gave a dark red conducting solid
whose 31P n.m.r. spectrum consisted of two doublets of
equal intensity. Its 1H n.m.r. spectrum in CDC13
(Figure 2) consisted of two overlapping doublets centred
at x 7.47 and 7.51 (Me of Me4phen), two doublets at
x 7.74 and 8.00, a ' triplet' at x 8.64 (Me of PMe2Ph),
and a singlet at x 4.76 (CH2C12). However, decoupling
experiments revealed that the ' triplet' is in fact two
overlapping doublets and thus the complex is formulated
as [RuCl(PMe2Ph)2(Me4phen)(CH2Cl2)]Cl, (Villa).

In contrast, the reaction of A' with excess of 2,9-
dimethyl-l,10-phenanthroline (Me2phen) in methanol
gave a dark yellow solution which after concentration
and addition of CH2Cl2-pentane gave a white crystalline

18 A. A. Schilt and R. C. Taylor, J. Inorg. Nuclear Chem., 1959,
9, 211.
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precipitate and a yellow filtrate from which a golden-
yellow solid was isolated. The white solid was too
insoluble for n.m.r. measurements but the i.r. spectrum
revealed that it contained no PMe2Ph ligands. The
complex analysed for [RuCl2(Me2phen)2] but is strongly

8-64

Figure 2 4H N.m.r. spectrum of [RuCl(PMe2Ph)2(Me4phen)-
(CH2C12)]C1 in CDCIj (methyl region) at 301 K

y—H N —^

N\] IRu Ru
H | I
N—N /

CI,

(X)

experimental

The complexes [RuCl(PPh3)(bipy)2]Cl-H20, [RuCl(PPh3)-
(bipy)a]Y (Y = PF„ or BPhJ, [RuClfPPhjJtphenJJY (Y =
CI or PF„), [RuCl(AsPh3)(bipy)J[BPhJ, [Ru2X2(PPh3)4-
(N-NJJXj (X == CI or Br; N—N = bipy or phen), [Ru-
(bipy)3]CL2-6H20, and [RuCl(OH2)(bipy)JCl*2HjO were
prepared as described in ref. 2.

(2,2'-Bipyridyl)dichlorobis(triphenylphosphine)ruthenium-
(iii) Tetraphenylborate.—The complex [RuCl3(PPh3)2-
(OaNMe)] (0.10 g) was heated under reflux under nitrogen
in methanol (120 cm3) with an excess of sodium tetra¬
phenylborate (0.10 g) and 2,2'-bipyridyl (0.04 g) for ca.
5 h. The initial green suspension became yellow and after
ca. 2 h of reflux an orange solid started to precipitate and
finally the solution became red. The solid was collected
and washed with methanol (yield 60%), m.p. 195—196 °C
(decomp.) (Found: C, 71.9; H, 5.3; N, 3.4. Calc. for
C70H58BC12N2P2Ru: C, 71.9; H, 5.1; N, 2.4%), A (1.0 x
10 3m) in CH2C12 = 19.3 S cm2 mol h The red filtrate was

conducting in methanol [A (1 x 10"3m) 150 S cm2 mol"1]
suggesting the formulation [Ru2Cl2(Me2phen)4]Cl2, (X)
{cf. [Ru2Cl2(N-N)2(PPh3)4]Cl2 2}. The yellow complex
was identical in analysis, i.r., and 1H n.m.r. to the well
known [Ru2Cl3(PMe2Ph) jci.13

concentrated and the orange complex bis(2,2'-bipyridyl)-
chloro(triphenylphosphine)ruthenium(n) tetraphenylborate
which precipitated was washed with light petroleum (b.p.
100—120 °C) and methanol (20%), m.p. 230 °C (Found:
C, 73.0; H, 5.1; N, 5.5. Calc. for C62H51BC1N4PRu: C,

These studies clearly indicate that both solvent media
and steric constraints on the ligands play an important
role in these reactions. Thus, whereas bipy readily
forms the (PMe2Ph)3 complex (Via), phen and Me4phen
only give this complex with difficulty and the sterically
encumbered Me2phen gives no complexes containing
itself and PMe2Ph groups.

Microanalyses were by A. Bernhardt, West Germany, and
the University of Edinburgh Chemistry Department. I.r.
spectra were recorded in the region 4 000—250 cm"1 on a
Perkin-Elmer 225 grating spectrometer using Nujol and
hexachlorobutadiene mulls on caesium iodide plates.
Solution spectra were obtained in potassium bromide cells.
1H N.m.r. spectra and solution magnetic moments (Evans'
method) were determined on a Varian Associates HA 100
spectrometer with variable-temperature attachment and
31P n.m.r. spectra on a Varian XL 100 spectrometer
operating in the pulse and Fourier-transform modes at
40.5 MHz (31P chemical shifts quoted in p.p.m. to high
frequency of 85% H3P04). Heteronuclear-decoupling ex¬
periments were carried out on the HA 100 spectrometer
using a second radio-frequency field provided by the
Schlumberger FS30 frequency synthesiser. Conductivity
measurements were made on a model 310 Portland
Electronics bridge. M.p.s were determined with a Kofler
hot-stage microscope and are uncorrected.

72.3; H, 4.9; N, 5.4%).
(2,2'-Bipyridyl)dichloro(phenyl cyanide)triphenylphos-

phineruthenium(iu) Chloride Monohydrate.—The complex
[RuCl3(PPh3) (bipy)] (0.10 g) was heated under reflux under
nitrogen in methanol (100 cm3) with excess phenyl cyanide
(0.08 cm3) for ca. 12 h. The resulting orange solution was
concentrated to dryness, the residue dissolved in dichloro-
methane followed by pentane addition, and a crystalline
yellow solid was precipitated (72%), m.p. 165—167 °C
(decomp.) (Found: C, 56.2; H, 4.0; N, 5.9. Calc, for
C35H30Cl3N3OPRu: C, 56.5; H, 4.0; N, 5.7%), A (6.0 x
10"4m) in CH2C12 = 8.2 S cm2 mol"1; v(RuCl) at 320 and
300 cm"1. Recrystallisation from CH2Cl2-pentane gave an
orange isomer, m.p. 168 °C [v(RuCl) at 334 cm"1].

(2,2'-Bipyridyl)chlorotris(dimethylphenylphosphine)-
ruthenium[n) Chloride Dihydrate.—The complex [RuCls-
(PMe2Ph)3] (0.30 g) 14 was heated under reflux in methanol
(200 cm3) under nitrogen with an excess of bipy for ca. 12 h.
The resulting red solution containing a mixture of two
components (t.l.c. evidence) was concentrated to dryness
and acetone-light petroleum (b.p. 100—120 °C) was added
to the residue giving the orange solid (60%), m.p. 123 °C
(decomp.) (Found:, C, 51.7; H, 5.4; CI, 9.4; N, 3.7.
Calc. for C34H15C12N202P3Ru: C, 52.4; H, 5.8; CI, 9.1;
N, 3.6%), A (1 X 10"3m) in CH2C12 = 16.5 S cm2 mol"1:
xin (CDC13) (301 K) (Figure 1) 8.97 (t) and 8.81 (t) [/(PH) +
/(PH)' 6.5], 8.15 (d) [/(PH) 7.5 Hz] (PMe2Ph), 7.73 (s)
(H20); and 0—4 (PMe2P/i and bipy); 31P n.m.r., S ('"
CDC13) (301 K) 6.88 (t) and 0.38 p.p.m. (d) [relative in¬
tensity 1 : 2, /(PP) 32.8 Hz],

' Concentration of the red filtrate gave a red solid, (acetone)-
(2,2'-bipyridyl)chlorobis(dimethylphenylphosphine)ruthenin"l~
(n) chloride (30%), m.p. 115 °C (decomp.) (Found: C, 5l-®>
H, 5.5; CI, 8.1; N, 4.0. Calc. for C29H36C12N2OP2Ru:
C, 52.6; H, 5.4; CI, 10.7; N, 4.2%), A (1 X 10"3M)
CH2C12 = 20.0 S cm2 mol"1; t (in CDC13) (301 K) 8.71, 8.56.
8.01, 7.82 (doublets) [/(PH) 8.5 Hz] (PMe2Ph), 7.86 (s)
(acetone), and 0—4 (PMe2PA and bipy); 8 (in CDC13) (301 K)
27.20 and 15.14 p.p.m. (doublets) [relative intensity 1 ■ '

13 J. Chatt and R. G. Hayter, J. Chem. Soc., 1961, 896. .
14 J. Chatt, G. J. Leigh, D. M. P. Mingos, and R. J. Paske, J

Chem. Soc. (A), 1968, 2636.



1075
i>p) 36.0 Hz]. 'H-f31?} studies: irradiation at 40 481 715

collapsed t 8.71 and 8.56, whereas irradiation at
*'1481 21° c°llapse<i ~ 8.01 and 7.82 (doublets).*1'0 g>.j}ipyridyl)chlorotris{dimethylphenylphosphine)-

Telraphenylborate DihycLrate.—The complex
rr<llCl(pme2Ph)3(bipy)]C1.2H20 (0.10 g) was dissolved in
• (])anol (10 cm3) and a three-fold excess of Na[BPh4]'

1 12 g) added. After shaking for 4 h the orange crystalline
frfdP^ate was Altered off, washed several times with
,cthanol, and dried in vacuo at 40 °C (71%), m.p. 159—

t'tiO °C (Found: C, 65.8; H, 5.9; N, 2.7. Calc. for
c H(6BclN2°2P3Ru: C, 65.6; H, 6.1; N, 2.7%), A (4 x
,"-4M) in CH2C12 = 40.0 S cm3 mol-1; x (in CDC13) (301 K)
p 03 and 8.84 (triplets) [/(PH) + /(PH)' 6.5], 8.25 (d)
ry(pH) 7.5 Hz] [PMe2Ph], 7.70 (s) (H20), and 0—5 (PMe/A,
jllP'h]-. and bipy).

(2,2'-Bipyridyl)dichlorobis(dimethylphenylphosphine)-
n,theniutn(n).—The complex [RuCl3(PMe2Ph)3] (0.20 g)
was heated under reflux under nitrogen in CH2C12 (100 cm3)
with an excess of bipy (0.08 g) for 12 h. After removal of a

very small amount of insoluble dark red solid the resulting
red solution was concentrated and addition of light petro¬
leum (b.p. 100—120 °C) gave the dark red solid, m.p.
215—216 °C (decomp.) (Found: C, 51.2; H, 4.8; CI, 11.9;
N, 4.9. Calc. for C26H30C12N2P2Ru: C, 51.6; H, 4.9; CI,
11.7; N, 4.6%) (65%); x (in CDC13) (233 K) 8.72, 8.39,
7.95, 7.79 (doublets) [/(PH) 9.0 Hz] (PMe2Ph) and 0—4
(PMe2Ph and bipy) (at 301 K the methyl region consisted
of two broadened doublets at x 8.66 and 7.96); 8 (in
(CDC13) (301 K) ca. 29 and 16 p.p.m. (br, relative intensity
1 : 1). 1H-{31P} studies: irradiation at 40 481 720 Hz col¬
lapsed x 8.66 (d), whereas irradiation at 40 481 220 Hz
collapsed x 7.96 (d).

Removal of solvent from the filtrate gave an orange-red
solid (20%) which analysed for 2,2'-bipyridinium (2,2'-bi-
pyridyl)trichloro(dimethylphenylphosphine)ruthenate(u), m.p.
268—270 °C (decomp.) (Found: C, 53.1; H, 4.7; N, 6.8.
Calc. for C28H28C1,N4PRu: C, 51.3; H, 4.3; N, 8.5%).
The complex [RuCl2(PMe2Ph)2(bipy)] was obtained as the
sole product from [RuCl3(PMe2Ph)3] and in hexane-CH2Cl2
(100:10 cm3).

1,10-Phenanthrolinium Trichloro(dimethylphenylphos-
phine)(l,10-phenanthroline)ruthenate(u) Monohydrate.—The
complex [RuCl3(PMe2Ph)3] (0.20 g) was heated under
reflux in methanol (200 cm3) under nitrogen with an excess
of phen for ca. 12 h. The resulting red solution containing
a mixture of two compounds (t.l.c. evidence) was concen¬
trated to dryness and a mixture of CH2Cl2~light petroleum
(b.p. 100—120 °C) was added to the residue giving an
orange precipitate (15%), m.p. 280 °C (decomp.) (Found:
C, 52.9; H, 4.2; N, 7.7. Calc. for C32H30C13N4OPRu : C,
52.9; H, 4.2; N, 7.7%), A (1 x 10-3m) in MeOH =
90 S cm2 mol-1. From the red filtrate a dark red solid,
chloro (dichloromethane) bis (dimethylphenylphosphine) (1,10-
phenanthroline)ruthenium(u) chloride, was precipitated on
addition of pentane (80%), m.p. 230 °C (decomp.) (Found:
C, 46.1; H, 4.3; N, 3.9. Calc. for C29H32C14N2P2Ru : C,
48.8; H, 4.5; N, 3.9%), A (1 x 10-3m) in CH2C12 =
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16.4 S cm2 mol-1; x (in CDC13) (301 K) 8.78, 8.52, 7.94,
7.74 (doublets) [/(PH) 8.5 Hz] (PiVfe2Ph), 4.75 (s) (CH2C12),
and 0—4 (PMe2Pf! and phen); S (in CDC13) (301 K) 27.95
and 16.14 p.p.m. (doublets) [relative intensity 1 : 1, /(PP)
36.5 Hz]. JH—{31P} irradiation at 40 481 720 Hz collapsed
x 8.78 and 8.52 (doublets), whereas irradiation at 40 481 230
Hz collapsed x 7.94 and 7.74 (doublets).

Dichlorobis(dimethylphenylphosphine)(\,\0-phenanthro-
line)ruthenium(u).—The complex [RuCl3(PMe2Ph)3] (0.20 g)
was heated under reflux in hexane-dichloromethane (100 :
10 cm3) under nitrogen with an excess of phen for ca. 12 h.
The resulting dark red solid was collected and washed with
light petroleum (b.p. 100—120 °C) (70%), m.p. 190 °C
(decomp.) (Found: C, 53.6; H, 4.6; N, 4.7. Calc. for
C28H30Cl2N2P2Ru: C, 53.8; H, 4.8; N, 4.5%).

Chlorotris (dimethylphenylphosphine) (3,4,7,8-telramethyl-
\,\0-phenanthroline)ruthenium(u) Chloride.—The complex
[RuCl3(PMe„Ph)3] (0.20 g) was heated under reflux in
methanol (150 cm3) under nitrogen with an excess of
Me4phen (0.08 g) for ca. 10 h. The resulting red solution
containing a mixture of two compounds (t.l.c. evidence)
was concentrated to dryness and CH2Cl2-pentane was
added to the residue to give an orange-red precipitate which
was washed with light petroleum (b.p. 100—120 °C) and
dried (80%), m.p. 190—200 °C (decomp.) (Found: C, 57.2;
H, 5.8; N, 3.2. Calc. for C40H49Cl2N2P3Ru: C, 58.2; H,
5.9; N, 3.4%), A (1 x 10-3m) in CH2C12 = 18.0 S cm2 moT1;
S (in CDC13) (301 K) 9.01 (t) and 1.09 p.p.m. (d) [relative
intensity 1 : 2, /(PP) 32.5 Hz], Recrystallisation of this
complex from CH2Cl2-pentane gave red crystals of chloro-
(dichloromethane)bis(dimethylphenylphosphine)(3,4:,7,8-tetra-
methyl-\,\0-phenanthroline)ruthenium(u) chloride, m.p. 200—
205 °C (decomp.) (Found: C, 51.6; H, 5.2; N, 3.6. Calc.
for C33H40C14N2P2Ru : C, 51.5; H, 5.2; N, 3.6%), A (1 X
10-3m) in CH2C12 = 16.5 S cm2 mol-1; x (in CDC13) (301 K)
(Figure 2) 8.64 ('t'), 8.00, 7.74 (doublets) [/(PH) 8.5 Hz]
(Pilfe2Ph), 7.47, 7.51 (doublets) (Me of Me4phen), and
4.76 (s) (CH2C12).

\i-Dichloro-bis [bis (2,3-dimethyl- \,\0-phenanthroline)-
ruthenium(u) Dichloride.—The complex [RuCl3(PMe2Ph)3]
(0.20 g) was heated under reflux in methanol (120 cm3)
under nitrogen with an excess of Me2phen (0.08 g) for ca.
12 h. The resulting dark yellow solution was concentrated
to dryness and CH2Cl2-pentane added to the residue to
give a white crystalline precipitate, m.p. 205—206 °C
(decomp.) (Found: C, 58.7; H, 5.1; CI, 12.4; N, 9.9.
Calc. for C66H48C14N8Ru2 : C, 56.5; H, 4.1; CI, 12.1;
N, 9.4%), A (1 X 10-3m) in MeOH = 150 S cm2 mol-1.
Concentration of the filtrate gave yellow crystals of [i-tri-
chloro-bis\tris(dimethylphenylphosphine)ruthenium(u)]
chloride, m.p. 120 °C (Found: C, 46.1; H, 5.5; CI, 12.1.
Calc. for C48H66C14P6Ru2: C, 49.4; H, 5.6; CI, 12.2%).

We thank Johnson, Matthey Ltd. for generous loans of
ruthenium trichloride, the National A. University of
Mexico for the award of a fellowship (to L. R. R.), and Dr.
A. S. F. Boyd for obtaining the 31P n.m.r. spectra.
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[776-C6H6Ru(OH)3Ru(t?6-C6H6)]C1 3H20 (III), is deposited as a crystalline yellow
solid. Likewise, with [t}6-C6Me3H3RuCl2]2 and NaOH, [7j6-C6Me3H3Ru(OH)3Ru-
(r?6-C6Me3H3)]Cl 3H20 can be isolated*.

In contrast, reaction of I with an excess of caesium chloride and concentrated
HC1 in ethanol gives an orange powder analysing closely for Cs[r?6-C6H6RuCl3]
(IV), although it is always difficult to obtain this complex free of CsCl. This
product, which is the first reported anionic ruthenium arene complex, is closely
related to M[RuC13COC7H8] (V) (M = Cs, Ph3(PhCH2)P; C7H8 = bicyclo[2.2.1]-
hepta-2,5-diene(norbornadiene)) formed by reaction of [RuC12CO(C7H8)]2
with MC1/HC1 [4]. However, although V is a good precursor for synthesis of a
range of anionic complexes of type Ph3(PhCH2)P[RuCl3COL2] (L = AsPh3,
C5HsN, Me2SO etc.) [5], attempts to synthesise the unknown /"ac-[RuCl3L3]
by reaction of IV with an excess of L gave only the neutral [7?6-C6H6RuC12L]
compounds.
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Reaction of [RuCI2(PPh3)3] with [Ru(CO)CI2(dmf)(PPh3)2] in acetone (1:1 moiar ratio) (dmf = /V/V-dimethyl-
formamide) gives a high yield of [(Ph3P)2CIRuCI3Ru(CO)(PPh3)2]-2Me2CO, supporting the mechanism proposed
earlier for formation of the analogous thiocarbonyl complex. Extensions of this type of coupling reaction to form
[(Ph3P)2BrRuBrCI2Ru(CO)(PPh3)2]-Me2CO and [(Ph3P)2CIRuBr2CIRu(CO) (PPh3)2]-Me2CO are also described.
Recrystallisation of [Ru(CO)CI2(dmf)(PPh3)2] from MeOH-CH2CI2 gives [Ru(CO)CI2(HOMe)(PPh3)2] (4), and
prolonged refluxing of the latter in dichloromethane-light petroleum (b.p. 60—80 °C) produces displacement of a
PPh3 group with formation of an isomeric mixture of [(Ph3P)CI(OC)RuCI3Ru(CO)(PPh3)2] (5). The same
isomeric mixture, together with [{Ru(CO)CI2(PPh3)2}2], is also formed by reaction of PPh3 with [PPh3(CH2Ph)]-
[Ru(C7He) (CO)CI3] (2 :1 molar ratio). Treatment of (5) with Na[BPh4] and PPh3 in CH2CI2 gives a high yield of
[(Ph3P)2(OC)RuCI3Ru(CO)(PPh3)2][BPh4] (6). This cation is also formed, together with (5), by prolonged
shaking of (4) in ethanol. whereas treatment of (4) with [AsPh4]CI-HCI in acetone gives [AsPh4] [Ru(CO)CI3-
(PPh3)2]*Me2CO (7). Related complexes are described, starting from [Ru(CS)CI2(dmf) (PPh3)2]. Finally, all this
information is used to suggest detailed rearrangement mechanisms in the [RuCI2(PPh3)3]-CS2. [PPh3(CH2Ph)]-
[Ru(C7H8)(CO)CI3]-2PPh3. and the closely related [RuX2(PR3)„]-[Ru2X3(PR3)6]X (X = CI or Br; n = 3 or 4)
systems.

In an earlier paper1 we examined the reaction of
[RuCl2(PPh3)g] with carbon disulphide and showed that
the three products [{Ru(CS)Cl2(PPh3)2}2] (1), [Ru(t)2-CS2)-
Cl(PPh3)3]Cl (2), and [(Ph3P)2ClRuCl3Ru(CS)(PPh3)2] (3)
are obtained. The structure of (3) was confirmed by
X-ray structural analysis.3 In ref. 1 we indulged in
some speculation as to the mechanism of formation of
(3), and a scheme was proposed which involved coupling
of an intermediate ' [Ru(CS)Cl2(PPh3)2] ' [possibly
formed by elimination of PPh3S from (2)] with [RuC12-
(PPh3).j]. A competing reaction was dimerisation of
'

[Ru(CS)Cl2(PPh3)2] ' to give (1).
Because of our inability to isolate the ' [Ru(CS)C12-

(PPhg)^ ' intermediate (but see later), it was impossible
to prove this mechanism definitively. However, related
reactions involving carbonyl(triphenylphosphine)ruthen-
ium(n) complexes have now been studied in some
detail4 and these are reported in this paper, together
with further studies on thiocarbonyl complexes of Ru11.
RESULTS

Carbonyl Complexes.—It is well established that reaction
of [RuCl2(PPh3)3] with CO in acetone or benzene gives
[Ru (CO) 2Cl2(PPh3)2], the isomer formed depending on the
reaction conditions.5 However, James et al.• have shown
that if this carbonylation reaction is performed in more
basic solvents such as IVlV-dimethylformamide (dmf) the
complex [Ru(CO)Cl2(dmf)(PPh3)2] can be isolated. When
this was heated under reflux in acetone with [RuCl2(PPh3)3]

t A related reaction is the formation of [(Ph3P)2ClRuCl3Ru-
(PPh8)2(PF3)] from [RuCl2(PPh3)3] and PF3 (2 : 1 molar ratio) 8
which, presumably, involves initial formation of an intermediate
such as ' [RuCl2(PPh3)2(PF3)],' followed by coupling with un¬
changed [RuCl2(PPh3)3J. Similarly, coupling of species such as
'

[RuC12(N2) (PPh3) J ' and [RuCl2(PPh3)3] could be invoked to
explain the formation of [(Ph3P)2ClRuCl3Ru(N2)(PPh3}1] from
[RuCljfPPhjJJ and N2 in a reverse-osmosis cell.'

1 Part 1, T. A. Stephenson, E. S. Switkes, and P. W. Armit,
J.C.S. Dalton, 1974, 1134.

2 Part 2, P. W. Armit, A. S. F. Boyd, and T. A. Stephenson,
J.C.S. Dalton; 1975, 1663.

3 A. J. F. Fraser and R. O. Gould, J.C.S. Dalton, 1974, 1139.

(1 : 1 molar ratio), deep red crystals of [(Ph3P)2ClRuCl3Ru-
(CO)(PPh3)2]-2Me2CO [v(CO) at 1 951 cm"1] were isolated in
high yield. Confirmation of this formulation is based on
the fact that it is isomorphous with [(Ph3P)2ClRuCl3Ru-
(CS)(PPh3)2] (3), and its 1H-decoupled 31P n.m.r. spectrum
in CDC13 at 298 K consisted of two AB quartets centred at
48.0 and 40.3 p.p.m. [cf. (3) with quartets at 48.3 and 36.1
p.p.m.1]. This also confirms our earlier assignments 1 for
the CS complex in that the higher-frequency quartet arises
from the two PPh3 groups cis to CI" and the lower-frequency
quartet from the two PPh3 groups cis to CS. The values
of 2/(PP) (37.5 and 24.6 Hz respectively) are consistent
with those observed elsewhere 7 for as-tertiary phosphines
bound to Ru11. The far-infrared spectrum with bands at
319s and 250br cm"1, assigned to terminal and bridging
v(RuCl) respectively, is also compatible with this structure
[cf. (3), with bands at 318s, 308m(sh), and 260m cm"1
(ref. l)].f

Extension of this type of coupling reaction, to synthesise
mixed halide-bridged complexes of Ru11, was also attempted.
Thus, reaction of [RuBr2(PPh3)3] and [Ru(CO)Cl2(dmf)-
(PPh3)2] in acetone (1:1 molar ratio) gave deep red crystals,
which analyse closely for the expected [(Ph3P)2BrRuBrCl2-
Ru(CO)(PPh3)2]-Me2CO [v(CO) at 1 952 cm"1]. Similarly,
reaction of [RuCl2(PPh3)3] and [RuBr2(CO)(dmf)(PPh3)2] 8
produced a red solid, analysing closely for the expected
[(Ph3P)2ClRuBr2ClRu(CO)(PPh3)2]-Me2CO [v(CO) at 1 953
cm"1]. The far-i.r. spectra of the two complexes were very
similar, with the latter having a stronger band at 317 cm"1
[terminal v(RuCl)]. However, the 31P n.m.r. spectra in
CDC13 at 303 or 213 K were identical, consisting of two
complex patterns of resonances between 46—52 and

4 Some of this work has been reported in a preliminary com¬
munication: P. W. Armit and T. A. Stephenson, J. Organometal-
lic Chem., 1974, 73, C33.

5 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear Chem.,
1966, 28, 945.

6 B. R. James, L. D. Markham, B. C. Hui, and G. L. Rempel,
J.C.S. Dalton, 1973, 2247.

7 See P. R. Hoffman and K. G. Caulton, J. Amer. Chem. Soc.,
1975, 97, 4221 and refs. therein.

8 R. A. Head and J. F. Nixon, J.C.S. Chem. Comm., 1975, 135.
8 L. W. Gosser, W. H. Knoth, and G. W. Parshall, J. Amer.

Chem. Soc., 1973, 95, 3436.
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35—42 p.p.m. Complete analysis of these spectra has, to
date, proved impossible but a close examination of both
the low- and high-frequency sets of resonances indicates that
they consist of a series of overlapping AB quartets suggest¬
ing a mixture of geometrical isomers which we have been
unable to separate by chromatography.

The behaviour of [Ru(CO)Cl2(dmf)(PPh3)2] in solution in
the absence of [RuCl2(PPh3)3] is also of some interest.
Thus, recrystallisation of this product from MeOH-CH2Cl2
under mild conditions was claimed to give the five-co¬
ordinate [Ru(CO)Cl2(PPh3)2],6 but our recent reinvestig¬
ation 10 of this product indicates that it should be re¬
formulated as the six-co-ordinate [Ru(CO)Cl2(HOMe)-
(PPh3)2] [v(CO) at 1 940 cm"1 (CH2C12)]. On the evidence
of far-i.r. spectra [v(RuCl) at ca. 330 cm"1] and 31P n.m.r.
spectra at 303 K in CDC13 (singlet at ca. 34 p.p.m.), both
these solvates are considered to have configuration (4) with
/raws-chlorides and /raws-phosphines.

Ph3P\ 1 /Cl
Ru

CI PPh,

HI Y =C0 or CS

5 = dmf or Me 0 H

When, however, [Ru(CO)Cl2(HOMe)(PPh3)2] was gently
heated under reflux in dichloromethane-light petroleum
(b.p. 60—80 °C) for several hours, removal of the CH2C12

of three singlets between 53 and 55 p.p.m. and a complex
series of peaks between 36 and 42 p.p.m. The latter are
readily interpreted as three overlapping AB quartets
(Table 1) and the product is formulated as the triple-
chloride-bridged [(Ph3P) Cl(OC) RuC13Ru (CO) (PPhs)J (5),
for which it analyses quite closely. As shown in Figure 1,
a small amount of unchanged [Ru(CO)Cl2(HOMe)(PPh3)2]
invariably contaminates the sample.

Three geometrical isomers are possible for (5) and the
31P n.m.r. spectrum indicates that all three are formed. A
tentative assignment of isomers to AB resonances is
possible, based on the values of Sab- Thus, two of the Sab
values are very similar (ca. 160 Hz), suggesting these
resonances arise from isomers in which one phosphorus
atom is eclipsed by a phosphorus atom and the other by a
CO or a CI- group [isomers (5b) and (5c)]. A further
distinction cannot be made on this evidence. The other
AB quartet has a much smaller Sab value (64.0 Hz),
indicating that the two phosphorus atoms are probably
eclipsed by CO and CI"" groups respectively [isomer (5a)]
(see Table l).f The unique phosphorus atom in isomers
(5b) and (5c) will be eclipsed by another phosphorus atom,
and, hence, the chemical shifts should be very similar
(53.2 and 53.6 p.p.m.), whereas in (5a) it will be eclipsed by
a CO group (54.7 p.p.m.). The relative intensities of the
three AB quartets and the three singlets support these
assignments. It should also be noted that all the 2/(PP)
values (ca. 25 Hz) are consistent with cis-phosphines bound
to RuTI. Support for this interpretation comes from the

Table 1

Assignment of isomeric forms of [(Ph3P)Cl(OC)RuCl3Ru(CO)(PPh3)2] to 31P n.m.r. resonances
31P n.m.r. (CDC13 at 213 K), 8/p.p.m.

Isomer Singlet position AB Position

(5 a 1
C1\

'—I.
"•

-RuP h3P—Ru — <-i—3 '

PPh3

OC

Cl-

"Cl

CO

P>h3
V 54.7

„ /Sab 64.0 Hz\40 8 UAB 25.4 Hz/

(5b I

(5c)

CI

Ph3P —Ru:
0C

/Clx /PPhj
CI— Ru-PPh,

.. / \ 3
CI CO

c'\ /Cl\ /co
Ph3P- Ru—CI- Ru-PPh3

0C CI PPh3

53.6

53.2

39.6
/SAB 160.9 Hz\
1/ab 25.3 Hz/

38.6
/Sab 155.7 Hz\
V/ab 25.5 Hz/

produced a pale orange solid, whose i.r. spectrum contained
a broad peak at 1 960 cm"1 [v(CO), in Nujol], Earlier,10 we
suggested that this complex was a mixture of [{Ru(CO)C12-
(PPh3)2}2] isomers, formed by dimerisation of (4; S =

MeOH). However, examination of the 31P n.m.r. spectrum
of this material clearly shows that this double-chloride-
bridged dimer is not formed to any significant extent. At
213 K in CDC13 (Figure 1) the 31P n.m.r. spectrum consisted

f Very recently, McCleverty et al.11 briefly mentioned the
formation of (5) from reaction of [Ru(CO)Cl(H)(PPh3)3] and
hydrogen chloride. We have repeated this preparation and
shown by 31P n.m.r. spectroscopy that the same isomeric mixture
as above is formed. Also, Head and Nixon 8 reported the syn¬
thesis of (5) from [Ru(CO)H3(PPh3)3] and hydrogen chloride but
no spectral details were given.

very recent synthesis by similar methods of the related
[(F3P) (Ph3P) C1RuC13Ru (PPh3) 2(PF3)], where a combination
of 31P and 19F n.m.r. spectroscopy provides unequivocal
evidence for this formulation and shows that, in this
instance, an isomer of type (5b) is the predominant one.8

A reinterpretation of the nature of the products from the
reaction of [PPh3(CH2Ph)][Ru(C7H8)(CO)Cl3] and PPh3
(1:2 molar ratio) in CH2C12 is also appropriate at this
junction. Earlier,10 we formulated the product as a
mixture of [{Ru(CO)Cl2(PPh3)2}2] isomers (which could not

10 L. Ruiz-Ramfrez and T. A. Stephenson, J.C.S. Dalton,
1974, 1640.

11 J. A. McCleverty, D. Seddon, and R. N. Whiteley, J.C.S.
Dalton, 1975, 839.
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be separated by chromatography) but a re-examination of
the 31P n.m.r. spectrum of this product (Figure 2) clearly

370

X plUS:-'

[Ru(CO)Cl2(HOMeHPP^)?]
40-2

V
X

53-2
x

additional AB quartet in the 31P n.m.r. spectrum was
smaller than those signals arising from the [Ru2(CO)2C14-
(PPhj),] isomers.

When (5) was mixed with PPhs and Na[BPhJ and shaken
in either CH2C12, Me2CO, or EtOH for 50 h, a pale yellow
solid was isolated which analyses quite closely for [(Ph3P)2-
(OC) RuCljRu(CO) (PPh3) 2][BPhJ (6) [v(CO) at 1 976 cm"1
(Nujol)]. Support for this formulation is obtained from
the 31P n.m.r. spectrum in CDC1S at 213 K which consisted
of an AB quartet centred at 40.8 p.p.m. [/(PP) 27.1,
SAB H3.3 Hz] {cf. for [(Ph3P)2ClRuCl3Ru(CO)(PPh3)2], the
two phosphine groups cis to CO appear at 40.3 p.p.m. with
2/(PP) 24.6 Hz}. Complex (6) is also a 1 : 1 electrolyte in
CH2C12 and its far-i.r. spectrum showed no band indicative
of terminal v(RuCl). Thus, this evidence clearly indicates
that the cationic dimer (6) is formed both directly from

172

25-5

8/p.p.m
Figure 1 Phosphorus-31 n.m.r. spectrum in CDC13 at 213 K of

the product from reaction of [Ru(CO)Cl2(HOMe)(PPh3)2], and
dichloromethane-light petroleum (b.p. 60—80 °C)

shows that in addition to the doubly-bridged isomers
(strong singlets at 17.2 and 25.5 p.p.m. cf. [{Ru(CS)Cl2-
(PPh3)2}2] (l),1'* 31.3 p.p.m.) there is a substantial amount
of the [(Ph3P)Cl(OC)RuCl3Ru(CO)(PPh3)2] isomer mixture
present.}" In fact, an estimate based on relative n.m.r.
peak areas suggests 67% double bridging and 33% triple
bridging and this is consistent with the analytical data
quoted in ref. 10 (see Experimental section).

When [Ru(CO)Cl2(HOMe)(PPh3)2] was shaken for several
hours in more polar solvents, such as Me2CO or EtOH, with
an equimolar amount of PPh3 a pale yellow solid was
precipitated, whose i.r. spectrum (Nujol) contained two
v(CO) bands at 1 978br and 1 928 cm-1. The 31P n.m.r.
spectra at 243 K in CDC13 reveal the products to be mixtures
containing both [Ru(CO)Cl2(PPh3)2S] [S = MeOH or
Me2CO (or EtOH)] and [Ru2(CO)2Cl4(PPh3)3] (5) isomers.
However, in addition, another AB quartet was observed
centred at 40.6 p.p.m. [/(PP) 25.6, 8Ab 115 Hz] and also
weak broad resonances at ca. 26 and 18 p.p.m., correspond¬
ing to isomers of [{Ru(CO)Cl2(PPh3)2}2]. The additional
AB quartet was more intense than the signals from the
[Ru2(CO)2Cl4(PPh3)3] (5) isomers, especially in the spectrum
of the product from EtOH compared to that from Me2CO.
The same mixture of products was obtained when the
reaction was repeated without free PPh3 present, except
that the bulk of the material now consists of unchanged
[Ru(CO)Cl2(HOMe)(PPh3)2] and the intensity of the

* In ref. 1, a 31P n.m.r. singlet at 24.4 p.p.m. (in C8H9-C,De)
was assigned to an isomer of (1) but subsequent studies have

52 4

53 9

42 3

w
5/p.p.m

Figure 2 Phosphorus-31 n.m.r. spectrum in CDC13 at 303 K of
the product from reaction of [PPh3(CH2Ph)][Ru(C,H8)(CO)Cl3]
and 2 PPh3

rearrangement of [Ru(CO)Cl2(HOMe)(PPh3)2] in polar
solvents and by reaction of [Ru2(CO)2Cl4(PPh3)3] with
NafBPhJ in the presence of PPh3.

PPh 3

-PPh3 [BPhJ
Y CI
\ / \ /

Ph,P — Ru—Ct — Ru —

/ \ / \
Ph3P CI Y

(6) Y = CO or CS

f The slight discrepancy between the positions of the resonances
from (5) in Figures I and 2 is due to the difference in the tempera¬
tures at which the spectra were recorded. As the temperature
increased, the singlets moved slightly to lower frequency and the
quartets to higher frequency, making spectral analysis more
difficult.



2124 J.C.S. Dalton
Finally, when [Ru(CO)Cl2(HOMe)(PPh3)2] (4) was treated

with [AsPhJCl-HCl in Me2CO the anionic [AsPh4][Ru(CO)-
Cl3(PPh3)2]-Me2CO (7) [v(CO) at 1 918 cm-1 (Nujol)] can be
isolated. Like the corresponding M[Ru(CS)Cl3(PPh3)2]
[M = AsPh4+, PPh3(CH2Ph)+, or NEt4+] formed by
cleavage of [{Ru(CS)Cl2(PPh3)2}2] with MC1-HC1,1 (7) is too
insoluble for 31P n.m.r. studies. However, the far-i.r.
spectrum of (7) contained a strong peak at 320 cm"1
indicative of a trans-RuC12 group (cf. 320 cm"1 for the CS
anion1), which is consistent with either structure (7a) or
(7b). Structure (7a) with /raws-phosphines is most likely

Ph3P

Ct

\ I /
Ru

^ 1^
CI

(7c)

CI

PPh,

Ph3P.

Ph3P'

Y = CO or CS

CI

Ru,

CI
CI

(7b)

in view of the established stereochemistry of (4) and the
postulated instability of (7b) (see ref. 10 and following
discussion).

Thiocarbonyl Complexes.—The success of coupling [Ru-
(CO)Cl2(dmf)(PPh3)2] and [RuCl2(PPh3)3] to give a high
yield of [Ru2(CO)Cl4(PPh3)4] strongly supports the proposed

RuCl3Ru(CS)(PPh3)2]-0.5CH2Cl2. A small amount of this
complex (Me2CO solvate) has been prepared previously 1
by shaking [{Ru(CS)Cl2(PPh3)2}2] in degassed Me2CO for
several days. Unlike the analogous CO complex, the 31P
n.m.r. spectrum at 303 K is not very helpful, consisting of
two strong broad peaks at 48.1 and 37.7 p.p.m. (relative
intensity 1 : 2) and weaker peaks, also of relative intensity
1:2, at 50.3 and 35.6 p.p.m. (cf. ref. 1). However, at
213 K, the 31P n.m.r. spectrum was better resolved and a
tentative assignment of the isomers to the various reson¬
ances is given in the Experimental section.

A good indication, however, that an isomeric mixture of
[Ru2(CS)Cl4(PPh3)3] complexes has been produced was
obtained by its reaction with Na[BPh4] and PPh3 in
CH2C12 which gave a high yield of [(Ph3P)2(SC)RuCl3Ru(CS)-
(PPh3)2][BPh4] (6). The 31P n.m.r. spectrum in CDC13 at
213 K consisted of a sharp quartet centred at 37.5 p.p.m.
[/(PP) 27.0, Sab 86.8 Hz]. A small amount of this cation,
together with the [Ru2(CS)Cl4(PPh3)3] isomeric mixture,
was also formed when [Ru(CS)Cl2(HOMe)(PPh3)2] was
shaken in EtOH with an equimolar amount of PPh3 for
several hours.

DISCUSSION

A summary of the preparative methods for the various
dimeric complexes of Ru11 reported in this paper is given

Table 2

Summary of products obtained from rearrangement reactions of various monomeric ruthenium(u) complexes
(»)-(«») ,

[RuYCl2(HOMe) (PPh3)J Mainly [Ru2Y2Cl4(PPh3)3] isomeric mixture and, for Y = CO, trace amounts of
[{RuYCl2(PPh3)2}2]

(it))
[RuYCljfHOMeJfPPhjJJ >- Mainly [RuY2Cl2(PPh3)3] isomeric mixture and [Ru2Y2Cl3(PPh3)4]Cl and,

for Y = CO, trace amounts of [{RuYCljfPPhJJJ
(in)

[RuCl2(PPh3)3] + CS2 [Ru2(CS)Cl4(PPh3)J (39%), [Ru(r)-CS2)Cl(PPh3)3]Cl (8%), [{Ru(CS)Cl2-
(PPh3)2}J (16%), and trace amounts of [Ru2(CS)2Cl4(PPh3)3] isomeric
mixture

(«'), ("»)
[PPh3(CH2Ph)][Ru(C7Hs)(CO)Cl3] + 2PPh3 >- [Ru2(CO)2Cl4(PPh3)3] isomeric mixture (33%) and [{Ru(CO)Cl2(PPh3)2}2]

(67%)
(i) CH2C12. (ii) Light petroleum. (Hi) Heat, (iv) Ethanol or acetone, shake.

mechanism suggested in ref. 1 for the formation of the
analogous CS complex. Although the existence of the
intermediate ' [Ru(CS)Cl2(PPh3)2] ' could not be verified
directly in the [RuCl2(PPh3)3]-CS2 reaction, we found that
reaction of [{Ru(CS)Cl2(PPh3)2}2] with refluxing dmf gave
[Ru(CS)Cl2(dmf)(PPh3)2] [v(CS) at 1 275 cm"1 (Nujol)],
whose 31P n.m.r. spectrum at 303 K in CDC13 (singlet at
30.2 p.p.m.) and far-i.r. spectrum [v(RuCl) at 325 cm"1]
indicates that configuration (4) is the most likely. Re¬
action of [Ru(CS)Cl2(dmf)(PPh3)2] and [RuCl2(PPh3)3] in
refluxing Me2CO (1 : 1 molar ratio) then gave [Ru2(CS)C14-
(PPhjjJ (3) [v(CS) at 1 284 cm"1 (Nujol)] as the only
product, which directly verifies the mechanism suggested
earlier.

For completion, the behaviour of [Ru(CS)Cl2(dmf)-
(PPhjJJ in solution in the absence of [RuCl2(PPh3)3] was
also briefly investigated. Recrystallisation from hot
CH2Cl2-MeOH gave [Ru(CS)Cl2(HOMe)(PPh3)2], whose far-
i.r. and 31P n.m.r. spectra indicate configuration (4) as the
most likely. This complex, on treatment with hot dichloro-
methane-light petroleum (b.p. 60—80 °C), gave a yellow
crystalline solid which analyses closely for [(Ph3P)Cl(SC)-

in Table 2 and it is of some interest to conclude this

paper with a discussion of these various reactions and the
different amounts of dimeric complexes they produce.

We suggest that the mode of dimerisation is very
dependent on the stereochemistry of either the starting
material or the reactive intermediate. For [RuYC12-
(HOMe)(PPh3)2], 31P n.m.r. and far-i.r. studies un¬
equivocally show structure (4) with fnms-phosphines
and fnms-chlorides, and here the dimerisation product
in solvents of low polarity is almost entirely the
[Ru2Y2Cl4(PPh3)3] isomeric mixture, accompanied by
concomitant loss of one PPh3 group. In more polar
solvents this dimerisation step is accompanied by
concomitant CI- displacement giving some [Ru2Y2C13-
(PPh3)4]Cl.

However, in the [RuCl2(PPh3)3]-CS2 reaction, where
very little [Ru2(CS)2Cl4(PPh3)3] is formed, it seems
very reasonable to infer that the ' [Ru(CS)Cl2(PPh3)2] '
intermediate will initially have cis-PPh3 groups. Sup¬
port for this statement comes from the X-ray structure
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of [RuCl2(PPh3)3] 12 which shows that the apical Ru-P
bond is considerably shorter than the basal Ru-P bonds,
together with the structure of its dissociation product
[{RuCl2(PPh3)2}2], shown by 31P n.m.r. studies2'7 to
contain cis-PPh3 groups. Therefore, a likely structure
for the five-co-ordinate intermediate in the [RuC12-
(PPh3)3]-CS2 reaction is (8), formed by elimination of
PPh3S from either [Ru(r)2-CS2)Cl(PPh3)3]Cl and/or
[RuCl2(PPh3)3(SCS)] (see Scheme 1 *).

It is then proposed that (8) will undergo three com-

A similar mechanism (Scheme 2) can be proposed to
explain the products from the [PPh3(CH2Ph)][Ru(C7H8)-
(CO)Cl3]-2PPh3 reaction. As discussed fully in ref. 10,
it is reasonable to postulate that an intermediate
containing an t]2-C7H8 group is first formed and this
then reacts further with PPh3 to give [Ru(CO)C13-
(PPh3)2]~ of structure (9). Analogous complexes [PPh3-
(CH2Ph)][Ru(CO)Cl3L2] of this stereochemistry have
been characterised for L = AsPh3, SMe2, 2,2'-bipyridyl,
etc.10 However, for (9) the combination of the high

[RuCI7(PPh3)3 ]
(a)|

Ph3P
[(PhjPJCKSCIRuCljRulCSKPPhjlj ]

[(Ph3P)2ISCIRuCI3RuICSKPPh3)2]x
161 X;Ct"or BPhZ

{i)

(4) IS :CS7l dmf, or MeOH I

[{RufCS)CyPPh3)2}2]
(I)

[lPh3P)2CIRuCl3RuICSIIPPh3l2 ]
(3)

+ PPh3
Scheme 1 (a) CS2; (6) —PPh3S; (c) isoraerisation; (d) [RuCl2(PPh3)3]; («) dimerisation; (/) dmf, heat; (g) dimerisation

( —PPh,);(h) PPh3,Na[BPhJ; (/) dimerisation (—CP)

peting reactions, namely: (i) coupling with unchanged
[RuCl2(PPh3)3] (or [RuCl2(PPh3)3(SCS)]} to give [Ru2-
(CS)Cl4(PPh3)4] (3); (it) self-dimerisation without phos-
phine loss to generate the six-co-ordinate [{Ru(CS)C12-
(PPh3)2}2] (1); and (in) isomerisation to form a complex
such as (4) (probably solvated) with the sterically more
stable fr«»s-Ru(PPh3)2 arrangement. Isomer (4) can
then dimerise with concomitant phosphine loss to give
some [Ru2(CS)2Cl4(PPh3)3] (5) [step (iv)] or dimerise with
concomitant chloride-ion displacement to give [Ru2(CS)2-
Cl3(PPh3)4]Cl (6) [step (v)]. Formation of (6) from (4) is
favoured in more polar solvents, particularly in the
presence of free PPh3 which both inhibits formation of
(5) and also slowly reacts with (5) to produce some of the
ionic dimer [step (vi)~\.

* Isomers (8), (10), and (11) are written with essentially square-
pyramidal rather than trigonal-bipyramidal structures to con¬
form to both the theoretical predictions of Pearson,13 Burdett,14
and Rossi and Hoffmann 15 for de complexes and the available
X-ray data 7 for various five-co-ordinate de complexes.

trans influence of PPh3, together with the sterically
unfavourable cis arrangement of these bulky groups
(large Tolman ligand cone angles16), leads to ready
expulsion of a chloride ion to relieve steric crowding
and initial formation of a five-co-ordinate complex
[Ru(CO)Cl2(PPh3)2] (10) containing cis-PPh3 groups.
As for the analogous CS intermediate, this can either
dimerise without phosphine loss to form [{Ru(CO)C12-
(PPh3)2}2] or isomerise to a species (11) with trans-
phosphines which, in turn, dimerises with concomitant
PPh3 loss to form [Ru2(CO)2Cl4(PPh3)3]. In this
instance the proportion of the latter is considerably
higher (33%) than in the [RuCl2(PPh3)3]-CS2 reaction,
because there is no [RuCl2(PPh3)3] present to remove

12 S. J. La Placa and J. A. Ibers, Inorg. Chem., 1965, 4, 778.
13 R. G. Pearson, J. Amer. Chem. Soc., 1969, 91, 4947.
14 J. K. Burdett, Inorg. Chem., 1975, 14, 375.
15 A. R. Rossi and R. Hoffmann, Inorg. Chem., 1975, 14, 365.
16 For a full discussion of ligand cone angles see C. A. Tolman,

J. Amer. Chem. Soc., 1970, 92, 2956.
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either of the [Ru(CO)Cl2(PPh3)2] isomers by generating
[Ru2(CO)Cl4(PPh3)4],

The reason why five-co-ordinate complexes (or six-
co-ordinate solvates) with trans-PPh3 groups dimerise
to form triple-chloride-bridged complexes with con¬
comitant PPh3 loss whereas those with cfs-PPh3 groups
form double-chloride-bridged dimers without PPh3 loss
is attributed to the high trans influence of PPh3 and the
consequent electronic instability of ira«s-Ru(PPh3)2
compared to cfs-Ru(PPh3)2 arrangements.* The driving
force for all these rearrangements is presumably the

of Ru-L and Ru-X bonds and on the polarity of the
solvent medium.

This revised mechanism is then consistent with the
observations in this paper and also the earlier inability 2
to obtain evidence for the proposed [{RuCl2L3}2] inter¬
mediate (except for L = PEtPh2). In fact, further
studies reveal that the product giving rise to the 31P
n.m.r. AB2 pattern (Figure 4, ref. 2) is not neutral
[{RuCl2(PEtPh2)3}2] but a cationic complex of probable
formula [RuCl(HOEt)2(PEtPh2)3]Cl or [{RuCl(HOEt)-
(PEtPh^gjJClg. The disappearance of this 31P n.m.r.
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high stability of six-co-ordinate ruthenium(n) (4de)
complexes.

Finally, the observations presented in this paper
strongly suggest that the detailed mechanism proposed
by us in ref. 2 for the related rearrangement reactions of
[RuX2L„] (L = PR3; X — CI or Br; n — 3 or 4)
complexes is incorrect. Thus, instead of dimerisation
to a double-halide-bridged complex [{RuX2L3}2] followed
by intramolecular displacement by halide ion of either
L to give [Ru2X4L5] or X~ to give [Ru2X3Lg]X (see
Scheme, ref. 2), it is now suggested (Scheme 3) that
direct dimerisation of [RuXaLg] to form either [Ru2X4L5]
or [Ru2X3L6]X occurs accompanied by concomitant
loss of either L or X- groups respectively. The amount
of each product formed depends on the relative strengths

pattern above 220 K in CDC13 with formation of
[RuC12(PEtPh2)3], [Ru2Cl4(PEtPh2)5], [Ru2Cl3(PEtPh2)6]-
Cl, and PEtPh2 2 is then readily rationalised by
postulating nucleophilic displacement of solvent by
chloride ion to form [RuCl2(PEtPh2)3], which then
undergoes the facile rearrangement steps shown in
Scheme 3. This mechanism, in retrospect, is more
reasonable than the previously postulated intra¬
molecular rearrangements of a six-co-ordinate dimer,
since d6 complexes of this co-ordination number are in¬
variably kinetically inert.

* Note added in proof. Additional experimental evidence for
this suggestion is the isolation of f{Ru(CO)Cl2(PMe2Ph)2}a], from
a solution thought to contain [Ru(CO)Cl2(PMe2Ph)2] with cis-
PMeaPh groups (C, F. J. Barnard, J. A. Daniels, J. Jeffery, and
R. J. Mawby, J.C.S. Dalton, 1976, 953).
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EXPERIMENTAL

Microanalyses were by A. Bernhardt, West Germany,
and the University of Edinburgh Chemistry Department.
Infrared spectra were recorded in the 250—4 000 cm"1
region on Perkin-Elmer 457 and 225 grating spectrometers
using Nujol and hexachlorobutadiene mulls on caesium
iodide plates and in the 150—400 cm"1 region on a Beckman
RIIC IR 720 far-i.r. spectrometer using pressed Polythene
discs. Phosphorus-31 n.m.r. spectra were obtained on a
Varian Associates XL100 spectrometer operating in the
pulse and Fourier-transform mode at 40.5 MHz. Chemical
shifts are reported in p.p.m. to high frequency of 85%
H3P04. Conductivity measurements were made on a
Portland Electronics model 310 conductivity bridge.
Melting points were determined with a Kofler hot-stage
microscope and are uncorrected.

Ruthenium(in) trichloride trihydrate (Johnson, Matthey
Ltd), carbon monoxide (Air products), triphenylphosphine
(B.D.H.), sodium tetraphenylborate (B.D.H.), and carbon
disulphide (Fisons) were obtained as indicated. The com¬
plexes [RuX2(PPh3)3],5 [RuX2(CO) (dmf) (PPh3) 2] (X = CI
or Br),6 [PPh3(CH2Ph)][Ru(C,H8)(CO)Cl3],10 and [{Ru(CS)-
Cl2(PPh3)2}2] 1 were prepared as described elsewhere.

(a) Carbonyl Complexes.—Tri-[i-chloro-a.-carbonyl-g-chloro-
tetrakis(triphenylphosphine)diruthenium(u)-acetone (1/2).
The complexes [RuCl2(PPh3)3] (0.12 g) and [Ru(CO)C12-
(dmf)(PPh3)2] (0.10 g) were heated under reflux for 2.5 h in
degassed Me2CO (30 cm3) under an atmosphere of nitrogen.
The solution was then cooled and the deep red crystals of
product were filtered off and washed with diethyl ether.
Further crystals of the complex were obtained by evapor¬
ation of the filtrate to ca. 10 cm3 (0.13 g, 69%), m.p. 170—
171 °C (decomp.) [v(CO) at 1 951 cm"1, v(CO) (acetone) at
1 710 cm"1 (Nujol)] (Found: C, 61.7; H, 4.7; CI, 9.4.
Calc. for C79H72C1403P4Ru2: C, 61.6; H, 4.8; CI, 9.3%);
31P n.m.r. (CDC13 at 298 K) 48.0 (q) and 40.3 (q) p.p.m.
[/(P^2) 37.5, /(P3P4) 24.6; S^P2) 97.7, 8(P3P4) 74.2 Hz],

yL-Bromo-di-[j.-chloro-a.-bromo-g-carbonyl-tetrakis(triphenyl-
phosphine)diruthenium(n)-acetone (1/1)- The complex
[RuBr2(PPh3)3] (0.12 g) and [Ru(CO)Cl2(dmf)(PPh3)2] (0.08
g) were heated together under reflux for 3 h in degassed
Me2CO (30 cm3) under an atmosphere of nitrogen. The
solution was then cooled and the deep red precipitate was
filtered off and washed with diethyl ether (0.10 g, 56%),
m.p. 159—160 °C (decomp.) [v(CO) at 1 952 cm"1; v(CO)
(acetone) at 1 710 cm"1 (Nujol)] (Found: C, 59.0; H, 4.4;
Br, 10.0; CI, 4.6. Calc. for C76H68Br2Cl202P4Ru2: C, 58.2;
H, 4.2; Br, 10.2; CI, 4.5%); far-i.r. spectrum 317s, 304m,
280s, 270brs, 260m, 250w, 244w, 236m, 228m, and
180brw cm"1.

Di-[L-bromo-\i.-chloro-a.-carbonyl-g-chloro-tetrakis(triphenyl-
phosphine)diruthenium(u)-acetone (1/1) was prepared as
above using [RuCl2(PPh3)3] (0.11 g) and [RuBr2(CO)(dmf)-
(PPh3)2] (0.10 g) to give deep red crystals of the product
(0.085 g, 51%), m.p. 160—162 °C (decomp.) [v(CO) at
1 953 cm"1; v(CO) (acetone) at 1 710 cm"1 (Nujol)] (Found:
C, 58.5; H, 4.3; Br, 10.0; CI, 4.6. Calc. for C76H86Br2-
C1202P4Ru2: C, 58.2; H, 4.2; Br, 10.2; CI, 4.5%); far-i.r.
spectrum 317vs, 304w, 280 (sh), 270brs, 260m, 250w, 244w,
236m, 228m, and 180brm cm"1.

Carbonyldichloro(methanol)bis(triphenylphosphine)ruthen-
ium(u). The complex [Ru(CO)Cl2(dmf)(PPh3)2] 8 [31P
n.m.r. (CDC13 at 303 K) 33.9 (s) p.p.m.; v(RuCl) at 330 cm"1]
was recrystallised from hot CH2Cl2-MeOH to give the

yellow product which was washed with diethyl ether
(Found: C, 60.3; H, 4.3; CI, 9.1. Calc. for C38H34C12-
02P2Ru: C, 60.5; H, 4.5; CI, 9.4%); 31P n.m.r. (CDC13 at
303 K) 34.5 (s) p.p.m. [v(CO) at 1 931 and 1 921 cm"1
(Nujol); 1 940 cm"1 (CH2C12)]; v(RuCl) at 333 cm"1. At
213 K, singlets in the 31P n.m.r. spectrum were found at
35.9and 37.0 p.p.m. for dmfandMeOH solvents respectively.

Tri-\i-chloro-a.g-dicarbonyl-b-chloro-tris(triphenylphos-
phosphine)diruthenium(u). The complex [Ru(CO)Cl2-
(HOMe) (PPh3)2] was dissolved in CH2C12 and light petroleum
(b.p. 60-—80 °C) was added. The yellow solution was
warmed gently on a water-bath for several hours to allow
the CH2C12 to evaporate slowly. The resulting orange solid
was redissolved in CH2C12, light petroleum (b.p. 60—80 °C)
was added, and the process repeated to give pale orange
crystals of the product which were filtered off and washed
with EtOH and diethyl ether, m.p. 247 °C [v(CO) at 1 960br
cm-1 (Nujol)] (Found: C, 58.7; H, 4.1. Calc. for C66H46C14-
02P3Ru2: C, 56.7; H, 3.8%); 31P n.m.r. (CDC13 at 213 K)
(Figure 1) given in Table 1. The slightly high carbon and
hydrogen analyses are due to the presence of some un¬
changed [Ru(CO)Cl2(HOMe)(PPh3)2] (see Figure 1).

Reaction of [PPh3(CH2Ph)][Ru(C7H8)(CO)Cl3] and PPh3.
The complex (0.24 g) and PPh3 (0.20 g, 1 : 1 molar ratio)
were dissolved in CH2C12 (100 cm3) and the solution was
heated under reflux under a nitrogen atmosphere for 12 h.
The resulting pale orange solution was reduced in volume
and diethyl ether was added to give a white precipitate of
[PPh3(CH2Ph)]Cl. The remaining solution was treated
with pentane to give a pale orange solid [v(CO) at 2 029m,
1 993s, and 1 960s cm"1 (Nujol)], 31P n.m.r. (CDC13 at
303 K) as shown in Figure 2 (Found: C, 59.8; H, 4.2.
Calc. for mixture of [{Ru(CO)Cl2(PPh3)2}2] and [(Ph3P)Cl-
(OC)RuCl3Ru(CO)(PPh3)J (67 : 33): C, 59.8; H, 4.0%).

Tri-\L-chloro-bis[carbonylbis(triphenylphosphine)ruthenium-
(n)] tetraphenylborate. The [(Ph3P)Cl(OC)RuCl3Ru(CO)-
(PPh3)2] isomeric mixture (0.12 g), Na[BPh4] (0.034 g), and
PPh3 (0.026 g) were shaken together in degassed CH2C12
(25 cm3) under nitrogen for 50 h. The solution was evapor¬
ated to dryness, triturated with MeOH, and the resulting
solid was filtered off and washed with water, MeOH, and
diethyl ether (0.14 g, 80%), m.p. 124—126 °C [v(CO) at
1 976 cm"1 (Nujol)] (Found: C, 66.7; H, 4.9. Calc. for
C98H80BC13O2P4Ru2: C, 67.9; H, 4.6%); 31P n.m.r. in
CDCl3 at 213 K, 40.8 (q) p.p.m., /(PAPB) 27.1, 8(PAPB)
113.3 Hz [A(l X 10"3 mol dm"3) in CH2C12 = 30 S cm3
mol"1]. The complex [Ru2(CO)2Cl3(PPh3)4]Cl was also
formed by shaking [Ru(CO)Cl2(HOMe)(PPh3)2] in either
Me2CO or EtOH for 3 h (31P n.m.r. evidence) with or
without free PPh3 present. In these reactions, the
[Ru2(CO)2Cl4(PPh3)3] isomeric mixture and trace amounts
of [{Ru(CO)Cl2(PPh3)2}2] were also found.

Tetraphenylarsonium carbonyl(trichloro) bis (triphenylphos-
phine)ruthenate(n)-acetone (1/1). The complex [Ru(CO)C12-
(HOMe)(PPh3)2] (0.10 g) was suspended in degassed Me2CO
(30 cm3) and treated with a two-fold excess of [AsPh4]Cl-HCl
together with PPh3 (ca. 0.01 g). The mixture was shaken
for 4 h when orange yellow crystals of the product pre¬
cipitated. These were filtered off, washed with water,
MeOH, and diethyl ether, and dried in vacuo at 40 °C
(0.13 g, 70%), m.p. 155—158 °C [v(CO) at 1918 cm"1;
v(CO) (acetone) at 1710 cm"1 (Nujol)] (Found: C, 64.1;
H, 4.7; CI, 9.0. Calc. for C64H56AsC1302P2Ru : C, 64.0;
H, 4.7; CI, 8.9%) [A(l x 10"3 mol dm"3) in CH2Cl2 =
45 S cm2 mol"1].



2128

(b) Thiocarbonyl Complexes.—Dickloro(N±i-dimethylform-
amide)thiocarbonylbis(triphenylphosphine)ruthenium(ll). The
complex [{Ru(CS)Cl2(PPh3)2}2] (0.20 g) was heated under
reflux in degassed NlV-dimethylformamide (15 cm3) under
nitrogen for 3 h. The resulting yellow solution was
reduced in volume and diethyl ether was added to pre¬
cipitate the pale yellow solid, m.p. 168—170 °C [v(CS) at
1 275 cm-1, v(CO) (dmf) at 1 640 cm"1, v(RuCl) at 325 cm"1
(Nujol)] (Found: C, 57.5; H, 4.5; N, 1.7. Calc. for
C40H37Cl2NOP2RuS: C, 59.0; H, 4.6; N, 1.7%); 31P
n.m.r. (CDC13 at 303 K) 30.2 (s) p.p.m.

Tri-ii-chloro-a.-chloro-g-thiocarbonyl-tetra.kis (triphenylphos-
phine)diruthenium(n). The complexes [RuCl2(PPh3)3] (0.19
g) and [Ru(CS)Cl2(dmf)(PPh3)2] (0.16 g) were heated under
reflux for 4 h in degassed Me2CO (30 cm3) under an atmo¬
sphere of nitrogen. On cooling the solution, the red solid
was deposited together with some unchanged [Ru(CS)C12-
(dmf)(PPh3)2], Proof of the formation of (3) was obtained
from the 31P n.m.r. spectrum of the products in CDC13 at
298 K (see ref. 2).

Dichloro(methanol)thiocarbonylbis(triphenylphosphine)-
ruthenium(ii). The complex [Ru(CS)Cl2(dmf)(PPh3)2] was
recrystallised from hot CH2Cl2-MeOH to give yellow
crystals which were washed with MeOH, m.p. 182—184 °C
(Found: C, 57.8; H, 4.5. Calc. for C38H34C12OP2RuS:
C, 59.3; H, 4.4%); i.r. spectrum (Nujol) 3 460 and 1 030
cm"1 (co-ordinated MeOH), v(CS) at 1 280 cm"1, v(RuCl) at
332 cm"1; 31P n.m.r. (CDC13 at 303 K) 30.7 (s) p.p.m.

Tri-[L-chloro-a.-chloro-gh-dithiocarbonyl-tris(triphenylphos-
phine)diruthenium(n)-dichloromethane (2/1). The complex

J.C.S. Dalton
[Ru(CS)Cl2(HOMe)(PPh3)2] was dissolved in CH2C12 and
light petroleum (b.p. 60—80 °C) was added. The yellow
solution was placed on a water-bath and the CH2Cl2
allowed to evaporate off slowly over a period of 24 h to give
yellow crystals which were filtered off and washed with
diethyl ether, m.p. 264 °C [v(CS) at 1 300br cm"1 (Nujol)]
(Found: C, 52.7; H, 3.7. Calc. for C66 6H46Cl5P3Ru2S2:
C, 53.8; H, 3.6%). 31P N.m.r. (in CDC13 at 213 K):
isomer (5a) 49.7 (s) and 37.0 (q) p.p.m. (/ab 26.0; Sab
15.0 Hz); isomers (5b) and (5c) 51.8 (s) and 35.8 (q) p.p.m.
(/ab 26.0; Sab 71.4 Hz) and a very weak singlet at 50.9
p.p.m. and weak resonances between 36 and 38 p.p.m.

Tri-\L-chloro-bis [thiocarbonylbis (triphenylphosphine) ruthen-
ium{ii)~\ tetraphenylborate. The [Ru2(CS)2Cl4(PPh3)3] iso¬
meric mixture (0.08 g), Na[BPh4] (0.022 g), and PPh3
(0.018 g) were shaken in degassed CH2C12 (20 cm3) under
nitrogen for 48 h. The orange-yellow solution was evapor¬
ated to dryness and triturated with MeOH to give an
orange-yellow solid which was filtered off and washed with
water, MeOH, and diethyl ether, m.p. 118—120 °C [v(CS) at
1 290 cm"1 (Nujol)] (Found: C, 66.5; H, 4.6. Calc. for
C98H80BC13P4Ru2S2 : C, 66.7; H, 4.5%); 31P n.m.r. (in
CDC13 at 213 K) 37.5 (q) p.p.m., /(PAPB) 27.0; S(PAPB)
86.8 Hz [A(l X 10"3 mol dm"3) in CH2C12 = 32 S cm2 mol"1].

We thank Johnson, Matthey Ltd for generous loans of
ruthenium(ni) trichloride, the S.R.C. for the award of
research studentships (to P. W. A. and W. J. S.), and Dr.
A. S. F. Boyd for obtaining the 31P n.m.r. spectra.

[6/613 Received, 31s< March, 1976]
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Synthesis, Crystal and Molecular Structure of Acetonitrilecarbonyldi-
chloro(cyclo-octa-1,5-diene)ruthenium(n)
By Robert 0. Gould,* C. Lynn Jones. Donald R. Robertson, and T. Anthony Stephenson * Department of

Chemistry, University of Edinburgh, Edinburgh EH9 3JJ

Reaction of [RuCI2CO(C8H12)]2 with acetonitrile gives [RuCI2CO(MeCN)C8H12] (la), shown by X-ray diffraction
analysis to have octahedral stereochemistry with a f/ans-OC-Ru-MeCN arrangement. Crystals are monoclinic,
space group Pljc, with a = 12.933(2), b = 7.641 (8),c = 1 3.435(3) A, (3 = 104.36(2)°, and contain one molecule
per asymmetric unit. The structure was solved by use of 1 086 film data, and refined to R 0.09. The related
complexes [RuCI2CO(L)C8H12] (L = acrylonitrile and cyclopropyl cyanide) have also been synthesised.

Although the carbonyl diene complexes [RuX2CO-
(diene)]n {X = CI or Br, diene = bicyclo[2.2.1]hepta-
2,5-diene (norbornadiene) or cyclo-octa-l,5-diene} were
first reported in 1966,1 surprisingly little work on the
reactions of these compounds has been published.
Thus, Robinson and Wilkinson1 showed that with
pyridine, bridge splitting and diene displacement occur
giving [RuCl2CO(C5H5N)3], whereas with quinoline
(quin) </-a»s-[RuCl2(CO)2(quin)2] is formed. More re¬
cently, cleavage of the halide bridges with halide ion to
give the [RuX3CO(C7H8)]_ anion has been achieved 2 and
there has been a detailed study of the reactions of [Ph3-
(PhCH2)P][RuCl3(CO)(C7H8)] with various Lewis bases.3

In contrast, the chemistry of the related [RuX2-
diene]„ compounds has been extensively investigated.2
Very recently, Ashworth and Singleton 4 reported that
the cationic [RuCl(C8H12)(MeCN)3][PF6] complexes can
be readily synthesised by heating under reflux [RuC12-
(CsH12)]„ with acetonitrile, followed by precipitation with
[NH4][PF6]. In an attempt to prepare the analogous
cation [RuCl(C8H12)CO(MeCN)2]+ we have examined the
reaction of [RuC12CO(C8H12)]„ with excess of acetonitrile.
However, the main product from this reaction was a
crystalline orange compound with analysis corresponding
closely to [RuCl2(CO)(MeCN)(C8H12)] (I). Unfortun¬
ately, although the i.r. spectrum of this material showed
the presence of carbonyl, acetonitrile, and cyclo-octadiene
groups, it was too insoluble and involatile for n.m.r.,
mass spectroscopy, or molecular-weight studies. There¬
fore, an X-ray structural determination of (I) was under¬
taken both to verify the formulation and to ascertain the
detailed geometry.
results

Crystal Data.—QjHj.CLNORu, M = 349.2, Monoclinic,
a = 12.993(2), b = 7.641(8), c = 13.435(3) A, (3 =

* See Notice to Authors No. 7 in J.C.S. Dalton, 1976, Index
issue. (Items less than 10 pp. are supplied as full-size copies.)

1 S. D. Robinson and G. Wilkinson, J. Chem. Soc. (A), 1966,
300.

2 T. A. Stephenson, E. S. Switkes, and L. Ruiz-Ramirez,
J.C.S. Dalton, 1973, 2112, and refs. therein.

104.36(2)°, U = 1 292 A3, Dm = 1.77, Z = 4, Dc = 1.795
g cm"3. Cu-Ka radiation, X = 1.541 8 A; p(Cu-Aa) =
138.1 cm"1. Space group P2Jc.

Intensity data were derived from multiple-packs of
Weissenburg films by use of an SAAB Mark II automatic
film scanner. Layers AO—4/ and 0—2kl were measured for
a small plate-like crystal of diameter 0.2 mm and thickness
0.1 mm. No absorption corrections were made. Cell
dimensions were derived from the films by an adaptation of
the method of Main and Woolfson.5

From the Patterson function, the ruthenium atom could
be placed near J,0,0, where it contributes significantly only
to reflections h = 2n, k + I = 2n. The rest of the structure
was found by the DIRDIF procedure,6 by use of phased
difference-structure factors for those reflections with a

ruthenium contribution, two origin-fixing reflections, and a
permutation of signs for two other reflections, giving a four¬
fold solution. The correct solution could easily be distin¬
guished, and all non-hydrogen atoms were located in a
second difference-Fourier synthesis. No attempt was made
to locate hydrogen atoms.

Refinement to a final R 0.092 based on 1 086 data was

carried out by full-matrix least squares with the weighting
scheme W = X2Y2, where X = sin0/O.54 for sinO < 0.54
(otherwise X = 1) and Y = 37/|F0| f°r |Fo| > 37 (otherwise
Y = 1.0). Latterly, anisotropic thermal parameters were
used for the ruthenium and chlorine atoms only. On the
final cycle of refinement, no parameter shifted by >0.1 a.
Final atomic parameters are given in Table 1, and structure
factor tables are deposited as Supplementary Publication
No. SUP 21843 (4 pp., 1 microfiche).*
discussion

Bond lengths and angles for (I) are given in Table 2,
and a view of the molecule in the Figure. They show
unequivocally that the product is (la). The co-ordin¬
ation of the ruthenium is essentially octahedral, with the
CO and MeCN ligands trans. The greatest deviation

3 L. Ruiz-Ramirez and T. A. Stephenson, J.C.S. Dalton, 1974,
1640.

4 T. V. Ashworth and E. Singleton, J. Organometallic Chem.,
1974, 77, C31.

6 P. Main and M. M. Woolfson, Acta Cryst., 1963, 16, 731.
6 R. O. Gould, Th. E. M. van den Hark, and P. T. Beurskens,

Acta Cryst., 1975, A31, 813.
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is shown by the N(l)-Ru-C(l) angle (167°). The cyclo-
octadiene ligand is in the normal tub conformation, and
the carbonyl is approximately and the acetonitrile
ligand is accurately collinear with the ruthenium atom.

Table 1

Positional and thermal parameters for (I)
103U7

Atom 104* 104y 10hr A2
Ru 2 510(1) 256(2) -51(1) *

Cl(l) 1 910(5) 381(10) 1 499(4) «

Cl(2) 3 781(4) 2 535(9) 507(4) *

0(1) 1 531(21) 1 933(41) -480(19) 49
o 885(15) 3 126(25) — 664(14) 56
N 3 714(14) -1 494(27) 813(13) 31
0(2) 4 302(15) -2 390(31) 1 230(14) 29
C(3) 5 067(23) -3 583(44) 1 845(21) 57

0(4) 3 339(14) -614(30) -1 287(13) 22
0(5) 2 546(17) 763(36) -1 711(16) 37
0(6) 1 506(25) 186(47) -2 464(22) 66
C(7) 748(22) -828(44) -2 073(20) 57
C(8) 1 017(18) -1 200(36) -927(17) 40
0(9) 1 734(17) -2 432(35) -447(15) 35
C(10) 2 426(21) -3 482(43) -983(19) 51

0(11) 3 205(26) -2 453(51) -1 480(23) 69
* Anisotropic parameters (A2 x 103). The temperature

factor is of form exp (2tt2ZiZ.jhihjaiia*w
Ui. u„ u33 u13 u13 u33

Ru 21 21 22 2 -2 3
01(1) 52 51 34 18 12 6
Cl(2) 35 31 47 -19 -15 4

Table 2

Bond lengths (A) and bond angles (°) in (I). X(l) and
X(2) represent midpoints of the C(4)~C(5) and
C(8)-C(9) bonds respectively

(а) Distances
Ru-Cl(l) 2.400(6)
Ru—Cl(2) 2.389(6)
Ru-C(l) 1.797(29)
Ru-N 2.165(18)
Ru—C(4) 2.290(20)
Ru—C(5) 2.276(23)
Ru—C(8) 2.292(23)
Ru-C(9) 2.292(26)
Ru-X(l) 2.159(22)
Ru—X(2) 2.166(25)
C(l)-0 1.22(3)

(б) Angles
Cl(l)-Ru-Cl(2) 92.6(2)
Cl(l)—Ru—C(l) 83.9(9)
Cl(l)—Ru—N 84.6(5)
Cl(l)—Ru—X(l) 176.0(6)
Cl(l)—Ru—X(2) 92.0(6)
Cl(2)-Ru—C(l) 87.7(9)
Cl(2)—Ru—N 86.0(5)
Cl(2)—Ru—X(l) 90.9(6)
Cl(2)—Ru—X(2) 175.2(6)
C(l)-Ru—N 166.6(9)
C(l)—Ru—X(l) 94.5(10)
C(l)—Ru—X(2) 91.5(11)
N-Ru-X(l) 97.4(8)

N—C(2)
C(2)—C(3)
C(4) C(5)
C(5)—C(6)
C(6)—C(7)
C(7)—C(8)
C(8)—C(9)
C(9)—C(10)
C(10)-C(ll)
C{11) C(4)

N—Ru—X(2)
X(l)—Ru—X(2)
Ru—C(l)—O
Ru—N—C(2)
N—C(2)—C(3)
C(4)—C(5)—C(6)
0(5)—C(6)—C(7)
C(6)-C(7)-C(8)
C(7)—C(8)—C(9)
0(8)—C(9)—C(10)
0(9)—C(10)—C(ll)
C(10)—C(11)—C(4)
C(ll)—C(4)—C(5)

1.07(3)
1.45(3)
1.48(3)
1.54(4)
1.45(5)
1.52(4)
1.37(3)
1.51(4)
1.56(5)
1.43(4)

95.7(8)
84.4(8)

173(2)
179(2)
176(3)
118(3)
119(2)
117(2)
124(2)
124(2)
118(3)
119(3)
126(2)

The deviation of the N-Ru-C(l) angle from 180° may be
associated with the inclination of the acetonitrile group
away from the cyclo-octadiene, shown by the mean
N-Ru-Cl and N-Ru-X angles (96.5 and 85.3°). Even
so, the contact distances N • • • C(10) and N * • • C(ll)

CUD

(L)(C7H8)] (L = AsPh3, SbPh3, or C5H5N) and detailed
1H n.m.r. studies revealed that these compounds had
either structure (lb) or (Ic) but not (la) or (Id)3 (see
Scheme 1).

However, this discrepancy is resolved if the possible
structures of the two starting materials are examined.
Detailed spectroscopic studies on [Ph3(PhCH2)P][RuCl3-
COC7H8] show unequivocally that only isomer (II) is
present in solution 2 and thus, with the knowledge that

C\ cl
/cl-\ I /co

.Ru /RV
ocr| nCK I

Cl

(ma)

O /l Q /ciRu or Ru
OC^ | ^Cl OC"^ I L

Cl

(la)

Cl

(Ic)

CO Cl

Projection of a single molecule of (I)

are 3.01 and 3.07 A. The distortion is somewhat less
marked for the more closely bound carbonyl group
where the mean C(l)-Ru-Cl and C(l)-Ru-X angles are
85.8 and 93.0°, and the C(l) • • • C(6) and C(l) • • • C(7)
contacts 2.97 and 3.02 A. Here, however, the Ru-
C(l)-0 angle is directed away from the cyclo-octadiene,
as shown by an angle of 105° between the lines 0~C(1) and
Ru • • • X(3) where X(3) is the midpoint of 1fie cyclo-
octadiene ring.

At first sight, the results are rather surprising, since
earlier work on reactions of [Ph3(PhCH2)P][RuCl3CO-
(C7H8)] with various Lewis bases also gave [RuC12CO-

c: Ru Ru
iK | Vsci/1^

Cl CO

(nib)

') ("V \||

CO

"Ru"
T

Cl

(Ic)

-Cl

Q-Ruv
Cl'

'CD

"Cl-

CO

~Ru'
,Cl PiI .L

Ru

CO
Cl'

CO

(lb)

Ct.
or Ru

Cl Cp" I
CO

(Id)

,Cl

"L

imc)
Scheme 1 Bridge cleavage reactions of the various possible

isomers of [RuC12CO(C8H12)]2
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the reaction almost certainly involves initial cleavage of
one of the Ru~C bonds (coo Schomo 1 of ref. 3), it is
impossible to form isomer (la).

For [RuC12CO(C8H12)]„ (assuming n = 2, as in ref. l)the

CO

Xll\J /CI
Ru

^ v
CI

CI

(0)

three chloride-bridged structures (III; a—c) are pos¬
sible.* Bridge cleavage of isomer (Ilia) with acetoni-
trile will then give isomer (la) if the bond trans to CO is
broken or (Ic) if that trans to the diene group is broken.
However, isomer (Illb) can only give (Ic) and isomer
(IIIc) can give either (lb) or (Id) (see Scheme 1). There¬
fore, although it is not possible to determine directly the
structure of [RuCl2CO(C8H12)]n (an insoluble powder), an
X-ray structural analysis of its reaction product with
acetonitrile strongly suggests that the starting material

<r> CO
*

^ , Cl\ I /CI
Ru. Ru

CI | CI'"' | %-
co

(fflc)

/A L CO

| /Ci^| ci
Ru Ru

| Cl-^ | X//
CO L 7/

£
Ru

Cl^ | ^Cl
CO

(la)
Scheme 2 An alternative mechanism for the formation of

[RuC12(CO)L(C8H12)] (la)

has configuration (Ilia) and that the CO group has a
stronger fraws-labilising effect than does cyclo-octa-
1,5-diene.

This conclusion is, of course, based on the reasonable
assumption that (I; b—d) are not initially formed and
then undergo isomerisation to give (la) as the final
product. We have also discounted the alternative
mechanism (Scheme 2) which involves initial attack on
a Ru-C bond to generate an y]2-C8H12 complex followed
by bridge cleavage by the diene to produce [RuC12CO-
(MeCN)C8H12] (la). If this mechanism were correct,

then in the presence of excess of acetonitrile, either
complete dienc displacement or at least the formation of
a complex containing two MeCN groups per ruthenium
would be expected. The inability 3 of MeCN to displace
the diene group in [Ph3(PhCH2)P][RuCl3CO(C7H8)] also
supports this conclusion.

Finally, reaction of [RuC12CO(C8H12)]„ with acrylo-
nitrile and cyclopropyl nitrile (L) gives the related
[RuC12(CO)L(C8H12)] complexes. The close similarity
of the i.r. spectra of these compounds to the acctonitrile
analogue suggests they also have configuration (la).
EXPERIMENTAL

I.r. spectra were recorded in the region 4 000—250 cm-1
on Ferkin Elmor 225 and 157 grating spectrometers for
Nujol and hexachlorobutadiene mulls on caesium iodide
plates. M.p.s. were determined with a Kofler hot-stage
microscope. Standard crystallographic calculations used
the X-Ray '72 program system.7

A cetonitrilecarbonyldichloro {cyclo-octa-1,5-diene) ruthe-
nium(n).—[RuCl2CO(C8H12)]n was heated under reflux
under nitrogen in acetonitrile for ca. 4 h. The resulting
yellow solution was then filtered and concentrated to pro
duce yellow-orange crystals (60%), m.p. 180 °C (decomp.)
(Found: C, 37.8; H, 4.4; CI, 20.2; N, 4.0. CnH16Cl2-
NORu requires C, 37.8; H, 4.3; CI, 20.3; N, 4.0%).
I.r. spectrum: v(CN) 2 305, v(CO) 1 988, and v(C=€) 1 335
cm-1; combination of symmetric CH3 deformation and
C~C stretching vibrations at 2 340 cm"1.

A crylonitrilecarbonyldichloro (cyclo-octa-1,5-diene) -

ruthenium(n).—This was prepared similarly as a yellow
crystalline solid, m.p. 150 °C (decomp.) (Found: C, 39.2;
H, 4.3; N, 4.4. C12H15C12NORu requires C, 39.9; H, 4.2;
N, 3.9%). I.r. spectrum: v(CN) 2 153, v(CO) 2 015, and
v(C=C) 1 333 cm"1.

Carbonyldichloro (cyclo-octa-1,5-diene) (cyclopropyl nitrile)
ruthsninm[li). This was proparod similarly as an orango
solid, m.p. 190 °C (decomp.) (Found: C, 41.4; H, 4.5; N,
3.8. C13H17C12NORu requires C, 41.6; H, 4.5; N, 3.7%).
I.r. spectrum; v(CN) 2 388, v(CO) 2 018, and v(C=C) 1 335
cm"1.

We thank Johnson Matthey Ltd. for loans of ruthenium
trichloride and the S.R.C. for financial support (to C. L. J.
and D. R. R.).

[6/570 Received, 25th March, 1976]
* It is assumed that (III) contains trans CO groups since only

one vco is observed in the i.r. spectrum (see ref. 1).
7 ' X-Ray' program system, Technical Report TR 192,

Computer Science Center, University of Maryland, version of
June 1972.
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Ruthenium Complexes containing Group 5B Donor Ligands. Part 4.1
Synthesis, Crystal and Molecular Structure of t/ef-Tri-[A-chloro-Aj-diphen-
ylphosphinito-/>flr/-tris(diphenylphosphinous acid)-ac-bis(methyl diphenyI-
phosphinite)diruthenium(n)
By Robert O. Gould,* C. Lynn Jones, Wilma J. Sime, and T. Anthony Stephenson,* Department of Chem¬

istry, University of Edinburgh, Edinburgh EH9 3JJ

Pyrolysis of solutions containing [{P(OMe)Ph2}3RuCI3Ru{P(OMe)Ph2}3]CI for 1 2 h at 120 °C gives yellow crystals
(1) shown by X-ray diffraction analysis to be [{P(OMe)Ph2}2{P(OH)Ph2}RuCI3Ru{P(OH)Ph2}2(Ph2PO)]. The
crystals are monoclinic, space group Pljc with a = 1 3.1 9, b = 21.98, c = 24.98 A, (3 = 109.40°, and contain one
molecule per asymmetric unit. The structure was solved using 1 534 film data, and refined to /? 0.11.

Related pyrolysis reactions give the compounds [{P(OEt)Ph2}2{P(OH)Ph2}RuCI3Ru{P(OH)Ph2}2(Ph2PO)] (2)
and [{P(OEt)Ph2}2{P(OH)Ph2}RuBr3Ru{P(OH)Ph2}2(Ph2PO)] (3).

In recent years, a number of ruthenium(ii) complexes
containing tertiary phosphinites P(OR)R2 1 and phos-
phonites P(OR)2R1 have been synthesised. These
include compounds such as [RuH2{P(OEt)2Ph}4],2 [RuCl2-
{P(OMe)2Ph},],3 [RuCl,{P (OR) Ph,}„l (R = Me, Et),3
[RuH{P(OR)2Ph}5]X (R = Me, Et; X = [PF6]"; 4 R =
Me, X = [BPhJ-5-6), [Ru{P(OMe)2Ph}6][BPh4]2,6 and
[LoRuXoRuLo] [BPh4l [L = P(OMe)2Ph, P(OMe)Ph„,
X = CI; L = P(OEt)2Ph, P(OEt)Ph2; X = CI, Br].6

However, unlike the related tertiary phosphines, no
neutral dimeric or anionic complexes of type [L3RuX3-
RuXL2] or [L3RuX3RuL3][RuX3L3] [L = P(OR)R24 or
P(OR)2R1] are known f and therefore, the aim of this
present work was an attempt to synthesise such com¬
pounds.

results

Several years ago, Prince and Raspin 8 demonstrated
that the pyrolysis products of [(PEt2Ph)3RuCl3Ru-
(PEt2Ph)3]Cl were dependent upon the solvent media
and the temperature of pyrolysis. Thus, in propyl
propionate at 60 or 120 °C or methyl acetate at 120 °C,
[(PEt2Ph)3RuCl3RuCl(PEt2Ph)2] was formed 9 whereas in
methyl acetate at 60 °C, [Ru2Clo(PEt2Ph)R][RuCL-
(PEt2Ph)3] 10 was produced.

Thus, by analogy with that work, the yellow solution
obtained from the reaction of [{RuC12(C7H8)}J and
P(OMe)Ph2 in methanol, which contains [{P(OMe)Ph2}3-
RuCl3Ru{P(OMe)Ph2}3]Cl,6 was reduced in volume and
then pyrolysed at 120 °C for 12 h. The resulting bright
yellow crystalline solid (1) was shown by e.s.r. and mag¬
netic measurements to be diamagnetic and the far-
infrared spectrum (400—200 cm-1) was very similar to

f The diamagnetic complexes [ru2c13l6][ruc14l2] [l =
P(OEt)3, P(OMe)Ph2, P(OEt)2Ph] have been synthesised by
direct reaction of ruc13 with l.7 However, as written, these
contain paramagnetic ruthenium(m) anions and therefore, it is
more likely that they should be reformulated as [ru2c13l6]c1 or
even [Ru2Cl3l6][RuCl3L3] complexes.

I For details see Notices to Authors No. 7, in J.C.S. Dalton,
1976, Index issue (items less than 10 pp. are supplied as full-size
copies).

1 Part 3, P. W. Armit, W. J. Sime, and T. A. Stephenson,
J.C.S. Dalton, 1976, 2121.

2 D. H. Gerlach, W. G. Peet, and E. L. Muetterties, J. Amer.
Chem. Soc., 1972, 94, 4545.

3 W. J. Sime and T. A. Stephenson, unpublished work.

[{P(OMe)Ph2}3RuCl3Ru{P(OMe)Ph2}3] [BPh4], containing
only a broad band at 260 cm-1, indicating that (1)
probably contains a triple chloride bridge but no terminal
chlorides. However, the infrared spectrum (4 000—400
cm-1) revealed extra features not present in the spectrum
of the ionic dimer, e.g. a broad band at 3 250 cm"1 and
strong bands at 1 090, 920 and 855 cm"1, suggesting the
presence of Ph2POH and Ph2PO" groups 11 in addition to
P(OMe)Ph2. The same compound was obtained if the
pyrolysis reaction was carried out at 60 °C. Although a
full elemental analysis of (1) was obtained, the compound
was too insoluble and involatile for n.m.r. or mass

spectroscopy, or molecular weight studies. Therefore,
an X-ray structural determination of (1) was undertaken,
the results of which are described below. Final para¬
meters are in Table 1. Structure-factor tables are

deposited as Supplementary Publication No. SUP 21929
(5 pp., 1 microfiche).]; Selected bond lengths are given
in Table 2, and mean values of chemically equivalent
angles in Table 3. A view of the molecule, showing
only one atom for each phenyl ring, is given in Figure 1.

discussion

Unlike the expected neutral dimer [{P(OMe)Ph2}3-
RuCl3RuCl{P(OMe)Ph2}2], (1) contains two methyl
diphenylphosphinite groups and four other oxyphos-
phorus ligands. The diamagnetism of the compound
and the long Ru • • • Ru distance (3.425 A), which indicate
no direct metal-metal interaction,12 suggest a ruthen-
ium(u) complex. One half of the dimer contains both
methoxy-groups and interatomic distances suggest that
a proton on 0(1) interacts primarily with 0(5). In the
other half-molecule, there must formally be one Ph2PO"
group and two Ph2POH groups. The most plausible

4 J. R. Sanders, J.C.S. Dalton, 1973, 743.
5 J. J. Hough and E. Singleton, J.C.S. Chem. Comm., 1972,

371.
6 D. A. Couch and S. D. Robinson, Inorg. Chem., 1974, 13, 456.
7 B. Jezowska-Trzebiatowska, H. Ratajczak, P. Sobota, and

R. Tyka, Bull. Acad, polon. Sci., Ser. Sci. chim., 1972, 20, 869.
8 R. H. Prince and K. A. Raspin, J. Inorg. Nuclear Chem.,

1969, 31, 695.
9 N. W. Alcock and K. A. Raspin, J. Chem. Soc. (A), 1968,

2108; R. H. Prince and K. A. Raspin, ibid., 1969, 612.
10 K. A. Raspin, J. Chem. Soc. (A), 1969, 461.
11 For detailed references, see J. Chatt and B. T. Heaton,

J. Chem. Soc. (A), 1968, 2745.
12 M. M. Crozat and S. F. Watkins, J.C.S. Dalton, 1972, 2512.
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arrangement is to place protons on 0(2) and 0(4), both
of which interact with a negative charge on 0(3). In
two compounds, similar arrangements of atoms have been
confirmed by X-ray analysis, and others probably
exist13~16 [Figures 2 (ref. 15) and 3 (ref. 16)].

Pyrolysis of the yellow solution obtained from the

Fractional co-

Atom X y z U

Ru(l) 1 796 2 568 3 295 *

Ru(2) 2 169 2 546 4 718 *

Cl(l) 2 762 1 885 4 074 *

CI (2) 2 611 3 301 4 077 *

Cl(3) 560 2 521 3 851 *

P(l) 940 1 790 2 737 69
P(2) 3 060 2 612 2 858 62

P(3) 865 3 269 2 686 40

P(4) 3 705 2 658 5 431 49
P(5) 1 342 3 199 5 145 59

P(6) 1 744 1 757 5 175 57

o(i) 2 600 2 637 2 214 74

0(2) 3 672 2 576 6 039 145

0(3) 1 905 3 145 5 805 93
0(4) 1 619 1 896 5 758 65
0(5) 1 231 1 732 2 156 70
0(6) 414 3 040 2 061 74

C(l) 4 054 3 238 3 017 86
C(2) 4 612 3 516 3 536 148
C(3) 5 258 4 026 3 549 131
C(4) 5 346 4 256 3 045 150
C(5) 4 787 3 978 2 526 268
C(6) 4 142 3 469 2 513 177

0(7) 4 026 1 967 2 975 112

C(8) 3 984 1 608 2 505 150
C(9) 4 670 1 107 2 572 196
C(10) 5 398 966 3 109 166

C(ll) 5 440 1 324 3 576 137

0(12) 4 754 1 825 3 512 105
C(13) -534 1 770 2 474 44

0(14) -1 080 1 753 2 867 111

C(15) -2 204 1 779 2 680 132
0(16) -2 782 1 819 2 099 126
C(17) -2 235 1 835 1 705 226
0(18) -1 111 1 810 1 892 115

C(19) 1 304 1 017 3 009 84

C(20) 2 367 818 3 146 60
C(21) 2 650 232 3 361 86
C(22) 1 869 -156 3 439 133
C(23) 804 43 3 302 184

C(24) 522 630 3 086 137
C(25) -292 3 624 2 814 107
C(26) -1 178 3 233 2 697 109
C(27) -2 119 3 431 2 784 223
C(28) -2 174 4 019 2 990 175

C(29) -1 289 4 409 3 106 193
* Anisotropic thermal parameters

Atom uu u..
Ru(l) 61 21
Ru(2) 63 1(
Cl(l) 68 15
CI (2) 32 21
Cl(3) 95 5<

reaction of [{RuC12(C7H8)}J and P(OEt)Ph2 in ethanol
also gave an insoluble, crystalline yellow solid (2) whose
infrared spectrum contained all the additional features
found for (1) [plus bands characteristic of P(OEt)Ph2],

13 K. R. Dixon and A. D. Rattray, Canad. J. Chem., 1971, 49,
3997.

14 W. B. Beaulieu, T. B. Rauchfuss, and D. M. Roundhill,
Inorg. Chem., 1975, 14, 1732, and refs. cited therein.

and which analysed very well for [(P(OEt)Ph2}2{P(OH)-
Ph2}RuCl3Ru{P(OH)Ph2}2(Ph2PO)]. The same com¬
pound (2) was also obtained if PClPh2 is refluxed with
[RuCl2(PPh3)3] in aqueous ethanol whereas in hexane,
earlier studies17 showed that [(PClPh2)3RuCl3RuCl-
(PClPh2)2] is formed. Crystals of (2) are orthorhombic,

Mean estimated standard deviations are Ru,
and ring centres, 0.03 A

Atom X y z U

C(30) -347 4 211 3 018 208

C(31) 1 610 3 981 2 627 49

C(32) 1 989 4 418 3054 118

C(33) 2 432 4 961 2 942 122

C(34) 2 495 5 068 2 401 78

C(35) 2 115 4 632 1 973 178

C(36) 1 673 4 088 2 086 115

C(37) 4 462 3 350 5 464 38

C(38) 5 042 3 531 5 119 108
C(39) 5 590 4 087 5 208 209

C(40) 5 558 4 462 5 655 107

C(41) 4 978 4 281 6 007 155

C(42) 4 430 3 725 5 911 143

C(43) 4 840 2 186 5 529 64

C(44) 5 451 1 989 6 074 173

C(45) 6 332 1 603 6 146 205
C(46) 6 602 1 416 5 675 108
C (47) 5 990 1 613 5 131 231

C(48) 5 110 1 999 5 058 103
C(49) 1 540 4 040 4 983 50

C(50) 1 170 4 319 4 450 296

C(51) 1 244 4 952 4 406 236
C(52) 1 689 5 304 4 894 174

C(53) 2 058 5 024 5 428 233
C(54) 1 984 4 392 5 473 279
C(55) -44 3 098 5 050 40

C(56) -437 2 869 5 466 89

C(57) -1 542 2 778 5 340 121

C(58) -2 253 2 916 4 798 161
C(59) -1 860 3 145 4 383 115

C(60) -755 3 236 4 508 88

C(61) 2 634 1 091 5 325 41

C(62) 3 245 990 5 893 67
C(63) 4 010 522 6 037 110
C(64) 4 161 157 5 611 113
C(65) 3 549 258 5 042 61
C(66) 2 785 726 4 899 59

C(67) 514 1 334 4 894 78

C(68) -151 1 236 5 220 438

C(69) -1 080 881 5 004 435

C(70) -1 343 626 4 462 188
C(71) -677 725 4 136 346
C(72) 252 1 078 4 352 205
C(73) -560 3 275 1 618 137

C(74) 1 138 1 189 1 758 129

U3, U12 u13 uu
47 9 18 12
45 -1 16 -5
52 1 6 -7
50 13 27 4
44 10 9 -4

a — 26.01, b = 43.79, c = 24.56 A, space group Fddd (No.
70). Photographs indicate a substantially disordered
structure, and the calculated density (1.50 gem-3) indicates

15 D. V. Naik, G. J. Palenik, S. Jacobson, and A. J. Carty, J.
Amer. Chem. Soc., 1974, 96, 2286.

16 M. C. Cornock, R. O. Gould, C. L. Jones, and T. A. Stephen¬
son, J.C.S. Dalton, in the press.

17 P. W. Armit, A. S. F. Boyd, and T. A. Stephenson, J.C.S.
Dalton, 1975, 1663.

Table 1

ordinates (x 104) and thermal parameters (x 103/A2) for (1).
0.004; CI, 0.012; P, 0.015; O, 0.04; C(methyl), 0.07;
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half a molecule per asymmetric unit (Dc = 1.50 g cnr3
forZ = 16), suggesting that the molecules are disordered,
about a two-fold axis or centre of symmetry.

Furthermore, if the yellow solution containing the
[{P(OEt)Ph2}3RuCl3Ru{P(OEt)Ph2}3]+ cation is treated

Table 2

Selected bond lengths in (1). Estimated standard devi-
ations are: Ru -CI, 0.015; Ru-P, 0.018; p-o, 0.
P-C, 0.07; and O-C, 0.09 A
Ru(l)—Cl(l) 2.454 Ru (2)—Cl(l) 2.478
Ru(l)—Cl(2) 2.484 Ru(2)-Cl(2) 2.507
Ru(l)—Cl(3) 2.471 Ru(2)-Cl(3) 2.478
Ru(l)-P(l) 2.258 Ru(2)-P(4) 2.222

Ru(l)-P(2) 2.277 Ru (2)—P(5) 2.271

Ru(l)-P(3) 2.226 Ru(2)-P(6) 2.248
P(l)-0(5) 1.63 P(4)-0(2) 1.54

P(l)—C(13) 1.83 P(4)—C(37) 1.81

P( 1) C( 19) 1.83 P(4)—C(43) 1.77

P(2)-0(l) 1.52 P(5)-0(3) 1.57
P(2)—C(l) 1.85 P(5)—C(49) 1.93
P(2) C(7) 1.86 P(5)—C(55) 1.78

P(3)-0(6) 1.56 P(6)-0(4) 1.55
P(3)—C(25) 1.83 P(6)—C(61) 1.84
P(3)-C(31) 1.88 P(6)—C(67) 1.80
0(5)-C(74) 1.53
0(6)-C(73) 1.48

O(l) • • -0(5) 2.66 0(2) • • ■ 0(3) 2.54
O(l) • • • 0(6) 2.92 0(2) ■ • • O(4) 2.97

0(5) • • • 0(6) 3.05 0(3) • • • 0(4) 2.77

(a) Selected bond angles in (I
are 0.5° for all angles given
Cl( 1)—Ru (1)—CI (2)
Cl( 1)—Ru (1)—CI (3)
Cl(l)-Ru(l)-P(l)
Cl(l)—Ru(l)—P(2)
Cl(l)-Ru(l)-P(3)
Cl(2)-Ru(l)-Cl(3)
Cl(2)-Ru(l)-P(l)
Cl(2)—Ru (1)—P(2)
Cl(2)—Ru (1)—P(3)
Cl(3)-Ru(l)-P(l)
Cl(3)-Ru(l)-P(2)
Cl(3)-Ru(l)-P(3)
P(l)-Ru(l)-P(2)
P(l)-Ru(l)-P(3)
P(2)-Ru(l)-P(3)

Table 3

Estimated standard deviations

78.3
78.1
92.7
97.8

171.5
77.2

166.8
98.9
94.9
91.6

174.8
95.5
91.8
93.0
88.2

Ru(l)-Cl(l)-
Ru(l)—Cl(2)-
Ru(l)-Cl(3)-

■Ru(2)
-Ru(2)
■Ru(2)

Cl(l)-Ru(2)
Cl(I)-Ru(2)
Cl( 1)—Ru (2)
Cl(l)-Ru(2)
Cl( 1)—Ru(2)
Cl(2)-Ru(2)
Cl(2)-Ru(2)
Cl(2)-Ru(2)
Cl(2)-Ru(2)
Cl(3)-Ru(2)
Cl(3)-Ru(2)
Cl(3)-Ru(2)
P(6)-Ru(2)-
P(6)-Ru(2)-
P(4)—Ru(2)-

87.9
86.6
87.5

€1(2)
-CI (3)

P(6)
-P(4)
-P(5)
—CI (3)
-P(6)
—P(4)
-P(5)
-P(6)
-P(4)
-P(5)
■P(4)
■P(5)
P(5)

77.5
77.5
93.6

100.7
168.3
76.7

170.4
95.5
97.6
98.1

172.1
91.1
89.6
90.5
90.3

(6) Mean values of chemically distinct angles in (1)
Estimated
standard

Atoms Angle/0 Number deviation
Ru—CI—Ru 87.3 3 0.6
CI—Ru—CI 77.6 6 0.5
P—Ru—CI (c is) 95.6 12 3.0
P—Ru—CI (trans) 170.6 6 1.5
P-Ru-P 90.6 6 0.8
Ru-P-O 113.8 6 1.0
Ru-P-C 118.7 12 1.0
O-P-C 101.6 12 1.5
C-P-C 99 6 3
P-O-C 128 2 5

with an excess of lithium bromide before pyrolysis, the
resulting yellow, crystalline solid (3) analyses very well
for [{P(OEt)Ph2}2{P(OH)Ph2}RuBr3Ru{P(OH)Ph2}2-
(Ph2PO)].

As expected, [{P(OR)Ph2}3RuCl3Ru{P(OR)Ph2}3]-
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[BPh4] (R = Me or Et) was recovered unchanged after
pyrolysis. However, for [{P(OEt)Ph2}3RuCl3Ru{P-
(OEt)Ph2}3]X (X = [SCN]~, [CN]-, or [S2PMe2]~),
pyrolysis gave yellow solids whose infrared spectra are
identical with (2). This suggests that the first step is
nucleophilic attack of [X]~ on a co-ordinated alkoxy-
group to give a Ph2PO" group and RX. This is pre¬
sumably followed by stepwise hydrolysis of some of the
P(OR)Ph2 groups, the partially hydrolysed product then
precipitating out because of its insolubility. Attempts

C (61)

C(19)

CK9)

C(31)

C (74)
Figure 1 Structure of

[{P(OMe)Ph2}2{P(OH)Ph2}RuCl3Ru{P(OH)Ph2}2(Ph2PO)] (1)

Ph2 Ph2

H Pd Pd H
X0— P/ ^SCN^ NP—0/

Ph2 Ph2

2-1.2 k

Figure 2 Structure of [(Ph2PO)2HPd(SCN)2Pd(Ph2PO)2H]
(ref. 15)

Ph2
Me\ /S\ /P~°\

pd h

Me XP—0
Ph2

2*1 A.

Figure 3 Structure of [Pd(S2PMe2)(Ph2PO)2H] (ref. 16)

to make (1), (2), or (3) undergo further reactions or to
synthesise the corresponding phosphonite complexes
have proved unsuccessful to date.

EXPERIMENTAL

Microanalyses were by B.M.A.C. and the University of
Edinburgh Chemistry Department. I.r. spectra were
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recorded in the region 4 000—200 cm-1 on Perkin-Elmer 225
and 557 grating spectrometers using Nujol and hexachloro-
butadiene mulls on caesium iodide plates. Magnetic
measurements were made on a Faraday balance. Melting
points were determined with a Kofler hot-stage microscope
and are uncorrected. Standard crystallographic calcul¬
ations were performed at the Edinburgh Regional Computing
Centre.18

Crystal Data.—C74H69C1306P6Ru2, M = 1 549, yellow
monoclinic plates, a = 13.19(1), b = 21.98(2), c = 24.98(2)
A, p = 109.4(1)°, U = 6 831 A8, Dm = 1.45 g cm"3, Z = 4,
Dc = 1.49 g cm-3. Space group P21/c (No. 14), Cu-Kx
radiation, X = 1.5418 A; p(Cu-Ra) = 65 cm-1.

Structure Determination.—Data were collected from a

single crystal, a plate of thickness 0.15 mm and cross-
section 0.16 mm2, using multiple film packs. Data for
layers 0—5kl were collected by the equi-inclination Weissen-
berg method, and limited data for layers hk0—2 by the
precession method. The photographs were of poor quality,
and suggested disorder in the crystal. The films were
scanned using rotating-drum film scanners, the Weissenberg
on an Optronics instrument, and the precession on a Saab.
Merging of the data gave 1 534 independent reflections
significantly above background.

The positions of two independent ruthenium atoms, both
having y ca. 0.25, were determined from the Patterson
function, and the subsequent difference-Fourier synthesis
(R 0.41) had significant pseudo-symmetry. The choice of
three positions for chlorine atoms enabled all phosphorus
and oxygen atoms to be found in subsequent difference
syntheses. The phenyl groups could only be located
approximately, and were refined as idealised groups with all
C—C bonds 1.40 A and all C—C—C angles 120°. At this stage
the two terminal methyl groups were clearly indicated, but
no attempt was made to locate hydrogen atoms. With
phenyl groups constrained as above, and anisotropic thermal
parameters for Ru and CI only, the structure was refined
treating the parameters in two large blocks, to convergence
at if 0.11. Weights were of the form W = X.Y with X =

sin0/O.3 for sin 0 < 0.3, and 1.0 otherwise, and Y = 100/-
|E0| for |F0| < 100 and 1.0 otherwise. A final difference
Fourier synthesis did not show any features above one-third
the mean height of a carbon atom, and there were broad
peaks near the worst determined phenyl rings.

dei-Tri-y.-chloro-h-diphenylphosphinito-bgi-tris(diphenyl-
phosphinous acid)-ac-bis(methyl diphenylphosphinite)diruth-
enium(ii) * (1).—[{(RuCl2(C7H8)}n] 19 (0.22 g) was refluxed
with an excess of P(OMe)Ph2 (0.50 ml) in methanol (10 ml)
for 4 h under nitrogen to give a yellow solution. The
solution was filtered to remove any unchanged starting
material and then concentrated to a volume of ca. 5 ml.
This solution was then pyrolysed in an evacuated, sealed tube
at 120 °C for 12 h. The bright yellow crystals formed were

* Following the suggestion in ref. 14, we have used the term
diphenylphospinite to describe P-bonded Ph2PO_ rather than
the previously used diphenylphosphinate.

filtered off, washed with methanol and diethyl ether, and
dried in vacuo, m.p. >285 °C (Found: C, 56.6; H, 4.5;
CI, 6.5; P, 13.0; Ru, 11.0. Calc. for C74H69C1306P6Ru2:
C, 57.4; H, 4.5; CI, 6.9; P, 12.0; Ru, 13.0%).

dei-Tri-g.-chloro-b-diphenylphosphinito-hg\-tris(diphenyl-
phosphinous acid)-ac-bis(ethyl diphenylphosphinite)diruthen-
ium(u) (2).—(a) Prepared as for (1) by reaction of [{RuC12-
(C7H8)}„] and P(OEt)Ph2 in ethanol followed by concen¬
tration and pyrolysis at 120 °C for 12 h, m.p. 225 °C (Found:
C, 57.3; H, 4.6; CI, 6.4; P, 11.9. Calc. for C76H73C1306P6-
Ru2: C, 57.9; H, 4.6; CI, 6.7; P, 11.8%). (b) [RuC12-
(PPh3)3] (0.20 g) and PClPh2 (0.50 ml) were refluxed in an
ethanol (25 ml)-water (5 ml) mixture. After a few minutes,
the solution turned yellow and after 2 h a yellow solid had
formed, shown by i.r. spectroscopy and m.p. to be identical
with (2) (Found: C, 56.6; H, 4.5. Calc. for C76H73Cl3Oe-
P6Ru2: C, 57.9; H, 4.6%). (c) [{RuCl2(C7H8)}n] (0.02 g)
was refluxed with excess of P(OEt)Ph2 in ethanol under
nitrogen for 4 h to give a yellow solution. An aqueous
solution of KSCN was then added and the mixture allowed
to stand for several days during which time the yellow solid
tri-g-chloro-hexakis(ethyl diphenylphosphinite)diruthenium(n)
thiocyanate was deposited [v(CN) 2 020 cm-1] (Found: C,
58.2; H, 5.1; N, 0.8. Calc. for C85H90Cl3NO6P6Ru2S: C,
58.4; H, 5.1; N, 0.8%).

[{P(OEt)Ph2}3RuCl3Ru{P(OEt)Ph2}3][SCN] (0.20 g) was
then pyrolysed'in n-propyl propionate (5 ml) at 120 °C to
give the yellow solid (2).

In a similar fashion, pyrolysis of [{P(OEt)Ph2}3RuCl3Ru-
{P(OEt)Ph2}3]X (X = [CN]~ or [S2PMe2]~) gave only (2).

dei-Tri-g.-bromo-h-diphenylphosphinito-bgi-tris(diphenyl-
phosphinous acid)-ac-bis(ethyl diphenylphosphinite)diruthen-
ium(n) (3).—[{RuCl2(C7H8)}„] (0.22 g) was refluxed with
excess of P(OEt)Ph2 (0.50 ml) for 4 h in ethanol to give a
yellow solution. This was reduced in volume and an excess
of LiBr (0.25 g) added. The mixture was then pyrolysed at
120 °C for 12 h and the resulting yellow crystals filtered off
and washed with ethanol and diethyl ether, m.p. 220 °C
(Found: C, 52.9; H, 4.3; Br, 13.9; P, 11.4. Calc. for
C76H73Br306P6Ru2: C, 53.4; H, 4.3; Br, 14.0; P, 10.9%).

We thank Johnson Matthey Ltd. for loans of ruthenium
trichloride, the S.R.C. for financial support (C. L. J., W. J. S.),
the S.R.C. and Dr. M. Elder of the Atlas Computing Labora¬
tory for the scanning of the Weissenberg photographs, Dr.
W. D. S. Motherwell of Cambridge University for a molecular
plotting program, Dr. G. Hunter of Dundee University for
the magnetic measurements, and Dr. R. M. Paton for the
e.s.r. measurements.

[6/1399 Received, 16th July, 1976]

18 ' X-Ray' program system, Technical Report TR 192,
Computer Science Center, University of Maryland, version of
January 1974, implemented for the X.C.L. 4175 computer at the
Edinburgh Regional Computing Centre.

19 E. W. Abel, M. A. Bennett, and G. Wilkinson, J. Chem. Soc.,
1959, 3178.
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Preliminary Communication

SYNTHESES AND REARRANGEMENT REACTIONS OF [ RuCl L 1
2 3 or 4

COMPLEXES (L=P(OR)3, P(OR>2Ph, P(OR)Ph2>

*
W.J. Sime and T.A. Stephenson

Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ

(Received October 28th, 1976)

Summary:- Reaction of [ RuCl^(PPh^)with excess L in hexane gives
either [ RuCl L] (L=P(OMe) P(OMe) Ph) or [ RuCl L ] (L=P(OMe)Ph ,

2 4 3 2 2 3 2

P(OEt)Ph^) which rearrange in polar solvents to the ionic complexes
[ L RuCl RuLj CI (L=P(OMe) Ph, P(OMe)Ph P(OEt)Ph ) and [ Ru Cl L] CI

2 z 2 J o y

(L=P(OEt)Ph2, P(OMe)Ph2>.

Recently, we have shown that the monomeric tertiary phosphine complexes

[ RuCl (PR ) ] , made by exchange of [ RuCl (PPh ) ] with PR„ in non-2 33 or 4 2343

polar solvents [ 1 ]undergo facile rearrangement reactions in solution

as shown in the Scheme [2 1 In an attempt to verify the generality of

this rearrangement pattern, we now report the results of studies on

exchange reactions of [ RuC12(PPh^)^ ](I) with tertiary phosphites,
phosphonites and phosphinites.

Thus, if (I) is refluxed with excess P(OMe>2 or P(0Me>2Ph in
hexane, yellow crystals [ RuC^L^] are formed. Far ir studies suggest
a cis/trans mixture for both compounds in the solid state but in

31
solution, P nmr spectroscopy indicates that irreversible cis-»trans

isomerisation readily occurs. Although the cis-isomers are then stable

indefinitely at ambient temperature in solution, thermolysis or photo¬

lysis of [RuCl (P{OMe}0Ph) ] in CH_C10 gives [(P{OMe }0Ph) RuC1 Ru(P(OMe } -2 24 22 233 2

Pfr)0]Cl^ isolated as its BPh, salt. However, this does not occur for the3 4

P(OMe)g complex. Reaction of (I) and excess P(OMe>2Ph in methanol gives the
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2 + 1" —

[ Ru(P{OMe}2Ph)g] cation which can also be isolated as a BPh^ salt.
In contrast, reaction of (I) with excess PCOFOPh^ (R=Me,Et) in hexane

gives orange solids of stoichioraetry [ RuCl (P(OR)Ph ) ] , shown to be monomeric2 ^3

by molecular weight measurements in benzene. Variable temperature, proton

31
decoupled P nmr studies indicate rapid intramolecular exchange of

P(0R)Ph2 groups at temperatures >160K (single resonance observed) but
at lower temperatures, more signals are found eg. for [ RuCl^CPlOEt l^Phg) g]
in (CD ) CO/C H CH at ca 140K, two resonances at 141.1 (broadened doublet)

o ^ bo «J

and 167.3ppm (broadened triplet) of relative intensity 2:1 are observed

31
( cf the limiting P nmr spectra of [ RuCl L ] (L=PPh^ ,PEtPh2 }[1 ] ) which is
consistent with the square pyramidal geometry expected for a five coordinate

d^ complex [ 4] .

Unlike [ RuCl„LJ (L=P(OMe)„, P(OMe)„Ph), [ RuCl„(P(OR)Ph„)J rapidly
a 4 O /L Ci Z J

rearrange in polar solvents to give ionic complexes. For R=Me, the

main product is [ (P(OMe}Ph ) RuCl Ru(P(OMe)Ph ) ] Cl^ which is consistent
£ O «5 J

with the mechanism shown in the Scheme. However, for R=Et, the main

31
rearrangement product based on P nmr, conductivity and analytical

data is the trimeric cation [ Ru^Cl^(P{OEtIPh^)^] CI for which the cyclic
31

structure (II) is tentatively proposed. P nmr studies indicate that

(PR3 = PMePh2 , PMe2Ph , PEtPh2 , PEt2Ph , PCIPh2) SCHEME
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P(OEt)Ph2 P(OEt)Ph,

Ph2(OE-t)Pv

Ph2(OEt)P

Ph2(OEt)P

Ru Ru
' N

a a a

Ru

P(OEt)Ph2

P(OEt) Ph2

P(OEt)Ph2

P(OEt)Ph2

(D)

CI

small amounts of [ Ru CI (P{OMe}Ph ) ] CI and [ (P{OEt}Ph ) RuCl Ru(P{OEt}Ph ) ] -
o 5 2 9 2 3 <} 2 o

CI respectively are also formed.

Reaction between (I) and excess P(OMe)Ph^ in methanol gives an
immediate red solution from which the [ RuCl(P{OMe }Ph2>^MeOH] cation can
be isolated by addition of NaBPh^. With (I) and excess P(OEt)Ph^ in
ethanol, however, a red dimeric cation I?RuCl(P{OEt}Ph ) ^ 1 (BPh is«- 2 4'2J 4 ■i

isolated. On further refluxing^the red solutions turned yellow and

f(P^OMefPh ) RuCl Ru(P{OMe}Ph ) lei and [Ru CI (P{OEt}Ph ) ]ci respectively233 23 35 2 9

are formed. Therefore, a possible rationalisation of the formation of (II)

is by facile coupling cf[^RuCl(P{OEt }Ph2>^^Jci^ and some unreacted

[RuCl^(P{OEt)Ph2>3] accompanied by displacement of P(OEt)Ph2. In contrast,
rapid dimersation of [RuCl^ (P (OMe }Ph^ )^J form the stable [_(P{OMe }Phg) g-

RuCl^RuCPlOMe iPh^) 3J CI appears to be the preferred reaction.
Finally, no evidence has been found here for the formation of

neutral dimers [ L^RuCl^RuClL^] which is indicative of stronger Ru-P
bonds in these alkoxy substituted phosphine complexes compared to those

containing tertiary phosphines. In support of this, pyrolysis of

[ (P{0R}Ph2)3RuCl^Ru(P{0R}Pho)^]CI at 120°C gives [ (P{OR}Ph„)0(P(OH)Ph„)-2 3 2 2

RuCl Ru(P(OH)Ph ) (Ph PO)](R=Me,Et) with no cleavage of Ru-P bonds [5 ]

(cf the formation of [ (PEt^PlOgRuClgRuClCPEt^Ph)^] by pyrolysis of
[ (PEt2Ph)3RuCl3Ru(PEt2Ph)3] Cl[ 6 ] ) .

These compounds have also been synthesised by reaction of [

with excess L in ethanol or methanol [ 3 ]
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Further studies on these rearrangements and of reactions of the

products are in progress.
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Preparation, X-Ray Crystal Structure Analysis, and Reactions of a Novel,
Hydroxo-Bridged, Tetranuclear, rc-Arene Ruthenium(u) Quadrivalent Cation

[{(rj*-C6H6)Ru(0H)}4](S04)3-12H20

By Robert O. Gould,* C. Lynn Jones, Donald R. Robertson, and T. Anthony Stephenson*
[Department of Chemistry, University of Edinburgh, Edinburgh EH9 3 J J)

Summary Reaction of [{(t]6-C6H6)RuC12 }2] with aqueous
sodium carbonate (1:2 molar ratio) and excess of sodium
sulphate gives the title compound (II) whose structure
has been determined by A-ray diffraction; a mechanism
of formation and some reactions of (II) are also outlined.

Recently,1 we reported that the reaction of [ {(r^8-C6H6)-
RuC12 }2] with an excess of aqueous sodium hydroxide gave
the yellow triple hydroxy-bridged cation [(7j6-C6H6)Ru(OH)3-
Ru(tj6-C6H6)]C1.3H20 (I). The same compound is also
formed using excess of aqueous sodium carbonate.

We now find that if [{(tj6-C6H6)RuC12}2] is treated with
less sodium carbonate ([Ru2+]: [C032-] ca. 1:1 molar ratio)
and the resulting solution treated with excess of sodium
sulphate, orange crystals are precipitated in low yield (ca.
25%) and these have been shown by A*-ray analysis to be the
novel tetrameric complex (II) containing both TT-bonded
benzene groups and hydroxo bridges.

Crystal data: C24H52024Ru4S2, M 1192, cubic, a — 12-362-
(2) A, U = 1889 A3, Z = 2, Dm = 2-10, Dc = 2-14 g cm"3,
space group Pn3m (no. 224). From precession photo¬
graphs (Mo-Aa radiation) 204 independent intensities were
obtained using a Saab Mark II film scanner linked to a
PDP-15 computer. The structure was solved by Patterson
and difference Fourier syntheses and has been refined to

R = 0-11 based on all non-hydrogen atoms except the
water molecules and the three oxygen atoms of each
sulphate ion which do not lie on a three-fold axis.f

Figure. Structure of [{(^"-CjHJRufOH) }4]*+

f The atomic co-ordinates for this work are available on request|from the Director of the Cambridge Crystallographic Data Centre,
University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW. Any request should be accompanied by a full literature
citation for this communication.
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The structure consists of discrete cations with the formula

[{(tj6-C#H6)Ru(OH) }4]4+ and sulphate anions. The cations
have crystallographic 4 3m (Td) symmetry containing inter¬
penetrating tetrahedra of ruthenium and oxygen atoms.
Each ruthenium atom has bonds to three hydroxy groups
of equal length (2-12 A) and the O-Ru-O and Ru-O-Ru
angles are 76-3 and 102-2° respectively. The arrangement

[ArRu(OH2)2Cl] * <-!— [ArRuCl^ 1-^-»-[ArRu(OH2)3]2 +

Ar=T) C6H5
Scheme, i, HsO; ii, AgNO, or AgBF4; iii, NajCOj (1:1 molar
ratio); iv, excess of Na^CO, or NaOH; v, dimerisation; vi,
excess of Na^SOj; vii, aqueous NaOH; viii, aqueous LiBr (1:2
molar ratio), then NH4PF4; ix, excess of aqueous LiBr; x, L =
pyridine or y-picoline, then NH4PF6.

of ruthenium and oxygen atoms may thus be described as a
substantially distorted cube in which the Ru Ru and
O O diagonals are 3-29 and 2-62 A, respectively (see
Figure) (cf. [Me3Pt(OH)]42). The ruthenium atoms in (II)
are also bound to benzene rings, located 1-74 A further out
along the three-fold axes (Ru-C = 2-23 A). The rings are,
however, disordered with essentially equal site occupancy
over two locations related by a 30° rotation about the axis.
The sulphate ions in (II) are disordered on sites of 3m (D3d)
symmetry and only the half-occupied sites on the three-fold
axes could be identified in the electron density maps.

The cations are centred at the points (J, J, J) and (£, £, J)
in the cell, and are each linked to four others by contacts of
benzene rings (3-3 A) and to a further four by hydrogen
bonds to sulphate ions from the OH groups (O O
ca. 2-6 A). The resulting structure is very open, and
contains channels with van der Waals diameters of about
3-2 A parallel to each of the three crystallographic axes, and
intersecting in pairs at the points J, J, J, etc. Difference
Fourier syntheses indicate broad, low regions of electron
density in these channels and the water molecules are

presumably randomly arranged there. Heating a powdered
sample of (II) to 100 °C results in the reversible loss of
water, also indicating that it is not tightly held in chemically
discrete sites. J

The probable mechanism of formation of (I) and (II) is
shown in the Scheme. Thus, earlier3 it was suggested that
in aqueous solution [{(tj6-C6H,)RuC12}2] gave a mixture of
[(178-C6H6)RuC1(H20)2]+ and [(7?'-C6He)Ru(H20)3]2+ and
therefore, in basic solution, successive deprotonation of the
latter should give [(ij6-C,H,)Ru(0H)(H20)s]+ and [(rj#-
C6H6)Ru(0H)2H20] respectively with the dihydroxo species
favoured in strongly basic solutions. Because of the
bridging propensity of hydroxo groups and the desire of
ruthenium(n) to exhibit six-co-ordination,4 it seems
reasonable that [(i^6-CeH6)Ru(0H)2H20] will tend to
dimerise with concomitant elimination of water to form (I)
and similarly, [(ij6-C#H6)Ru(0H)(H20)2]+ will tetramerise to
form (II). The latter process is enhanced by addition of
sulphate ion which removes the tetrameric cation from
solution.

Support for the correctness of this mechanism comes from
the observation that reaction of [{(-jy6-C8H6)RuCl2}2] with
either aqueous AgNOa or AgBF4 {which produces the [(ij4-
C6H6)Ru(H20)3]2+ cation in high yield} followed by addition
of Na2C03 (1:1 molar ratio) and excess of Na2S04 gives (II)
in much higher yields (ca. 60%).

Finally, preliminary work (see Scheme) shows that (II)
undergoes some interesting reactions. For example, with
hydroxide ion, (I) is formed whereas addition of LiBr (1:2
molar ratio) gives the mixed triple bridged [(tj6-C6H6)Ru-
(OH)2BrRu(iy6-CeH,)]+ cation; with excess of Br~ the
insoluble [{(tj6-C6H6)RuBr2 }2]3 is precipitated. In con¬
trast, with neutral Lewis bases, e.g. pyridine or y-picoline
(L) the double hydroxo bridged cations [(-rj8-C6H8)LRu
(OH)2RuL(7j'-C6H#)](PF8)2 can be isolated.

We thank the S.R.C. for financial support (to C.L.J, and
D.R.R.) and Johnson-Matthey Ltd. for generous loans of
hydrated ruthenium trichloride.

(Received, \5th December 1976; Com. 1365.)

J The presence of twelve water molecules of hydration is based upon full elemental analyses and the X-ray molecular weight
determination.

1 D. R. Robertson and T. A. Stephenson, J. Organometallic Chem., 1976, 116, C29.
2 H. S. Preston, J. C. Mills, and C. H. L. Kennard, J. Organometallic Chem., 1968, 14, 447; T. C. Spiro, D. H. Templeton, and A.

Zalkin, Inorg. Chem., 1968, 7, 2165.
3 R. A. Zelonka and M. C. Baird, Canad. J. Chem., 1972, 50, 3063.
4 See P. W. Armit, W. J. Sime, and T. A. Stephenson, J.C.S. Dalton, 1976, 2121.
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Some n -Cyclohexadieny1 Complexes of Ruthenium.

*

■D.R. Robertson and T.A. Stephenson
Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ.

(Received October 11th, 1977)
5 -

Summary:- The compounds I(q C H Y)Ru(PR ) (N-N)l PF (V = H , CN ,
— 6 6 3 1 6

OH ; PR^ = PMe^Ph, PMePh^; N-N = 1,10-phenanthroline, 2,2'-bi-
5 5 5

pyridyl ), [(q -C Me H )Ru(PMe Ph)phenlPF andlh C H Run C H 1634 2 6 1 67 5 5J

have been isolated and some evidence found for other unstable

cyclohexadieny1 or 1,3 cyclohexadiene compounds on addition

of nucleophiles to a variety of cationic areneruthenium(II)

complexes.

Although reactions of nucleophiles with complexes containing

carbocyclic rings have been studied extensively, little work has been

"published on such reactions with areneruthenium(II) compounds. This

hisjjrobably because, in most instances, addition to the coordinated

ring gave products which were too unstable to be isolated [1] . In

this note, we now report some results of our studies on the reactions

of nucleophiles with various cationic areneruthenium(II) compounds

5
where, in some instances, stable q -cyclohexadienyl complexes were

ob tained.
<

0
Thus, if [(n -arene)RuCl 1 (arene = C H C Me H ) is2 2 66600

i.

stirred in methanol with excess 1,10-phenanthroline or 2,2'-bi-

1
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pyridyl (N-N) for ca 1 hour, and then NH^PF^ is added, the bright
g "t"

yellow solids [ (n -arene)RuCl(N-N)]PF (I) are precipitated. All6

these compounds then reacted with tertiary phosphines in methanol

to give the pale yellow dicationic complexes [(p^-arene)Ru(PR^)(N-N)] -
t 5

PF )„(II) (PR0 = PMe Ph , PMePh ). The analogous [<h C Me )RhCl(N-N)l PF6 2 3 2 2 5 5

5
and [(n —C Me )Rh(PR )(N-N)](PF ) compounds have also been5 5 3 6 2

5 t
synthesised starting from [ (n -C Me )RhCl ] .

5 5 2 2

Reaction of compounds (II) (arene = C H ) with various
6 6

nucleophiles Y (Y = H , CN , OH ) produced intensely coloured

5
solutions from which the p -cyclohexadienyl cationic compounds

5 "f"f (H -C H Y)Ru(PR )(N-N) ]PF were readily isolated. Similarly,
6 6 3 6

[ (H -C Me H )Ru(PMe Ph)(phen)](PF ) reacted with NaBH to give
6 3 3 2 6 2 4

r 5[ (H -C Me H )Ru(PMe Ph)(phen)]PF and, as for other methyl6 3 4 2 6

substituted arene compounds [2], nmr evidence suggested that nucleophili

attack has occurred at one of the unsubstituted positions.

Although reaction of compounds (I) with the above nucleophiles

also produced rapid colour changes, facile decomposition occurred and

no clean products could be isolated. This rapid decomposition reaction

was a characteristic of other monocationic areneruthenium(II) compounds
6 6

such as [n -CgH^RuClL^] PFg (L = PR^, AsPh^ etc) and[p -C^H^Ru(~
PR ]PF on treatment with NaBH . Similar very unstable products

3 6 4

g
have been reported [ 1 ] when [n -C H RuCl 1 was reacted with either6 6 2 2

6 1
KCN or NaOH in d -(CH^)^SO and here j H nmr studies inaicaced that

All these compounds have been fully characterised by elemental
1 13

analyses, conductivity measurements, infrared, H and C nmr

spectroscopy.
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5
substituted n -cyclohexadieny 1 compounds were initially formed.

0 0
For the mixed sandwich compound [ n -C H Run C H 1 CI, however

6 6 5 5 '

0
(made by reaction of [ n -C H RuCl ] with TIC H [ 3] ) small amounts6 6 2 2 5 5

5 r 5 5 t
of the neutral r\ -cyclohexadieny 1 complex [ r\ C H Run C H J could be

6 7 5 5

isolated from the reaction mixture obtained on addition of NaBH .

4

1 5
H nmr studies also indicated the formation of some I (n -C H OMe)-

6 6

5 ,

Run -C HI on addition of NaOMe, but with NaOH and KCN, nmr studies
5 5

suggested that ring displacement reactions were more important.

Finally, preliminary studies on the reaction of the triple

hydroxide bridged compound [ C H Ru(OH) RuC H ]BPh [ 4 ] with NaBH
6 6 3 6 6 4 4

indicated that two hydride ions may have added to one benzene ring

to produce a 1,3 cyclohexadiene ruthenium compound. Similar

6 2 +
double hydride ion additions have been observed for the [ (n -C H ) Ru]

6 6 2

6 4 6
cation forming [ n C H Run C H ] | 5] and in the reaction of [n -C H RuClJ

6668 6 6 2 2

0
with NaBH^ in d -(CH^^SO, transient 1,3 cyclohexadiene complexes were
detected by nmr spectroscopy [ 1] .

Further studies on these and other cationic areneruthenium(II)

compounds with a wider range of nucleophiles are now in progress.
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Ruthenium Complexes containing Group 5B Donor Ligands. Part 5.1
Synthesis and Crystal and Molecular Structure of Acetone(carbonyl)-
chloro(trichlorostannio)bis(triphenylphosphine)ruthenium(n)-Acetone
(1/1)
By Robert O. Gould,* Crystallography Laboratory, University of Nijmegen, Toernooiveld, Nijmegen, The Nether¬

lands
Wilma J. Sinie and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh, Edinburgh

EH9 3JJ

The lemon-yellow crystals (1) obtained by reaction of the red ' carbonyl-containing' ruthenium solution with SnCI,
and PPh3 in acetone have been shown to be [RuCI(SnCI3) (CO) (PPh3)2(OCMe2)] -Me-iCO and not [Ru2CI3(SnCI3)-
(CO)2(PPh3)3(OCMe2)2] (3) as previously suggested. The crystals are monoclinic, space group P21/c with a =
11.950(3), b = 14.988(3), c = 24.91 6(2) A, and [3 = 92.51 (1 )*. The structure has been solved with 3 601 dif-
fractometer data and refined to R 0.037. It is, however, possible to obtain (3) by warming (1) in benzene, but it
readily loses SnCI2 to give some [(Ph3P) (OC)CIRuCI3Ru(CO) (PPh3)2],

Over 10 years ago one of us 2 reported that the reaction
of the well known ' carbonyl-containing ' red solution
(i.e. ' RuC13-*H20 ' in ethanol treated with CO for 5 h)
with a mixture of anhydrous tin(u) chloride and
triphenylphosphine in the presence of acetone gave a
small yield of lemon-yellow crystals (1). On the basis
of full elemental analyses (C, H, CI, O, and Sn) and i.r.
studies [v(CO) at 1 957 cm"1 (Nujol); 1 701 and 1 661
cm-1 (acetone)] this complex was tentatively formulated

1 Part 4, R. O. Gould, C. L. Jones, W. J. Sime, and T. A.
Stephenson, J.C.S. Dalton, 1977, 669.

as [Ru2Cl3(SnCl3) (CO)2(PPh3)3(OCMe2)2]. In the absence
of acetone only a mixture of products was formed and
attempts to separate these by recrystallisation resulted
in loss of SnCl2 and the formation of cts-[RuCl2(CO)2-
,(PPh3)J.

Recently, we have been studying the preparation and
detailed mechanism of formation of various dimeric
ruthenium(n) complexes containing both RuC12Ru
and RuC13Ru bridging units. Some examples of those

2 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear Chem.,
1966, 28, 945.
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synthesised in our laboratory are [{RuCl2Y(PPh3)2}2],
[(Ph3P)2ClRuCl3RuY(PPh3)2]-2Me2CO, [(Ph3P)(Y)ClRu-
Cl3RuY(PPh3)2], and [(Ph3P)2YRuCl3RuY(PPh3)2]-
[BPh4] (Y = CO or CS).3-4- *

In the light of these studies it was considered that two
possible structures for (1) might be either the triple
chloride-bridged (A) or the double chloride-bridged one

Cl3Sn^ ^,PPh3
Ph3P —Ru—CL —Ru—CO
/ \ \

OC CI PPh3

(A)

• 2 Me2CO

PPh3
C l3S n

OC

PPh3

,Ck .CO
Ru Ru • Me2CO

'

I |\c
PPh3 OCMe2

( B)

(B) (or isomers of these complexes). However, the
proton noise-decoupled 31P n.m.r. spectrum of (1) in
C6D6 at 303 K showed only one PPh3 resonance at 35.4
p.p.m. plus two broad weak signals arising from 117Sn
and 119Sn satellites [ / (PSn) 250 Hz] which is not compat¬
ible with either structure (A) or (B). Therefore an X-ray
structural determination of (1) was undertaken both to
establish its formulation and to ascertain its detailed

geometry.

RESULTS AND DISCUSSION

The most important distances and angles in (1) are
given in Tables 2 and 3, based on the parameters in Table
1. A view of the molecule is given in the Figure. The
molecule deviates only very slightly from Cs(m) sym¬
metry; the maximum deviation of the atoms Ru, Sn,
Cl(l), Cl(2), 0(1), C(l), 0(2), C(39), C(40), and C(41)
from their best plane is 0.02 A. Within this plane the
short Ru-C(l) bond is reflected in the large Sn-Ru~C(l)
and Cl(l)-Ru-C(l) angles. Conversely, both PPh3
groups are substantially tilted away from the bulky
[SnClg]" group. Within the latter the in-plane Sn-Cl(2)
bond is significantly shorter than the two out-of-plane
bonds, and the distortion from C^(3m) local symmetry is
marked in the angles.

The phenyl rings are staggered in three ways. The
mean angles between the plane of a ring and the plane

* For detailed references to other ruthenium complexes of this
type see ref. 3.

s T. A. Stephenson, E. S. Switkes, and P. W. Armit, J.C.S.
Dalton, 1974, 1134.

defined by the Ru-P and P~C bonds are 39° for the rings
beginning with C(3) and C(27), 4° for those at C(15) and

Table 1

Fractional co-ordinates for (1) with standard deviations
in parentheses /

Atom 10sx 105y 105*
Ru 36 497(5) 17 621(4) 24 522(2)
Sn 20 603(4) 6 393(3) 22 018(2)
Cl(l) 47 852(16) 30 639(12) 26 252(8)
Cl(2) 22 054(20) -9 291(13) 22 442(11)
Cl(3) 12 058(18) 7 731(16) 13 226(9)
CI (4) 3 375(17) 8 026(16) 26 356(10)
P(l) 43 501(15) 18 492(13) 15 687(8)
P(2) 32 330(16) 18 470(13) 33 821(8)
O(l) 52 275(50) 2 986(40) 27 274(24)
0(2) 22 243(41) 26 199(32) 22 162(20)
0(3) -3 506(129) 22 951(106) 49 852(61)
C(l) 46 240(63) 8 823(50) 26 200(30)
C(3) 40 562(61) 9 149(48) 11 052(30)
C(4) 41 543(66) 559(53) 13 168(32)
C(5) 39 868(73) -6 897(61) 9 790(35)
C(6) 37 446(80) -5 586(67) 4 507(39)
C(7) 36 492(85) 2 813(68) 2 312(41)
C(8) 37 969(70) 10 255(56) 5 580(34)
C(9) 38 656(60) 28 485(48) 12 166(29)
C(10) 27 930(67) 28 705(54) 9 676(32)
C(ll) 24 076(78) 36 394(63) 7 145(38)
C( 12) 30 871(78) 43 806(65) 6 964(37)
C(13) 41 233(73) 43 736(61) 9 545(35)
C(14) 45 178(67) 36 118(55) 12 140(33)
C(15) 58 801(62) 18 921(50) 15 219(30)
C( 16) 66 181(68) 18 784(55) 19 673(33)
C(17) 77 842(77) 18 661(63) 18 970(38)
C( 18) 81 764(75) 18 802(61) 13 963(36)
C(19) 74 654(72) 19 143(58) 9 539(35)
C(20) 63 198(70) 19 150(56) 10 094(34)
C(21) 24 884(62) 28 736(50) 35 157(30)
C(22) 30 686(65) 36 288(53) 36 965(31)
C(23) 25 291(71) 44 405(58) 37 326(34)
C(24) 14 128(77) 45 074(61) 35 892(36)
C(25) 8 275(76) 37 692(62) 34 129(37)
C(26) 13 547(66) 29 536(53) 33 672(32)
C(27) 24 345(65) 9 478(51) 36 872(31)
C(28) 16 007(81) 10 941(64) 40 363(38)
C(29) 10 817(91) 3 857(74) 42 896(44)
C(30) 13 965(93) -4 780(74) 41 684(44)
C(31) 22 224(85) -6 332(71) 38 207(41)
C(32) 27 329(73) 806(58) 35 720(35)
C(33) 44 632(62) 18 586(50) 38 557(30)
C(34) 55 439(68) 18 701(55) 36 881(33)
C(35) 64 516(75) 18 277(62) 40 619(37)
C(36)
C(37)

62 476(81 17 827(67 46 035(39)
51 982(88) 17 793(70) 47 650(42)

C(38) 42 798(77) 18 218(62) 43 999(37)
C(39) 17 814(67) 33 543(54) 21 254(32)
C(40) 23 893(73) 42 023(61) 22 113(36)
C(41) 5 852(81) 33 773(65) 19 304(39)
C(42) -1 561(142) 30 234(109) 48 517(63)
C(43) 9 807(152) 33 428(119) 49 142(70)
C(44) -9 932(239) 34 939(192) 45 631(111)

C(33), and 82° for those at C(9) and C(21). These last
rings lie in planes above and below the co-ordinated
acetone molecule, and probably interact with it, since,
for example, C(26) comes to within 3.15 A of 0(2). The
other rings make larger Ru-P~C angles, and the only
other outstandingly close contacts not involving hydro¬
gen atoms are Cl(l) • • • C(16) and Cl(l) • • • C(34)
(3.30 A).

With the exception of the tin analysis figure, the
4 P. W. Armit, W. J. Sime, and T. A. Stephenson, J.C.S.

Dalton, 1976, 2121.
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structure found for (1) is consistent with the 31P n.m.r.
spectrum and ail the experimental data published
previously.2 Also the v(CO) and 31P n.m.r. values of

Table 2

Bond lengths (A) for (1). Quantities related by
the pseudo-symmetry are printed on the same line

Ru—Sn 2.5935(9)
Ru-Cl(l) 2.405(2)
Ru-C(l) 1.796(8)
Ru—0(2) 2.194(8)

Ru-P(l) 2.393(2) Ru—P(2) 2.395(2)
Sn—Cl(2) 2.359(2)

Sn—Cl(3) 2.385(2) Sn—€1(4) 2.379(2)
P(l)-C(3) 1.839(8) P(2)—C(27) 1.835(2)
P(l) C(9) 1.818(7) P(2)—C(21) 1.816(8)
P(l)—C(15) 1.838(8) P(2)—C(33) 1.844(8)

C(l)-0(1) 1.156(9)
0(2)—C(39) 1.238(9)
C(39)—C(40) 1.475(12)
C(39)—C(41) 1.490(12)
0(3)-C(42) 1.17(2)
C(42)—C(43) 1.44(2)
C(42)-C(44) 1.44(3)
C—C(phenyl) 1.334 (min.)

1.412 (max.)
1.382 (mean)

Table 3

Angles (°) for (1). Quantities related by
the pseudo-symmetry are printed on the same line

Sn-Ru-Cl(l) 166.23(8)
Sn-Ru-C(l) 92.3(2)
Sn—Ru—0(2) 76.3(2)

Sn-Ru-P(l) 95.51(6) Sn—Ru—P(2) 94.94(5)
Cl(l)—Ru—C(l) 101.5(2)
Cl(l)—Ru—0(2) 89.9(1)

Cl(l)—Ru—P(l) 84.45(7) Cl(l)—Ru—P(2) 85.58(7)
C(l)—Ru—0(2) 168.6(2)

C(l)—Ru—P(l) 90.3(2) C(l)—Ru—P(2) 88.5(2)
0(2)—Ru—P(l) 91.2(2) 0(2)—Ru—P(2) 92.1(2)

P(l)—Ru—P(2) 169.52(8)
Ru—Sn—Cl(2) 125.75(7)

Ru—Sn-Cl(3) 98.78(9) Ru—Sn—Cl(4) 98.37(8)
Cl(3)—Sn—Cl(4) 93.69(8)
Ru—C(l)—O(l) 178.1(7)
Ru—0(2)—C(39) 153.0(5)
O(2)-C(39)-C(40) 122.4(7)
0(2)-C(39)-C(41) 118.5(7)
C(40)—C(39)—C(41) 119.1(7)

Ru—P(l)—C(3) 118.1(2) Ru—P(2)—C(27) 119.7(3)
Ru—P(l)—C(9) 111.8(2) Ru—P(2)—C(21) 110.3(3)
Ru—P(l)—C(15) 116.7(3) Ru—P(2)—C(33) 115.2(3)
C(3)-P(l)-C(9) 106.0(3) C(27)-P(2)-C(21) 106.1(4)
C(3)—P(l)—C(15) 98.6(3) C(27)-P(2)-C(33) 99.0(3)
C(9)-P(l)-C(15) 103.7(3) C(21)-P(2)-C(33) 105.0(3)

0(3)—C(42)—C(43) 119(2)
0(3)-C(42)-C(44) 118(2)
C(43)-C(42)-C(44) 123(2)
P—C—C (phenyl) 117.1 (min.)

123.5 (max.)
120.4 (mean)

C—C—C (phenyl) 118.6 (min.)
122.1 (max.)
120.0 (mean)

(1) are similar to those of the related [RuCl2(CO)(HOMe)-
(PPhg)^ (2) [1 940 cm"1 (CH2C12) and 37.0 p.p.m.
(CDClg at 303 K) respectively].4 The two i.r. bands at

6 For detailed references see D. M. Adams, ' Metal Ligand and
Related Vibrations,' Edward Arnold, London, 1967, ch. 2.

1661 and 1701 cm-1 correspond to the carbonyl-
stretching frequencies of co-ordinated and solvate
acetone respectively {cf. [RuCl3(PPh3)2(OCMe2)], v(CO)
at 1 656 cm-1}.2 There is also a strong band at 300 cm"1
assigned to a v(SnCl) vibration.5

View of the molecule (1)

Although (1) is not a dimer, the complex [(Ph3P)-
(OC)(Cl3Sn)RuCl3Ru(CO)(PPh3)2] (3) can be synthesised
by gently warming (1) in benzene for several hours and
precipitating the product as a pale yellow powder with

PPh,
CI ,C0Me2

Ru

OC ^SnClj
PPh3

(1 )

• Me2C0

PPh3
CI. HOMe

Ru'

OC^ ^Cl
PPh3

(2)

light petroleum (b.p. 60—80 °C) {cf. the formation of
[(Ph3P)(OC)ClRuCl3Ru(CO)(PPh3)2] by heating [Ru-
Cl2(CO)(HOMe)(PPh3)2] in dichloromethane-light petrol¬
eum (b.p. 60—80 °C) 4}. A closely related complex to
(3), [(OC)o(CLSn)RuCLRu(CO)o], was obtained by re¬
action of [Ru3(CO)12] with SnCl4.6

Unfortunately, (3) is not very stable in solution,
readily eliminating a molecule of SnCl2 to give some
[(Ph3P)(OC)ClRuCl3Ru(CO)(PPh3)2] (31P n.m.r. evi¬
dence) . Originally,2 the pale yellow solid obtained either
by heating (1) in benzene or refluxing a mixture of the
' red solution ', PPh3, and SnCl2 was assigned the formul¬
ation [Ru2Cl3(SnCl3)(CO)2(PPh3)4] on the basis of

6 R. K. Pomeroy, M. Elder, D. Hall, and W. A. G. Graham,
Chem. Comm., 1969, 381; M. Elder and D. Hall, J. Chem. Soc.
(A), 1970, 245.
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elemental analyses. However, a much better explan¬
ation is that the product generated under these condi¬
tions in 1966 was a mixture of [(Ph3P)(OC)(Cl3Sn)-
RuC13Ru(CO)(PPh3)J and [(Ph3P)(OC)ClRuCl3Ru(CO)-
(PPhj)^. In fact, a 48:52 mixture of these two
complexes gives excellent agreement with all the earlier
analytical data (see Experimental section).

EXPERIMENTAL

Microanalyses were by the University of Edinburgh
Chemistry Department (or taken from ref. 2) and the
molecular weight was measured in CHC13 on a Mechrolab
model 301A vapour-pressure osmometer (calibrated with
benzil). Infrared spectra were recorded in the 250—4 000
cm"1 region on a Perkin-Elmer 457 grating spectrometer
using Nujol and hexachlorobutadiene mulls on caesium
iodide plates. Phosphorus-31 n.m.r. spectra were obtained
on a Varian Associates XL100 spectrometer operating in the
pulse and Fourier-transform mode at 40.5 MHz. Chemical
shifts are reported in p.p.m. to high frequency of 85%
h,po4.

Acetone(carbonyl)chloro(trichlorostannio)bis(triphenyl-
phosphine)ruthenium{ii)-Acetone (1/1) (1).—This was pre¬
pared as described in ref. 2 (Found: C, 49.9; H, 4.1; CI,
14.7; O, 4.6; Sn, 7.9. Calc. for C43H42Cl403P2RuSn:
C, 50.1; H, 4.1; CI, 13.8; O, 4.7; Sn, 11.6%). Complex
(1) was also obtained by the following modification of the
method in ref. 2.

The ' red solution ' (made from 0.50 g of ' RuC13mT120 ')
(15 cm3) was treated with anhydrous SnCl2(1.50g)in ethanol
(5 cm3) followed by PPh3 (1.00 g) in acetone (20 cm3).
To the resulting yellow-brown solution was added acetone
(20 cm3) and the solution was allowed to stand overnight to
deposit lemon-yellow crystals which were washed with ace¬
tone and diethyl ether, and dried in air (v(CO) (Nujol) at
1 957 cm"1, 1 701 and 1 661 cm"1 (acetone); v(SnCl) at 300
cm"1; 31P n.m.r. in C,D6 at 303 K, 35.4 p.p.m. (t) [2/(PSn)
250 Hz]}.

&g-Dicarbonyl-tri-[i-chloro-b-trichlorostanniotris(triphenyl-
phosphine)diruthenium(n) (3).—Complex (1) was dissolved in
warm benzene. After 2 h the solution was reduced in volume
and a pale yellow powder precipitated with light petroleum
(b.p. 60—80 °C) [Found: C, 47.2; H, 3.3%; M (CHC13)
1 090. Calc. for C56H45Cl602P3Ru2Sn: C, 48.8; H, 3.3%;
M 1 376 [v(CO) at 1 975br cm"1; v(SnCl) at 320 cm"1].
Phosphorus-31 n.m.r. spectrum in CDC13 at 303 K: main
resonances 53.2 (s) * and 41.4 (q) p.p.m. (/AB 25. 9. 8a.b
66.1 Hz) corresponding to [(Ph3P)(OC)ClRuCl3Ru(CO)-
(PPh3)2] (see ref. 4) but weaker resonances at 49.9(t)

* In ref. 4, Table 1, a singlet at 54.7 and a quartet at 40.8
p.p.m. were assigned to isomer (5a) but this shows that, in fact,
the singlet at 53.2 p.p.m. [originally assigned to isomer (5b) or
(5c)] arises from (5a).

t For details see Notices to Authors No. 7, J.C.S. Dalton,
1977, Index issue.

[V(PSn) 270 Hz] and 40.7 (q) p.p.m. (/AB 25.5, SAB 183.1Hz)
assigned to [(Ph3P)(OC)(Cl3Sn)RuCl3Ru(CO)(PPh3)2],

When (1) was heated in benzene, or the ' red solution ',
SnCl2, and PPh3 in acetone were heated under reflux, a
pale yellow solid was deposited (see ref. 2) (Found: C,
53.2; H, 3.4; CI, 13.7. Calc. for a mixture of 48% [(Ph3P)-
(OC)(Cl3Sn)RuCl3Ru(CO) (PPh3)2] and 52% [(Ph3P)(OC)Cl-
RuCl3Ru(CO)(PPh3)2]: C, 52.9; H, 3.5; CI, 13.7%}.

Crystal Data for (1).—C43H42Cl403P2RuSn, M = 1 030,
yellow monoclinic prisms, a — 11.950(3), b = 14.988(3),
c = 24.916(2) A, 3 = 92.51(1)°, 17 = 4 458 A3, Dm =
1.528, Z — 4, Dc = 1.534 g cm"3, space group P21/e (no.
14), Mo-Ka radiation, X = 0.710 69 A, p(Mo-Xa) = 11.8
cm"1.

Structure Determination.—All the data were collected

using a Nonius CAD-4 goniometer. Cell dimensions were
obtained by refinement of 22 reflections with 0 ca. 15°
(Mo-Xa). Two asymmetric units of data were collected
with 2^0^ 22°, using a crystal with a mean radius of
0.1 mm. No absorption corrections were applied. Sym¬
metry-equivalent data were merged to give 5 671 indepen¬
dent data of which 3 601 with I > 3a(7) were used to solve
the structure. The Ru and Sn atoms were found by a
Patterson synthesis, the P and CI atoms in a difference-
Fourier phased by these, and all the non-hydrogen atoms
in the complex in a further cycle. The structure was partly
refined before the unexpected second acetone molecule was
found. Refinement was carried out using large-block
least squares. In the last few cycles the Sn, Ru, CI, and P
atoms were given anisotropic thermal parameters, and fixed
hydrogen atoms were entered in calculated positions (C-H
bonds 1.0 A, methyl hydrogens staggered with respect to
the C=0 bond in acetone, temperature factors equal to
those of the atoms to which they are attached). Unit
least-squares weights were used except for |F0| > 120, where
w = 120/|Fo|- In the last cycle no shift was greater than
0.3ct and wAF was uniformly spread over ranges of sin0
and |F0|- At convergence, R — 0.037. Positional para¬
meters are given in Table 1, and structure factors and
thermal parameters are in Supplementary Publication No.
SUP 22154 (22 pp.).J The ' X-ray '72 ' computer programs
of Stewart et al.' implemented at the University of Nijinegen
Computer Centre were used for all the crystallographic
calculations.

We thank Johnson, Matthey Ltd. for loans of ruthe-
nium(ni) trichloride, the S.R.C. for the award of a research
studentship (to W. J. S.), Dr. A. S. F. Boyd for obtaining
the 31P n.m.r. spectra, the University of Glasgow Chemistry
Department for the use of their Mechrolab osmometer, and
Dr. J. H. Noordik and Mr. J. Smits for help with the X-ray
data collection.

[7/1160 Received, 4th July, 1977]

7 ' X-Ray ' program system, Technical Report TR 192, Com¬
puter Science Center, University of Maryland, version of June
1972.
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DIAMMINE(n6-BENZENE)CHLORORUTHENIUM(II)HEXAFLUOROPHOSPHATE

(3/1) AMMONIUM HEXAFLUOROPHOSPHATE, [ C HRuCl(NH ) 1 _(PF„) -6 6 3 2 3 6 3

NH ,PF„.4 6

*
R.O. Gould, C.L. Jones, D.R. Robertson and T.A. Stephenson

Department of Chemistry, University of Edinburgh, Edinburgh,

EH9 3JJ, Scotland.

Preliminary information. Whilst synthesising the complex

[ (ir~C_H )RuCl Ru(n-C H )] PF by the method of Bennett and6 6 3 6 6 6

Smith (1974) in order to compare it with the product isolated

by the reaction of [ { p~C H RuCl_ }J and NH PF in methanol
6 6 6 4 6

(Robertson and Stephenson 1976), we obtained a second product

from the reaction mixture whose analysis showed it to contain

a high nitrogen content (7.1%). An X-ray crystal structure

analysis of this material showed it to be the title compound.

Crystal data. MoKcc(x = 0.7107$), y(MoKoc) 16.0 cm \
hexagonal, a = 15.91<1), c = 9.09(1)S,U = 1993&3, Dm = 2.27,

_3
D =2.24 gem Z = 2, F(000) = 1312, space group P6_/m.

c 3

Intensity data, structure determination and refinement.

Intensity data were collected on precession photographs using

zirconium-filtered molybdenum radiation. From layers hk 0->3
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Table 1

Final positional and thermal parameters and their standard

deviationsi (in parentheses).

Atom site site
4

x. 10
4

£.10
4

z. 10 u.10
symmetry occupancy

Ruthenium cation:

Ru m 1.0 534(1) 4254(1) 2500 *

CI m 1.0 19(5) 5427(4) 2500 *

N(l) 1 1.0 -601(9) 3534(9) 933(17) 398

C(l> X 1.0 1643(12) 4442(12) 925(24) 483

C (2) 1 1.0 1999(12) 5317(11) 1748(21) 453

C (3) 1 1.0 1346(10) 3555(11) 1770(20) 381

PF anion
6

with in symmetry:

P(l) m 1.0 2291(4) 1601(4) 2500 *

F(l) m 1.0 3380(11) 1857(11) 2500 618

F(2) m 1.0 1167(10) 1297(10) 2500 530

F(3) 1 1.0 2529(7) 2392(7) 1282(12) 570

F(4) 1 1.0 2060(8) 813(7) 1290(13) 600

PF anion
6

with pseudo 6 symmetry:

P(2) 6 1.0 6667 3333 2500 391

F(5) 1 0.5 6140(30) 2435(27) 1444(42) 1175

F(6) 1 0.5 5726(37) 2847(41) 3425(56) 1690

NH„+ion:4

N(2) 3 1.0 0 0 0 433

*Anisotropic thermal parameters:

Ru 339 325 310 162

CI 660 465 456 413

P(l) 379 419 262 236



- 29 -

Table 2

Bond distances(8) and bond angles(°) with standard deviations

Ruthenium cation

Ru-Cl 2.383( 9)8 N(1)-Ru-C(l) 92.6(6)

Ru-N(l) 2.129(20) N(1)-Ru-C(2) 119.6(6)

Ru-C(l) 2.174(20) N(1)-Ru-C(3) 94.7(6)

Ru-C(2) 2.195(20) N(1)-Ru-C(1)' 157.8(7)

Ru-C(3) 2.188(20) N(1)-Ru-C(2)• 155.7(6)

Cl-Ru-N(l) 83.7(5)° N(1)-Ru-C(3)' 119.1(6)

Cl-Ru-C(l) 117.8(5)° N(1)-Ru-N(1)' 84.0(5)

Cl-Ru-C(2) 92.5(6)

Cl-Ru-C(3) 156.9(4)

Atoms marked with primes are related to those in the list by the

symmetry operation x, £, J-z. All distances and angles within the
benzene are within three standard deviations of 1.39$ and 120°.

Anions

P(l)-F(l) 1.569(19)8 P(2)-F(5) 1.572(36)8
P(l)-F(2) 1.602(18)8 P(2)-F(6) 1.545(50)

P(l)-F(3) 1.573(12)

P(l)-F(4) 1.568(13)

All angles within the anions are within three standard deviations

of 90 or 180°.

and 0*2 .k£, 829 independent reflections were measured using a Saab

Mark II Film Scanner to a limit 0 = 25°. Of these, 738 data had

X > 3a(I) and were taken as observed. No absorption corrections

were made. The conditions for reflection (OOjfc, = 2n) do not

distinguish between the space groups P6^ and P6g/m, but the
centric group was strongly indicated by the intensity distribution.

The position of the ruthenium atom was determined from the

Patterson function, and the other non-hydrogen atoms except P(2),

N(2), F(5) and F(6) were found in a difference Fourier synthesis.

The remaining atoms were clearly indicated in a subsequent
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difference Fourier synthesis, but implied that the NH^+ and
PF^ ions were disordered on sites of 3 (S„) and 6 (C_, ) symmetry6 —6 —on

respectively. An unsuccessful attempt was made to refine the

structure in the non-centric space group P6g» and refinement was
then completed in P6^/® giving site-occupancy parameters of 0.5
for the atoms F(5) and F(6). In the last cycles of refinement,

a weighting scheme W = XY was introduced, with X = sin9/0.25

for sin© < 0.25 and otherwise 1.0, and Y = 65/Jf^I for |Fq| > 65
and 1.0 otherwise. Anisotropic thermal parameters were refined

for the atoms Ru, CI, and P(l). Hydrogen atoms were not included.

In the last cycle of refinement, no shift exceeded 0.25 of an

estimated standard deviation. The final R-value was 0.084. The

atomic positional parameters, principal bond lengths and angles

are given in Tables 1 and 2 respectively.

Figure 1. Projection of the cation along b*

N(l)

Comments. The cation shown in Figure 1 is undistorted.

Ignoring the distinction in the bond lengths from ruthenium to

chlorine and nitrogen, the ion has C^v symmetry. Angles at
o

ruthenium between nitrogen and chlorine atoms are all 84 ,
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Figure 2. Projection of a unit cell of the title compound along c. The

2 11
PF ion at / , / / is shown in one of the two observed

o 3 3 4

orientations. Otherwise, only atoms on or above the mirror

i 3
planes at x, y, ? and x, y, are shown.
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while each of these atoms makes angles with the carbon atoms of

the ring of 93°, 119° and 157°. The packing of the ions is shown

in Figure 2. Probable hydrogen bonds occur between atoms of

type N(l) and the CI of another cation (3.43$) and between atoms

of type N(l) and F(1)(3.14X). The disorder of the ammonium ions

is hardly surprising, as each N(2) is simultaneously 3.0lX from

six atoms of type F(2) and 3.06$ from six atoms of type F(4). In

either orientation of the second PF ion, each F(5) is 3. 14?
6

from an atom of type N(l).
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The reaction of [{Ru(CO)Cl2(C7Hg)} 2 ] with an
excess of Ph3PhCH2PO and HC1 in degassed acetone
gives the orange complex [Ph3PhCH2P] +
[Ru(CO)Cl3(C7Hg)]~ (l)1 and a red solution from
which [Ph3PhCH2P]2[Ru(CO)Cl5 ]2"2CH2C12 (2)
may be isolated by work-up with dichloromethane.
Strong e.s.r. signals indicate that (2) is a ruthenium-
(lll) compound. After removal of (2), further pre¬
cipitation gave a mixture of products containing
[Ru(CO)Cls ]", [Ru(H20)(C0)C14]2-, and cis-
[Ru(CO)2 Cl4 ]2~, indicated by i.r. evidence (c/. the
work of Colton and Farthing6).
Table 1 Crystal Data

Compound: (1) (2)

Empirical formula C3 3 H3 0 Cl3 OPRu Cj 3 H4, CI, OPj Ru
Space group P2,/c Pbcn
a/A 12.471(5) 13.913(10)
b/k 18.176(2) 18.401 (9)
c/k 14.181(4) 20.965 (9)
or 109.84 (4) 90

Dm/g cm"3 1.50 1.40

Dclg cm"3 1.50 1.46
M 681 1183
Z 4 4

/i(Mo-Aa)/cm"' 8.5 8.3
No. of observations 2859 1010

Crystal data for (1) and (2) are summarised in
Table 1. Data were collected on a Nonius CAD4
diffractometer using monochromatised Mo-/fQ
radiation. The structures were solved by the heavy
atom method, and refined to R = 0.045 [for(l)] and
0.083 [for (2)]. Hydrogen atoms were included in
calculated positions and not refined; all other atoms
were found and refined isotropically, except the Ru,
P, and CI atoms, which were given anisotropic
temperature factors. The geometries of the cations of
the two structures are almost identical. Distances and
angles for the anions are given in Table 3, and the
anions are shown in Figure 1.

CII3)

chi)

cigN^

Y
CI 111'

C(6) W)

) s)
. /C(3)>-

Cli!)C
L)C(1)

(jo <j?cm
Figure 1 Perspective views of the anions of (1) and (2),
showing the numbering scheme

Paper: E/055/78
Received (as a submission to JCS Dalton) on 23 rd
January 1978; transferred by the authors to J. Chem.
Research on 11th April 1978.

The anion of (1) is essentially octahedral, with
facial CI ligands, as suggested by its 1 H (ref. 1) and
13C (ref. 2) spectra. The anion of (2) is disordered on
a site of 2 (C2) symmetry such that the carbonyl
group appears to be superimposed on Cl(3). This
disorder is, however, not so extensive as that reported
for Cs2 [Ru(CO)Cls ] ,8

Table 3 Distances and angles in the complex anions; X(1)
and X(2) represent the mid-points of the C(2)—C(3) and
C(5)—C(6) bonds, respectively; primed atoms are related to
unprimed by the symmetry operation —x, y.Vt—z

(1) (2)

Ru—Cl(1) 2.422(2) 2.374(6)
Ru—CII2) 2.429(2) 2.418(6)
Ru—Cl(3) 2.445(2) 2.48 (3)
Ru—C(1) 1.837(7) 1.88 (5)
Ru—C(2) 2.197(7)
Ru—C(3) 2.246(7)
Ru—X(1) 2.111(7)
Ru—C(5) 2.234(7)
Ru—C(6) 2.206(7)
Ru—X(2> 2.154(7)
C(1)-0 1.161(10) 0.98(8)

Cl(1)—Ru—Cl(2) 97.44(7) 89.1(2)
Cl(1 >—Ru—CIO) 87.18(7) 91.8(6)
Cl(1)—Ru—C(1) 83.4(2) 94(2)
Cl(1)—Ru—X(1) 165.4(2)
Cl(1)—Ru—X(2) 96.2(2)
CI(2)-Ru-CI(3) 86.59(7) 86.7(6)
Cl(2)-Ru-C(1) 83.5(2) 176(2)
Cl(2)—Ru—X(1) 96.6(2)
Cl(2)—Ru—X(2) 166.0(2)
CK3)—Ru—C(1) 165.3(2) 92(2)
Cl(3>—Ru—X(1) 97.4(2)
Cl(3)—Ru—X(2) 97.2(2)
C(1)-Ru-X(1) 94.6(3)
C(1)—Ru—X(2) 95.0(3)
X (1)—Ru—X(2) 69.5(3)
Cl(1)—Ru—Cl(1)' 178.2(3)
Cl(1)—Ru—CI (2)' 89.6(2)
Cl(2)—Ru—Cl(2)' 88.9(3)
Cl(3)—Ru—Cl(1)' 89.5(6)
CII3)—Ru—Cl(2)' 175.2(6)
C(1)—Ru—Cl(1)' 87(2)
C(1)—Ru—CK2I' 92(2)

*To receive any correspondence (Edinburgh address).

Technique used: X-Ray diffraction
References: 11 Tables: 8
Figure 2: Perspective view of the cation of (1),
showing the numbering scheme
References cited in this synopsis:
1 T. A. Stephenson, E. S. Switkes, and L. Ruiz-Ramirez, JCS
Dalton, 1973, 2112.
JL. Ruiz-Ramirez and T. A. Stephenson, JCS Dalton, 1974,
1640.
6 R. Colton and R. H. Farthing, Austral J. Chem., 1971, 24,
903.
3 J. A. Stanko and S. Chaipayungpundhee, J. Amer. Chem.
Soc., 1970, 92, 5580.
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Synthesis, Crystal and Molecular Structure of Benzy1triphenylphosnhon-
ium Bicyclo| 2.2.1. | hepta -2,5-dieneearbonyItrichlororuthenate(11) and

Benzy lt.ripheny lphosphonium carbony lpentachlororuthenate( 111) - dich-

loromethane (1/2).

♦ *

By Robert O. Gould, L. Ruiz-Ramirez, T. Anthony Stephenson and Mary

A. Thomson.

Chemistry Department, University of Edinburgh, Edinburgh EH9 3JJ and

Crystallography Laboratory, The Catholic University, Nijmegen, The

Netherlands.

Reaction of {[ RuCl^CO(C_Hg)] with Ph^PhCH^lPCl/HCl in
acetone gave I Ph (PhCH )P] [ RuC1 CO(C H )] 1 shown to have3 2 3 7 8

an octahedral anion with a facial arrangement of chloride

ligands. Crystals are monoclinic, space group P2^/£>with
a_ = 12.471(5), b_ = 18.176(2), c_ = 14.181(4)X, 6 = 109.84(4)°,
and contain one formula per asymmetric unit. Work up of the

filtrate gave a small amount of the paramagnetic red solid
2 1

| Ph (PhCH )P )2 [ Ru(C0)C15] . 2CH2C12.~/ Crystals are
orthorhombic, space group Pbcn with a = 13.913(10), =

18.401(9), c_ = 20.965(9)X, and contain cne-half formula per

asymmetric unit. The structures were solved with 2859 and

1010 diffTactometer data respectively, and refined to R

0.045 and 0.083. The octahedral anion in 2 is disordered
rv

about a 2-fold axis.

Several years ago, it was reported that reaction of

( RuCl C0(C H )] \ with an excess of Ph PhCH PC1/HC1 on degassed
2 7 8 2T 3 2

1. T.A. Stephenson, E.S. Switkes and L. Ruiz-Ramirez, J.C.S.
Dal ton, 1973, 2112.
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acetone for several days gave the orange complex Ph^PhCH^P-
J RuCl,CO(C H )] I This represented the first example of an3 7 O

anionic diene complex of ruthenium. A detailed study of the

1 1
, 13 2

H and C nmr spectra indicated that the stereochemistry

of this anion had a facial arrangement of chloride groups, at

least in solution.

After removal of compound 1 from the reaction mixture, a
"V

red solution was left. Work up of this red solution using

dichloromethane in the final stages (see experimental section)

gave a small amount of a red crystalline solid 2 . As for
✓V

compound 1 , the ir spectra of 2 showed a single carbonyl
— i ■+*

band at 1994 cm and the many bands associated with the Ph^PhHl^P
cation but no bands characteristic of norbornadiene. There

was also a band at 1270 cm * indicative of the presence of some

dichloromethane of solvation. The compound gave a conducting

solution in dichloromethane and exhibited strong esr siCnals

suggesting an anionic ruthenium(111) complex. The X-ray structural

analyses reported below confirm the structure of 1 and show 2
rj ,-v

to be (Ph PhCH P) [ Ru(C0)Cl ] .2CH CI .
J / / j z.

CRYSTAL DATA

These are summarised in Table 1 for 1 and 2. Unit cell
r- /v

parameters and intensity data for both compounds were obtained

with a Nonius CAD4 diffractometer using monochromatised Mo-J<

radiation. Cell parameters were refined using 25 reflections with

T.A. Stephenson, E.S. Switkes and L. Ruiz-Ramirez, J.CJ3.
Dalton, 1973, 2112.

L. Rua /.-Ramirez and T.A. Stephenson, J.C.S. Dalton, 1974,
1640.
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CRYSTAL DATA

Compound 1 2r^/

Empirical formula C33H30C13°P!,U C53"48C19°P2I!U
space group J52j/£. Pbcn

a/S 12.471(5) 13.913(10)

b/% 18.176(2) 18.401 (9)

C/5J 14.181(4) 20.965 (9)

8/° 109.84 (4) 90

-3
Dm/g cm 1.50 1.40

-3
Dc/g era 1.50 1.46

M 681 1183

Z 4 4

p(Mo-K^)/cm"1 8.5 8.3

No. of observations 2859 1010

0 about 15°. For 2, crystals were badly formed, and the
/~v

number of observations represents only 40% of reflections

actually measured 0 - 20°, while for 1, 75% of the measured
/V

intensities 0 - 22° were significant at the 3o level. No o

absorption corrections were applied.

STRUCTURE SOLUTION AND REFINEMENT

The structure of 1 was solved readily by Patterson and
TV

Fourier techniques. For 2^, the position of the ruthenium atom
was readily determined on a special position of symmetry 2 (Cg),
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contributing only to reflections with ht k = 2n. The imposed

pseudosymmetry could be broken by assigning as chlorine atoms

only two symmetry related pairs of peaks on a difference Fourier

corresponding to a fragment of an octahedron. In subsequent

difference Fourier syntheses, all non-hydrogen atoms were .1 oca ted,

including an unexpected molecule of dichloromethane solvent. In

the anion, one chloride atom and the carbonyl group are

disordered over a pair of sites related by a two-fold rotation.

In both structures, hydrogen atoms were inserted in calculated

positions (C-H = 1 . lX , geometry idealised to tctrahedral or

trigonal as appropriate) and were not refined. In the final

cycles of refinement, by full matrix least squares, anisotropic

temperature factors were assigned to P, CI, and Ru atoms. The

weighting scheme for 1 was W = 56/iF for IF >56 and 1.0 other-
-■v — -o o

wise. For 2, a scheme of the form W = l/(o + 0.001:F !) was used,
-v — F -o

where is based on counting statistics. At convergence, R was

0.045 for 1, and 0.083 for 2.
A/

Fractional co-ordinates for ^1 and 2^ are listed in Table 2.
Thermal parameters, co-ordinates of calculated hydrogen positions

and the tables of structure factors are given as Tables 5-8

at the end of this paper. The numbering scheme is

given in Figures 1 and 2. The major distances and angles are

given in Table 3, and other, chemically averaged distances and

angles are in Table 4. In so far as possible, the arrangement

of the tables and the numbering scheme indicate chemically

similar features in the two structures.



soee



TABLE 2 Fractional Coordinates for

i

1 and 2
rv ^

4
10 x

rv/

4
10 y

4
10 7.

An 1 on

4
10 x

ro

104y ,
ioV

Ru 3784(1) 1833(1) 6772(1) 0 10G3(1) oo

Cl(l) 4803(2) 711(1) 7453(1) 1125(4) 1084(4) 16 19(3)

CI (2) 1894(1) 1297(1) 6078(1) 920(4) 2002(3) 3029(3)

CI (3) 3396(2) 1951(1) 8345(1) 987(19) 177(15) 3106 (12 )*

C(l) 3938(6) 1505(4) 5601(5) - 752(35) 324(27) 2139(25)*
0 4032(5) 1246(3) 4885(5) -1065(45) -108(30) 1967(32)*
C(2) 3219(6) 2984(4) 6682(5)

C(3) 3415(6) 2840(4) 5793(5)

C(4) 4660(6) 3051(4) 5972(5)

C(5) 5305(6) 2461(4) 6726(5)

C (6) 5217(6) 2611(4) 7613(5)

C (7) 4352(6) 3288(4) 7413(5)

C(8)

P

4795(7)

9421(1)

3709(4)

1009(1)

6688(6)
Cation

2820(1) 9934(5) 2931(3) 127(3)

C(ll) 9488(5) 1987(3) 3020(5) 10532(15) 3484(11) -461(9)

C(12) 10163(6) 2377(4) 3078(5) 11394(20) 3208(14) -740(12)

C(13) 10511(7) 3128(5) 3258(6) 11879(20) 3629(14) -1168(12)

C(14) 9578(7) 3473(5) 3353(6) 11530(22) 4321(16) -1331(13)

C (15) 8621(7) 3096(5) 3309(6) 10721(22) 4583(15) -1046(14)

C(16) 8558(6) 2347(4) 3136(5) 10154(19) 4159(11) -606(11)

C(21) 8160(5) 795(3) 1774(4) 8804(14) 3341(10) 340(9)

C(22> 7694(5) 93(4) 1673(5) 8567(15) 3470(11) 964(10)

C (23) 6787(6) -85(4) 814(5) 7680(18) 3783(12) 1093(11)

C(24) 6361(6) 425(4) 69(5) 7051(17) 3944(12) 597(11)

C(25) 6812(6) 1118(4) 162(5) 7266(17) 379C(12) 5(12)

C(26) 7722(6) 1312(4) 1021(5) 8164(16) 3467 (12) -164(10)

C(31) 10617(5) 688(4) 2505(5) 9682(15) 2023(11) -192(10)

C(32) 10542(6) 682(4) 1498(5) 9711(16) 1894(11) -831(11)

C (33) 11433(7) 408(5) 1233(6) 9470(19) 1190(14) -1048(13)

C(34) 12390(6) 137(4) 1950(6) 9282(18) 675(13) -634(12)

C(35) 12494(6) 156(4) 2952(6) 9252(20) 807(14) -16(13)

C(36) 11608(6) 428(4) 3230(5) 9481(19) 1500(14) 235(12)

C(40) 9426(5) 540(4) 3954(5) 10734(18) 2818(13) 809(11)

C(41) 8538(5) 819(4) 4368(5) 11062(16) 3495(11) 1148(10)

C(42) 7420(6) 562(4) 4004(5) 10866(18) 3544(13) 1763(12)

C(43) 6622(7) 814(4) 4406(6) 11238(21) 4150(15) 2142(13)

C(44) 6940(7) 1325(5) 5169(7) 11732(20) 4676(14) 1837(14)

C (45) 8050(7) 1577(5) 5549(6) 11876(19) 4640(13) 1222(12)

C(46) 8842(6) 1327(4) 5160(5) 11583(18) 4046(13) 870(12)

C(9)

CI (4)

CI (5)

3025(23)

3855(7)

3583(8)

2344(16)

1641(5)

2985(5)

2113(15)

1953(4)

2603(5)

Thcso atoms have a si to occupancy of 0.5



TABLK 3

Distances ami angles in the complex anions. The symbols X(l) and

X(2) represent the raid points of the C(2)-C(3) and C(5)-C(6) bonds

respectively. Primed atoms are related to unprimcd by the symmetry

opera ti on-x, y, i - 7..

1
r*

2
/V

Ru - Cl(l) 2.422(2) 2.374(6)

Ru - CI(2) 2.429(2) 2.4-18(6)
Ru - CI(3) 2 .445(2) 2.48(3)
Ru - C(l) 1.837(7) 1.88(5)

Ru - C(2) 2.197(7)

Ru - C(3) 2.246(7)

Ru - X(l) 2.111(7)

Ru - C(5) 2.234(7)

Ru - C(6) 2.206(7)

Ru - X(2) 2.154(7)

C(l) - 0 1.161(10) 0.98(8)

Cl(l)- Ru - CI(2) 97.44(7) 89.1(2)

Cl(l) - Ru - Cl(3) 87.18(7) 91.8(6)

Cl(l) - Ru - C(l) 83.4(2) 94 (2)

Cl(l) - Ru - X(l) 165.4(2)

Cl(l) - Ru - X(2) 96.2(2)

CI(2) - Ru - Cl(3) 86.59(7) 86.7(6)

CI(2) - Ru - C(l) 83.5(2) 176 (2)

Cl(2) - Ru - X(l) 96.6(2)

CI(2) - Ru - X(2) 166.0(2)

CI(3) - Ru - C(l) 165 .3(2) 92 (2)
Cl(3) - Ru - X(l) 97.4(2)

CI(3) - Ru - X(2) 97.2(2)

0(1) Ru - X(i) 94.6(3)

C(l) - Ru - X(2) 95.0(3)

X(l) - Ru - X(2) 69.5(3)

Cl(l) - Ru - Cl(l) 178.2(3)

Cl(l) - Ru - CI(2)' 89.6(2)

C1(2) - Ru - CI(2) 88.9(3)

Cl(3) - Ru - Cl(l) 89.5(6)
CI(3) - Ru - CI(2)' 175 .2(6)

C(l) - Ru - Cl(l) 03 to

C(l) - Ru - C1(2) 92 (2)
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TABLE 4

Summary of subsidiary distances and angles. Mean o values are based.on

the e.s.d.'s from least squares, a (mean) values are from the spread of

the n chemically equivalent values. Distances are given in X and angles

in degrees.

n min. max mean o(mean) mean a

Cation in 1

C - C 24 1.359 1.402 1.383 0.012 0.011

C - C 1 - 1.506 - 0.009

P - C 4 1.793 1.818 1.799 0.006 0.007

C - C - C 24 118.9 121.8 120.0 0.7 0.7

C - P - C 6 107.1 111.5 109.5 1.7 0.3

Cation in 2

C - C 24 1.306 1.464 1.377 0.045 0.036

C - C 1 - - 1.505 - 0.031

P - C 4 1.801 1.834 1.815 0.016 0.020

C - C - C 24 114.8 123.3 120.0 2.0 2.3

C - P - C 6 107.3 112.7 109.5 2.0 1.0

Norbornadiene in 1

C = C 2 1.377 1.380 1.379 - 0.010

C - C 6 1.528 1.544 1.536 0.006 0.011

C - CI 2 1.747 1.767 1.757 - 0.032

CI - C - CI 1 - - 108.3 - 1.7
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DISCUSSION

As expected', the anion in ^ is essentially octahedral , with

the chloride ligands facial. The geometry of the norbornadiene

1 igan.d is simil— to that in trans-|Ru(C H )(C H NH > CI ! 3 where7 8 6 5 2 2 2

Ru - X is 2.066$, X-Ru-X is 70 0 , and the angle corresponding to

CI (3)-Ru-C(1) is 156.5°. An example with chloride ions trans to

double bonds is given by cis-| Ru(CgH^)(CO)(MeCN)C1 ]? with the
cyclooctadiene ligand allowing a much larger X-Ru-X angle (84.-1°) ,

a Ci-Ru-X angle at 175.6 , and a mean Ru-Cl of 2.395$.

Tho earbonylpontachlororuthcnatc(111)anion has been 3ynthe^ia«-J

previously by several investigators. Thus, Halpern et al* showed

that aqueous solutions of (NH ) | RuCl ] containing 1-7 mol dm ** HC14 3 6

absorb carbon monoxide at 65-80°C to give deep red solutions from which

the air stable solid (NH ) [Ru(C0)Cl | (. _ 2059 cm *) was isolated.
4 2 o CO

It was suggested that it was formed by reaction of the intermediate

2 -

[ Ru(H 0)C1_] anion with carbon monoxide. Later Colton and

6 7
farthing and Cleare and Griffith showed that the

i Ku(C0)Cl^|2 anion was formed as the first product in the
reaction between ruthenium trichloride and formic acid/hydro¬

chloric acid miXtures but extended reaction led to the formation

of green | Ru(H^O) (C0)C1 ^ , then orange iRufCOl^Clj] and
finally pale yellow [ Ru(C0)^Cl^l anions.

3. J.M. Manoli, A. Gaughan and J.A. Ibers, J. Organomet a 1 li_c
Chem., 1974, 72, 247.

o/*v

4. R.O. Gould, C.L. Jones, D.R. Robertson and T.A. Stephenson,
J.C.S. Da 1 ton, 1977, 129.

5. J. Halpern, B.R. James and A.L.W. Kemp, J. Amer. Chem. Soc. ,

1966, 88, 5142.

6. R. Colton and R.H. Farthing, Austral. J. Chem., 1971, 24^ 903
and references therein.

7. M.J. Cleare and W.P. Griffith a) J. Chem. Soc.(A), 1969, 372;
t>) ibid 1970, 2788.
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Likewise, in this work, although the first precipitate C2).(after

removal of compound 1 ) had a single band in its lr spectrum
— 1 . ' -*16'

at 1991 cm (cf Cs,J Ru(CO)Clr| ^ 2038 cm ) further p-rec i pi t at io
gave a product with several bands in the region at 201-6\r-,

1994s, and 1950-1930s (broad). By comparison with the values

cited in reference 6, this would indicate that this is a mixture

containing the | RuCOCl I 2", | RuH O(C0)Cl I 2" and <:is-| Ru(C0),Cl (j
anions

The crystal structure of a compound containing the | Ru(C0)Cl |
o

anion does not seem to have been previously reported. A preliminary

8
study of Cs^Ru (C0)C 1,. showed that the anion was required to have
m3m (0 ) symmetry, indicating complete disorder of the CO group

— • h

over six sites In 2, the crystallographic 2 (C9) symmetry causes

the carbonyl group to be randomly disordered over two sites, and

the parameters determined are thus of low accuracy, especially

since the C, CI, and 0 half atoms appear with apparent C-C1 of

0.67$, and Cl-0 of 0.56$., considerably less than the resolution

of the data. The Ru-Cl(l) (trans to CI) bond length is similar

to that (2.353$) in Cs^RuC 1 r H^O, ^ where the crystallograjjiic two¬
fold axis lies along the unique bonds of the ion and there is no

disorder.

It is interesting that this Ru(111) anion is apparently formed

by reaction of the Ru(11) diene anion 1 with cone HC1 in the

presence of excess chloride ion. This is evident from the fact

that reaction of (| RuCl9C0(diene)I 2 • (diene = C.^, CgH10) with
excess Ph^PhCH^PCl/HCl in acetone under reflux gave much higher

8. J. A. Stanko and S. Ch aipay ungpundhee, J. Atner. Chem. Soc. , 1970

9. T.E. Hopkins, A. Zalkin, D.H. Templeton and M.G. Adamson,
Inorg. Chem., 1966, 5, 1431.
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yields of (Ph.PhCH P), ! Ru(CO)Cl | and no anionic diene complexes3 «_ 2 5

were isolated. A related example of the synthesis of a Ru(lll)

anion by reaction of a Hu(ll) compound with MC1/HC1 is the

formation of Ph^Asj RuCl^(PPh^)0l(Me^CO)^ by reaction of I RuCl^-
10

(i'Ph ) I with excess Ph AsCl HC 1 in acetone. Although the
3 Jor-1 1

detailed mechanism of this oxidation process is unknown, it is

possible that Rut IV) hvdrido intermediates may be involved.

for ffo»ornl hours) contains somo uf the eh lorecarhony1 anions of

rutheniurn(11) and (III) discussed in refs. 6 and 7. Furthermore, they

present evidence that the^^RuC1^CO(diene) compounds are only
formed from reaction of diene with the ruthcrsium( 111) chloro

carbonyl anion | Ru(C0)(.'l ] Hence it seems that the unusual
5

reaction sheme shown below involving conversion of Ru(TIT) to Ru(JT)

by reaction with diene and then Ru(11) to nu(III) by reaction with

MC1/HC1 is applicable.
Ill 2- C7H8 I 11 \

Ru(C0)CJ _ - 4 [RuCl C0(C H V) V
o EtOH 2 7 8 2)

^ 1
\ I1C1/C1 MC1/HC1

M RuCl CO(C H )|

An notod previously, however, the product obtained is very sensitive
to the cati on used since reaction of ' I TluCl^CCMC^IIg) 1 }and Ph^AoClHCl
in acetone under reflux gave (Ph^As)^ I RufCOJ^Cl^l . Presumably,

! Ru(C0)Cl 1 ~ is initially formed and then, as in refs. 6 and 7 undergoes
reduction with the additional CO group being abstracted from the solvent.

1. T.A. Stephenson, E.S. Switkos and L, Ruiz-Ramirez, J.C.S.
I)a Hon, 1073, 2112.

G. R. Col ton and R.H. Jar thing, Austral. J. Chen., 10/i, .'M,

7. M.J. Cjo.no and Vr'.Jx Griffith J.CIk.x Sec.(A),
b) ibid 1070, 2788.

10. T.A. Stephenson, J. Chem. Soc.(A), 1070, 889.

11 M. I.. Berch and A. Davison, J. Inorg. Nuclear Chem., 1973,
35, 3763.
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EXPERIMENTAL

Microanalyses were by A. Bernhardt, West Germany and the

Uni versity of Edinburgh Chemistry Department . Ir spe.ci ra .'were

recorded in the. region' -1000r 2 50 cm * on a .Perkin Elmer -357. grating

spectrometer using Nujol and hexachlorobutadiene mulls on caesium

iodide plates. Conduct i vi ty metisuremen ts were made on a Portland

electronics conductivity bridge (model 310) and mps were determined

with a Kofler hot-stage microscope and are uncorrected.

Benzy1triphenylphosphoniumcarbony1 pentachlororu thena te(I 11)-dichloro

methane(l/2) .

A suspension of the complex | RuCl^CO(C^H^)]^ (1.Og) was shaken
3

in degassed acetone (100 cm ) under nitrogen for 5 days with an

excess of benzyltriphenylphosphonium chloride (2.8g) and

3
concentrated hydrochloric acid (1.0 cm ). The resulting orange

Ph PhCH P[ RuCl C0(C H )] 1 was filtered off and purified as
3 2. 3 7 8

described elsewhere.* Concentration of the remaining dark red

solution under vacuo gave more of the anion 1 . After filtering
v

off this product, the solution was further concentrated and then a

mixture of dichloromethane - light petroleum (bp 110 - 120°C) was

added to precipitate the red ~vrstalline solid (2) mp 230°C (but

at 120-125CC, loss of solvent occurs) {Found: C, 53.6; H, -1.1, CI,

18.7 P, 6.7. Ca1c. for C H CI OP Ru: C, 53.8; H, 4.1, CI, 27.0
53 48 9 2

P, 5.2% ] However Calc. for (Ph PhCH P)J RuCl CO], CI, 17.5; P,6-l%
3 2^ 5

1994 cm *; vruci cm * (nujol)[^(0.001 mol dm ^) in CH^Cl^ =
2 -1

26 . OS cm mo 1 ].

On leaving the solution to stand, more reddish-brown solid was

precipitated. The ir spectrum (nujol mull) showed several carbonyl

bands at 2016w, 1994 and 1950 - 1930 cm * attributed to 2^
and the Ru(II) anions mentioned in the text.
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Compound 2 was also prepared by refluxing [ RuCl CO(diene)]
.-v 2 2

(0.10g) (diene = C H , C H ) in degassed acetone under nitrogen
7 8 8 12

3
with Ph^PhCH^PCl(0.28g) and cone HC1(0.30 cm ) for ca 4h. Concentration
of the solution and addition of ~ light petroleum (bp 110-120°C)

gave a red precipitate. (Found: C, 53.1, H, 4.1%]1994 cm * (nujol).

We thank Johnson Matthey Ltd., for loans of ruthenium trichloride

and the S.R.C. (MAT) and the National A. University of Mexico (LRR)

for research studentships. Standard crystallographic calculations

were performed using the programs of X-ray 72.
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Table 5. Structure factors for (1).

Columns are 1, 10/F /,10 F .o
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Table 6. Structure factors for (2).

Columns are 10/1^/,10/Fc/.
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Table 7. Fractional co-ordinates of hydrogen atoms in (1)
and (2)I. The atom given is that to which the h;

joined.
1 2

105x 105x 105z 105x 103£ 105z

C(2) 248 290 683

0(5) 835 264 316

0(4) 484 302 533

0(5) 577 204 661

C(6) 54 3 233 825

0(7) 427 34.3 306

0(3) 43? 415 636

562 339 699

0(1?) 1114 810 300 1164 272 -63

0(15) 1123 542 531 1243 345 -137

0(14) 960 403 347 1136 463 -166

0(15) 793 337 333 1031 509 -113

0(16) 735 206 310 953 453 -43

0(22) 301 -23 223 903 335 131

0(25) 643 -60 75 749 337 135

0(24) 571 50 -56 £44 420 71

0(25) £48 130 -39 677 339 -33

0(26) 307 133 107 353 535 -62

0(32) 933 86 96 990 829 -114

0(55) 1133 41 50 944 109 -152

0 54) 1304 -7 174 916 17 - 9
' ' V. C-
w J S ' 152C > 34 ) 906 40 23

o( yj? 1166 42 395 943 160 70

0(40) 923 -1 330 1059 250 113

1020 59 443 1132 256 ^5

0(42) 721 19 345 1043 316 197

0(43) 532 61 415 1112 419 261

0(44) - 35 153 543 1200 310 203

C(4S) 327 194 612 1222 506 100

0(46) 966 194 543 1175 402 41
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Table 8. Temperature factors for (1) and (2).
All values are 103U in S2.

A. Anisotropic temperature factors.

1 2

U11 Up2 U33 U12 U13 U23 U11 U22 U33 U12 U13 U23
Ru 31 39 20 1 r. 1 30 29 60 - -1 -

C1(1) >1 4-9 15 —4- 3 41 52 73 7 6 -5
01(2) 31 30 52 _7 3 4 39 45 53 -3 -3 -5
01(3) 73 60 27 _4 26 3 37 (inotropic}
1 27 32 22 I o 1 33 27 64- ^ -2 -2

B. Isotropic temperature factors.
1 2 1^ p
/N/

0(1) 41 30 C(2A) 23 24
0 66 116 0(22) 35 39
0(3) 40 0(23) 43 02

0(3) 42 C( 04) 45 55
0(4 ) 47 0(25) 43 56
0(5) 39 0(26; 4? 45
0(6) 37 0(31) 35 43
0('7) 43 0(32) 44 54
0(B) 55 0(33) 5& 73
0(9) 99 0(34) 51 57
01(4) 113 0(35) 52 74
01(3) 144 c(36) 45 67
0(11) 31 34 0(40) 32 61

0(12) 45 70 0(41 ) 32 42

0(13; 62 72 0(42) 36 60

0(14) 62 33 0(43) 52 30

Cd5) 54 34 0(44) 65 71
0( 16) 41 59 0(45) 57 63

0(46) 45 63
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ummary

Voltammetric studies on [(PR3)2ClRuIICl3RuIIY(PR3)2] (PR3 = PPh3 or
tol3, Y = CO or CS) show a reversible one-electron oxidation to form
TR3)2ClRuinCl3RunY(PR3)2]+ whereas the corresponding oxidation of di-
lthenium(II) mono-cations [(PR3)3RuCl3Ru(PR3)3]+ (PR3 = P(OMe)Ph2 or
Me2Ph), [(C6H6)RuC13Ru(C6H6)]+ and [(C6H3R3)Ru(OH)3Ru(C6H3R3)] +
1 = H or Me) is more difficult and also irreversible. For the (RuCl3Ru)z+
toiety, the redox series z = 1, 2, 3 is established.

Chatt and Haytcr characterised the first triple chloro bridged ruthcnium(II)
imers, [Ru2Cl3(PR3)6]Cl, in 1961 [1], and there have been scattered subse-
ucnt examples [2], In recent years a variety of triple bridged di ruthcnium(II)
implexes have been synthesised including the thiocarbonyl complexes and
leir carbonyl analogues, I and II [3,4] and the /u-trichloro and u-trihydroxy
i-arenes, III and IV [5,6],

Ru •

CI

-CI-

~cC

PR-,

■ Ru - -PR,

(I) V = CS , R = Ph or tolyl

(13) Y = CO , R = Ph or tolyl

(HI) X =

(CZ) X =

CI , R = H (PF6 )
OH,R = H or Me (BPh4 )
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Interestingly, [Ru2Cl4(CS)(PPh3)4)] is readily oxidised by HC1 to the mixed
oxidation state complex [Ru2Cl5(CS)(PPh3)3] [3], which has one confirmed
analogue [Ru2Cls(P-n-Bu3)4] [7] and we have now isolated a di-ruthenium(III)
complex [Ru2Cl6(AsPh3)3] [8]. Thus in such phosphine and arsine systems
the common -RuCl3Ru- bridging unit displays a sequence of oxidation levels,
which suggests that in an individual complex the various levels might be
accessible by one-electron transfer at an electrode.

(RuCl3Ru)+ ^ (RuCl3Ru)2+ - (RuCl3Ru)3+ (1)
Cyclic voltammetry (CV) and linear alternating current voltammetry (acV)

of I and II in CH2Cl2/0.5 M n-Bu4NC104 now establish that these complexes
readily undergo oxidation at a stationary platinum electrode. For example
[Ru2Cl4(CO)(PPh3)4] exhibits a well-defined wave at +0.56 V vs. Ag/AgI
(Fig. 1), satisfying all the criteria of a one-electron fully-reversible diffusion-
controlled step. No further oxidation is observed before the solvent limit
(approximately +1.5 V) and the complex resists reduction until an irreversible
multi-electron process at —1.65 V. Qualitatively identical behaviour is found
for the other carbonyl and thiocarbonyl complexes and the results are sum¬
marised in Table 1.

Initial attempts to prepare [Ru2Cl4Y(PR3)4]+ salts by chemical oxidation
of I and II using I2 or cerium(IV) led to product mixtures. However,
[Ru2Cl4(CO)(PPh3)4]+ has now been generated as a stable CH2C12 solution
by controlled potential electrolysis (+1.0 V) on a platinum gauge electrode
at — 45°C, although the cation decomposes rapidly at room temperature. A
market colour change from orange to brown accompanies the oxidation.
Spectroscopic characterisation and attempts to isolate crystalline salts follow¬
ing electrosynthesis at low temperatures are now in progress.

I I I I I I L_
0 0.2 0.4 0.4 01 1.0 -f 1.2 V

Fig. 1. Oxidation of [Ru2Cl4(CO)(PPh3)4] (CV = cyclic voltammogram, acV = linear alternating
current voltammogram, vs. Ag/AgI in 0.5 M n-Bu4NC104/CH2Cl2).
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ABLE 1

YCLIC VOLTAMMETRY AND LINEAR ALTERNATING CURRENT VOLTAMMETRY FOR
ARBONYL AND THIOCARBONYL DI-RUTHENIUM(II) COMPLEXES

omplex Electrode potential Ey, (20°C)a Solvent. Reference

ilu2Cl4(CS)(PPh3)4] +0.55 r —1.5 i (redn) CH2C1j, Ag/AgI
Hu2Cl4(CS)(Ptol3)4] +0.45 r —1.7 i (redn) CH2C12, Ag/AgI
R.u2Cl„(CO)(PPh3)4] +0.56 r —1.65 i (redn) CH2C12, Ag/AgI
Ru2Cl4(CO)(Ptol3)4] +0.46 r -1.75 i (redn) CH2C12, Ag/AgI
Etu2Cl3(PMe2Ph)6]BPh4 b +0.81 i + 1.16 r CH2C12, Ag/AgI
rtu2Cl3(P(OMe)Ph2)6]BPh„ +0.86 i +1.26 r CH2C12, Ag/AgI
RU2C13<C6H6)2]PF6 +0.80 i +1.17 i CHjCN, Ag/AgCl
Ru2(OH)3(C6H6)2)BPh4 + 1.05 i + 1.3 i + 1.47 i CH3CN, Ag/AgCl
R.u2(OH)3(C6H3Me3)2]BPh4 + 1.02 i + 1.4 i +1.54 i CH3CN, Ag/AgCl

r = reversible wave, E^(CV) = Ep(acV), AJEpp(CV) ~ 60 mV; i = irreversible wave, Ei^(CV)
leasured at 85% fp (anodic scan). bSCN" salt gives identical results.

In contrast to I and II, [Ru2Cl3(PR3)6]BPh4 complexes (PR3 = P(OMe)Ph2
>r PMe2Ph [9,10]) in CH2C12 each undergo an irreversible oxidation (with no
IV return wave); an additional reversible one-electron wave of similar CV
•eight is observed at more positive potentials. Evidently the initially formed
ti-cation is unstable and reacts very rapidly to form an as yet unidentified
>xidizable species. No reduction is observed to at least —2.0 V.

The diarene systems III and IV have been examined by CV in acetonitrile/
).3 M n-Bu4NC104. In common with the previous cationic complexes they
indergo a well-defined but irreversible oxidation at fairly positive potentials,
further irreversible waves are observed which again are due to unknown
pecies arising by rapid reaction of the first-formed oxidation product.

The predicted capacity for oxidation is best demonstrated by the uncom-
ilicated behaviour of the neutral complexes I and II, although only the first
tep can be observed. Interestingly the second redox couple (but not the
irst) has been identified previously in the case of harder supporting ligands
ince the mixed-valence species [Ru2C13(H20)6]2+ and [Ru2C13(NH3)6]2+
indergo reversible one-electron oxidation, although their reduction is ill-
lefined and almost inaccessible [11,12], Taken together, these observations
stablish that electrode-reversible one-electron transfers do connect the three
ixidation levels of the bridged di-ruthenium system, as in eq. 1.

In I and II replacement of CO by CS has a negligible effect on the oxida-
ion potential, although replacement of Ptol3 by the less electron-donating
'Ph3 causes a consistent increase of 0.1 V. These results, and the absence of
ready second step suggest localised oxidation of the harder Cl(PR3)2Ru

entre takes place to generate a true mixed-valence Ru2+'3+ complex rather
han an extensively delocalised Ru2-5+ radical. However, X-ray studies on the
nalogous but symmetrically ligated [Ru2C15(PBu3)4] gave no evidence of
liffering ruthenium valencies [13], and further evidence is required to specify
he degree of metal—metal interaction in the various systems*.

* Similar considerations apply to formally mixed oxidation state complexes such as

[(nh3)5Ru(/i-pyrazine)Ru(nh3)5]s+ which have been extensively discussed as models for intra¬
molecular electron-transfer theory [19].
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A striking aspect of the present results is the loss of reversibility accom¬
panying the shift to higher oxidation potentials in the case of the cationic
complexes (e.g. compare [Ru2Cl4(CO)(PPh3)4] and [Ru2Cl3(PMe2Ph)6]+ ).
This may be correlated with the tendency of the preferred oxidation level to
match the number of chloride ligands in the complexes as generally isolated.
Thus the mono-cations [Ru2C13L6]+ and [Ru2C14Ls]+, where L represents
any soft neutral ligand, probably represent stable limits; [Ru2C13L6]2+ species
are only formed at more positive potentials and decompose rapidly, as
evidenced by our electrochemical studies. Clearly, complexes of stoichiometry
[Ru2C1sL4] provide the best chance of realizing the complete redox sequence
(eq. 1) within one molecule, and a variety of these are now to be examined.

In EAN terms such a sequence ranges from 36 valence electrons (18 per
Ru) to 34, permitting the formation of a metal—metal bond. Systematic
spectroscopic and structural changes are known to accompany similar redox
series in double- and single-bridged iron and manganese compounds [14,15],
and comparison of the variously bridged clusters is of considerable interest.
In the (RuCl3Ru)t complexes the Ru—Ru distance might indeed contract
upon oxidation (from ca. 3.4 A [16,17]), since [Ru2Cl5(P-n-Bu3)4] has an
internuclear separation of 3.12 A [13], and in diamagnetic [Ru2(S2CNMe2)5] +
the relatively unconstrained ruthenium(III)—ruthenium(III) bond length is
2.79 A [18]. However [Ru2Cl3(AsPh3)5] is paramagnetic (jueff (293 K) 1.95
per Ru). Hopefully the present investigation will provide more coherent data
on this point.
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RUTHENIUM COMPLEXES CONTAINING GROUP 5B DONOR LIGANDS VI SYNTHESES

AND REARRANGEMENT REACTIONS OF VARIOUS [ RuCl L 1 COMPLEXES [ L =
2 3or4

P(OMe) , P(OMe) Ph, P(OR)Ph (R = Me, Et)]
3 2 2

W.J. SIME and T.A. STEPHENSON*
Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ.

Summary

Reaction of [RuCl (PPh )] with an excess of L in hexane gives either
Z o O

I RuCl L ] (L = P(OMe) , P(OMe) Ph) or [RuCl L_1 (L = P(OMe)Ph , P(OEt)Pho).Z 4 o Z 2 3 2 2
In polar solvents, [RuCl (P(OMe) Phj ] and [RuCl (P(OMe)Ph ) ] rearrange toZ Z 4 Z Z «j

the ionic dimers [Ru CI L 1C1 whereas [RuCl (P(OEt)Ph ) ] converts to2 3 o 2 2 3

the ionic trimer [ Ru CI (P(OEt)Ph )J CI. Reaction of [ RuCl (PPh ) ] withZ 5 2 y 2 3 3

excess of P(OR)Ph in alcohols first generates the red [ RuCl(P{OMe$Ph ) ]
2+ 24

and [ Ru CI (P(OEt)Ph ) ] cations respectively which can be isolated as2 2 2 o

their BPh salts, and later, the yellow [ Ru CI (P(OMe)Ph ) ] and
4

^ 2 3 2 o
[ Ru Cl (P(OEt)Ph ) ] cations are formed. These various rearrangement

31 1
processes have been extensively studied by variable temperature P -i H I
nmr spectroscopy and an overall mechanism of rearrangement for the various

[ ^u(-:^2L3and 4 ^ comPounds in solution is proposed.

*
For Part V , see ref 1.
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Introduction

Recently, we have shown that the monomeric tertiary phosphine complexes

[ RuCl (PR ) .] , made by exchange of [ RuCl (PPh ) ] with PR in non-
z o o or 4 z o 4 «j

polar solvents [ 2] undergo facile rearrangement reactions in solution as

shown in Scheme 1 [3 ]. In an attempt to verify the generality of this

rearrangement pattern, we now report the full results [ 4] of studies on

exchange reactions of [ RuCl (PPh )] (I) with tertiary phosphites,

phosphonites and phosphinites.

Results and Discussion

a) Preparation of monomeric neutral complexes

On refluxing compound (I) with an excess of P(OMe) in hexane, a yellow

crystalline solid analysing for [ RuCl {P(OMe) } ] was deposited. The far
Ct kJ .I

ir spectrum (400-200 cm *), containing a strong band at 340 cm assigned

to v(RuCl) from trans chloride groups, [5] and bands at 306 and 295 cm

ascribed to v(RuCl) vibrations from chloride groups trans to phosphorus [5]

indicated a cis/trans isomer mixture in the solid state. However, the

31 1
P- { H} nmr spectra in CDC1 at both 213 and 298K consisted of a singlet

•3

at 6129.4 ppm and the "^H nmr spectrum in CDC1 at 301K showed a symmetrical
o

quintet centred at 3.846 (cf similar resonance patterns for trans-[Rh{P(OMe)„}„-
O 4

XY]+ cations [X = Y = Br~; X = H~, Y = Br"; X = Me"; Y = I~][63) . Thus,

these results indicate that rapid, irreversible rearrangement to the

trans isomer occurs in solution.

The compound [RuCl (P{0Me} Ph) ] was also prepared by this method and
Z 4

its far ir spectrum, containing bands at 324, 308 and 291 cm 1 again

indicated the presence of both cis and trans isomers in the solid state.

31 1
The P-{ H} nmr spectrum in CDC1 at 213K contained a singlet at 6150.5 ppm

o

2
(trans isomer) and two triplets at 166.6 and 149.4 ppm (J 44.0 Hz)(cis

pp

isomer). On warming to 298K the triplets disappeared and did not reappear
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when the solution was recooled. Therefore, as for [ RuCl(P?OMe^ ) 1 ,2 '34

an irreversible cis to trans isomerisation process takes place in

solution.

In contrast, reaction of [ RuCl (PPh ) 1 with an excess of P(OR)Ph
^ 3 3 2

(R = Me, Et) in hexane produced orange-brown crystals analysing closely

for [ RuCl (P(OR)Ph ) ]. The far ir spectra contained a strong band at
2 2 o

337 cm 1 (R = Me), 328 cm (R = Et) indicating the presence of trans

chloride groups. The compounds dissolved in many common polar solvents

but rapidly rearranged (see below). However, they were soluble and stable

in benzene or toluene and osmometric molecular weight-measurements in

31 1
benzene at 294K indicated that the complexes are monomeric. The P-{ H}

nmr spectra in C D at 298K showed a sharp singlet at 149.5 ppin (R = Me),6 6

144.7 ppm (R = Et) indicating that the tertiary phosphinite groups were

magnetically equivalent at this temperature. Possibilities to explain

this equivalence include a trigonal bipyramidal structure (Ila) or more

*

likely, a square pyramidal or weakly solvated octahedral structure (lib)

in which facile scrambling of axial and equatorial P(OR)Ph ligands renders
2

(31 1cf the P-{ H} nmr spectra of

[RuCl (PR ) j (PR = PPh , f2,7j P(p-tolyl) f 9J) at ambient temperatures).2 o o u o o

31 1
In support of the latter conclusion, the P-{ H} nmr spectrum of

FruCI (P^OEt^Ph ) ] in (CD ) CO/toluene at 140K consisted of two broad
2 2 j o 2

resonances at 167.3 and 141.1 ppm of relative intensity 1:2 and these

nmr changes were concentration independent and reversible with temperature.

Thus, although no spin-spin couplings were resolved (probably because of

viscosity effects at this temperature), these resonances can be ascribed

respectively to the expected triplet and doublet pattern for the "frozen-

out" {RuCl (P(OEt)Ph ) } structure (lib). The observed averaged position2 2 O

( 146.5 ppm at 193K in (CD^^CO/toluene ) and that calculated on the basis
* 6
X-ray structural data shows that most five coordinate d complexes have

an essentially square pyramidal structure [ 7 ] and this is supported by

recent theoretical arguments.[ 8 ]



of the low temperature spectrum at 140K (149.8 ppm) provides further

support for the correctness of the above interpretation of this nmr

data.

This scrambling process producing equivalence of all the phosphinite

groups of [ RuCl (P(OEt)Ph ) ] is much more facile than the corresponding
2 2 3

process for [ RuCl (PPh ) ] (see refs [2] and [*J] ) This is attributed to
2 3 3

two factors viz the less bulky ligands and the fact that the resonances

for the different phosphinite groups of [ RuCl (P(OEt)Ph ) ] are much
2 Ca

closer to each other than are the PPh groups in [RuCl (PPh )] . The

ligand P(OMe)Ph is less bulky than either P(OEt)Ph or PPh and
Z Z o

31 1
consequently, the P- { H} nmr spectrum of [ RuCl {P(OMe)Ph } ] at

Z Z

140K in (CD ) CO/toluene only contained a broad resonance at 147.0 ppm.
o z

b)Rearrangement of monomeric species in polar solvents

The compound [RuCl (P(OMe) } ] appeared stable in polar solvents,
Z o 4

being recovered unchanged both after refluxing in methanol for 6 hours *r

irradiating with ultraviolet light. The compound [RuCl {P(OMe) Ph} ]
Z Z 4

did not rearrange on leaving at room temperature in methanol but after

refluxing this solution for one hour, a yellow conducting solution was

obtained. Addition of NaBPh^ then precipitated a pale yellow solid whose
31 1

P- { H} nmr spectrum in CDC1 at 298K contained a singlet at 168.7 ppm
o

and also an AB pattern (v 159.6 ppm; v 170.4 ppm; J 58.4 Hz). On2 A B AB

31 1
refluxing for a further hour the P- { H} nmr spectrum of the product

showed only the singlet. This corresponds to [ Ru CI {P(OMe) Ph} ] BPh ,2 3 2 6 4

prepared earlier [lO 1 by reaction of [{RuCl (C H )} ] with P(OMe) Ph inJ 2 7 o n 2

methanol. The AB^ pattern must arise from an intermediate ionic product
containing three phosphonite groups per ruthenium. Possibilities include

[ RuCl(PjfOMe$ Ph) (Solv) ]BPh or[{RuCl(PjOMe{ Ph) Solv}J (BPh ) but it2 o 2 4 2 O 2 4 2

was impossible to differentiate further between these formulations because
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of the inability to separate this intermediate from the ionic dimer.

A similar cationic intermediate has been observed on reaction of

[RuCl (PEtPh ) ] with PEtPh in ethanol for short periods, together
2 2 O 2

with some [ Ru^Cl^PEtPh^)g]Cl[ 3] .

In contrast, dissolving [RuCl (P(OMe)Ph ) ] in CH CI produced2 2 3 2 2

initially a bright yellow solution which gradually became paler in

colour and also increased in conductivity, reaching a maximum of 29pmho

-3 -3
(specific conductivity) for a 10 dm mol. solution after ca. 4 hours,

which indicated the formation of a 1:1 electrolyte. The addition of

NaBPh^ then precipitated [ Ru^Cl^(P(0Me)Ph2>g]BPh^, synthesised earlier
by reaction of [ {RuCl (C H )} ] and P(0Me)Ph in methanol [10] . This2 7 8 n 2

31 1
rearrangement reaction has also been studied by P- { H} nmr spectroscopy.

Thus at 183K in (CD ) CO/CH CI , the spectrum consisted of a broad
O A z z

signal at 144 ppm ([ RuCl (P{0Me}Ph ) ]) and a sharp singlet at 139.4 ppm
2 Z J

due to the rearranged product [ Ru CI (P{0Me}Ph ) 1 CI. As the temperature2 3 2 6

was raised, the signal at 144 ppm sharpened and decreased in intensity whilst

the signal at 139.4 ppm increased in intensity, such that at 303K, almost

all of the monomer had been converted to the ionic dimer. The rearrangement

was irreversible since cooling the mixture had no effect on the intensity

ratios observed at ambient temperature.

Unlike the [ RuCl (P{0Me} Ph) ] rearrangement process, no intermediate

products were observed, but an expansion of the spectrum when the sample

was recooled to 213K showed a number of weak peaks at the base of the

singlet at 139 ppm (Fig. 1). After the sample was allowed to stand at

room temperature for 48 hours, the spectrum, rerun at 213K, contained

no resonance due to the monomer but the weak peaks at the base of the singlet

were still present. These are attributed to a small amount of another

rearrangement product, (see below).



When [RuC^(P{OEt ph2>3] was dissolved in CH^l^, the initial bright
yellow solution also became progressively paler, the conductivity of a

-3 -3
10 dm mol. solution increasing to a maximum of 30ymho over a period

31 1
of ca 24 hours. Again, the rearrangement has been studied by P- { H}

nmr spectroscopy and, although much slower, followed a similar pattern

to that of [ RuCl„(P(OMe }Ph„) 1, namely, irreversible conversion of the
dL dZ %j

monomer to an ionic species. However, there is one very important

difference here in that the rearrangement product (A) was not the

31 1
triple bridged ionic dimer, [ Ru CI (P(OEt )Ph ) 1 CI, since the P- { H}2 3 2 6

nmr spectrum at 213K in CDC1 was not a singlet but a complicated
o

multiplet consisting of at least 20 lines. (Fig. 2). Leaving the sample

in solution for 3 days and then rerunning the spectrum at 213K showed

that all of the monomer had been converted to (A). On warming to 303K,

the multiplet collapsed to a broad resonance centred at ca 135 ppm which

suggested that rapid intramolecular scrambling of all the P(0Et)Ph groups
z

was taking place at this temperature. Subsequent recooling to 213K gave

the original sharp multiplet shown in Fig. 2 and this remained unaltered,

even after leaving the solution for 12 weeks. The addition of either

NaBPh or NH PF gave a pale yellow solid but addition of AsPh C1.HC1
4 4 6 4

gave no precipitate, implying that the phosphorus containing species

present is only cationic in nature. This was verified by running the

311 -
P- { H} nmr spectrum in CDC1 at 213K of the BPh salt which consisted

O TL

of an identical multiplet to that shown in Fig. 2. Therefore (A) cannot

be for example [ Ru CI (P{0Et}Ph ) ] [ RuCl (P{0Et}Ph ) 1 . Furthermore,2 3 2 6 3 2 3

samples of (A) with counteranions BPh^ or PF^, prepared on several
different occasions and run in a variety of different solvents eg (CD ) CO,

o z

31 1
CDCl^, (CD„)„C0/CH„C1„, all displayed the same P- { H} nmr spectrum at

o o Z Z Z —————

213Kjsuggesting that the product is a single species and not a mixture.
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It is interesting to note that reaction of [ {RuCl (C H )} ] with2 7 8 n

P(OEt)Ph was earlier reported to give on addition of NaBPh , the ionic

dimer [ Ru CI (P{OEt}Ph ) ]BPh (based on analytical and nrar data)[ 10] .
2 3 2 6 4

31 1
On repeating this reaction, we found that the P- { H} nmr spectrum of

the product in CDC1 at 213K was the same as that shown in Fig. 2. In
•J

31 1
contrast, the P- { h) nmr spectrum of the product from the [ {RuCl (C H )} ]/2 7 8 n

P(0Me)Ph„ reaction was a singlet at all temperatures, indicating the
2

formation of the [ Ru CI (P(OMe)Ph ) ]+ cation.2 3 2 6

The ir spectrum (4000-400 cm of (A) [BPh^ salt] was identical to
that of [RuCl (P{0Et}Ph ) ] except for the additional bands due to the

2 2 3

anion and, therefore, this suggested that no change in the P(0Et)Ph

groups has occurred during the rearrangement process. The narrow range

31 1
of chemical shifts (ca 10 ppm) observed in the P- { H} nmr spectrum of

(A) is also consistent with the non-formation of Ru-P(0)Ph or Ru-P(0H)Ph
2 2

t
linkages. Further support for this conclusion is the absence of ethanol

or ethyl chloride in the nmr spectrum or g.l.c. trace of a 3 day old

solution of [RuCl (P(OEt)Ph ) ] in CDC1 and the close similarity of the
2 2 J ij

13 1
ethyl region of the C- { H} nmr spectra of (A) in CDC1 and [RuCl (P{0Et}-

o 2

) 1 in CD (see experimental section).
2 3 6 6

31 1
Since no free P(0Et)Ph was observed in the P- { H} nmr spectrum

2

on rearrangement of [RuCl (P(OEt)Ph ) ] to (A) in various solvents, (A)
2 2 O

must still contain an average of three P(0Et)Ph„ groups per Ru atom.
2

Conductivity measurements in both CH CI and acetone were consistent with
2 2

the presence of the a 1^1 electrolyte (see experimental section). Further¬

more, the molecular weight of the BPh salt in CHC1 was found to be 1350' &
4 3

and thus, for a 1:1 electrolyte, the actual molecular weight would be

2700. As a check on the validity of this conclusion the molecular weight

^For [Ni(p-C_H ){P(0Et) }{P0(0Et) }] , the ^P- {"^H} nmr spectrum shows two5 5 3 2

doublets centred at 6147.5 [P(0Et)3] and 85.8 ppm [P0(0Et)2], a separation of
ca 62 ppm [ ll].
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of [ Ru CI (P(OMe)Ph ) ] BPh in CHC1 was found to be 1003; required for 1:1
2 3 2 6 4 3

electrolyte 962. Support for the high molecular weight of (A) also came from the

far ir spectrum of the BPh salt which contained bands at 314 and ca 260 cm ,
4

indicating the presence of both terminal and bridging chloride groups.

On the basis of all this data, compound (A) is best formulated

as containing the trimeric ruthenium(II) cation [Ru CI (P(OEt)Ph ) ] +3 5 2 9

[calculated mol. wt. of BPh^ salt = 2870] and analytical data for
salts of the various counterions are also reasonably consistent with

this formulation. Two possible structures which fit most of these

experimental observations are (Ilia) and (Illb) . However, the linear

structure (Ilia) can be readily eliminated on the basis that facile

intramolecular scrambling of all P(0Et)Ph„ groups in such a structure
2

is impossible. The closed structure (Illb) containing one terminal

chloride group, one double chloride bridge, two single chloride bridges

and three P(0Et)Ph^ groups per ruthenium is much more feasible when

trying to explain the fluxional nature of (A) and Scheme 2 indicates how

it is possible to rationalise this facile intramolecular scrambling process

in terms of a structure such as (Illb). This, in (la), terminal chloride

(i) positioned on Ru(l) can form a bond with Ru(2) with the subsequent

breaking of bond(s), to form (2a) in which the terminal chloride is now

on Ru(3) or bond(z) to form (3a) in which the chlorides (i) and (iii)

have interconverted. Similarly, (2a) and (4a) can rearrange intra-

molecularly, and so on, with the result that all the phosphinite groups

become equivalent when such rearrangement processes are sufficiently

rapid on the nmr time scale.

This is not the first example of a trimeric ruthenium(II) complex.

For example, reaction of a carbonylated solution of "RuCl xH 0" in methanol
O Z

with MeCS NEt gave a minute quantity of golden-brown crystals, shown by
z z

X-ray analysis to be [ Ru (S CNEt ) (CO) CI ] (IV) [12 ]. Trinuclear iron
3 2 2 4 3 2
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compounds of stoichiometry [ Fe (CO) I (SR) ] have also been reported3 6 5 2

[13] and one of the proposed structures (V) for these 1:1 electrolytes

is very similar to that of (Illb).

Unfortunately, extensive recrystallisation attempts on (A) have

failed to produce crystals suitable for an X-ray analysis and therefore

unequivocal evidence for both the composition and detailed structure of

(A) is still lacking.

On the basis of structure (Illb), (assuming a regular octahedral

geometry around each Ru ion), it might have been expected that the

31 1
P- { H) nmr spectrum of (A) would have consisted of an AB pattern

arising from atoms P , P , P superimposed on an ABC pattern of twice
a 1 O

the intensity arising from atoms P^, P^, Pg and P^, P^, P^. Several
attempts have been made to fit such a theoretical pattern of lines

to the observed pattern shown in Fig. 2, using the computer simulation

program LAOCOON, but unfortunately, these attempts were not successful.

For several reasons, however, this failure does not necessarily invalidate

the correctness of structure (Illb). First, as stated above, the

theoretical nmr pattern was formulated on the basis of a regular octa¬

hedral environment around each Ru ion, but it is quite likely that small

deviations from regular geometry might occur, sufficient to destroy, for

example, the postulated magnetic equivalence of the two ABC sets or the

equivalence of atoms P^ and P^ in the supposed AB^ set. Thus, the expected
31 1
"P- { H) nmr spectrum of (Illb) might more realistically be a super¬

position of three slightly different ABC subsets ie 9 coupling constants

and 9 chemical shifts would then be required to completely define this spin

system. Another difficulty is the quality of the experimental spectrum.

Thus, although 20 lines can be counted, the combination of narrow spectral

width (ca 10 ppm), low temperature (producing some viscosity broadening),

and complexity of signals, imply that it is highly likely that many over-
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lapping resonances are present (NB a single ABC spin system can

generate a maximum of 15 lines). Therefore, in this situation,

insufficient unambiguous experimental information is available

to completely solve this nmr problem.

Nevertheless, although the structure is not completely proven

by nmr spectral analysis, the wide range of chemical and spectro¬

scopic evidence does, in our view, strongly support the formulation

of (A) as [Ru CI (P(OEt)Ph ) ]X (X = CI , BPh , PF ) with structure3 5 2 9 4 6

(Illb) .

Finally, the weak peaks appearing at the base of the singlet

(Fig. 1) correspond very closely to those in Fig. 2 and are therefore

considered to arise from the presence of a small amount of [ Ru CI -3 5

(P{OMe}Ph2)g]Cl.

c) Reaction of [ RuCl (PPh ) 1 (I) with L in polar solvents
2 W W

Reaction of compound (I) with excess of L (L = P(OMe) , P(OMe) Ph)
3 2

2+
in methanol produced the previously known [lO,14][RuL ] complexes

6

readily isolated as BPh^ salts. In contrast, refluxing (I) with an
excess of P(0Me)Ph in methanol for a short time gave a deep red

solution which gradually, over a period of two hours, turned yellow

in colour. Addition of NaBPh^ to the yellow solution produced
[Ru CI (P{0Me}Ph ) ]BPh , but addition of NaBPh to the initial red

2 o 2 6 4 4

solution gave a red solid which analysed closely for [ RuCl(P{OMe}Ph ) 1—
2 4

BPh^ (VI). The mull ir spectrum of (VI), in which there was no evidence
of a coordinated solvent molecule, contained, in addition to bands due

to P(0Me)Ph and BPh , a band at 290 cm 1 attributed to v(RuCl) of a
2 4

chloride ion trans to phosphorus. This complex slowly rearranged to the

ionic dimer in chlorinated solvents but was stable in acetone and

31 1
therefore, P- { H} nmr spectra were studied in (CD ) CO over a range

3 2



of temperatures. (Fig. 3). At 173K (Fig. 3a), several resonances were

observed viz a singlet at 139.1 ppm due to the presence of some

[Ru CI (P(OMe)Ph ) ]BPh in the sample, a singlet at 110.9 ppm due to2 3 2 6 4

free P(0Me)Ph , two multiplets at 157 and 140 ppm and sharp resonances

resembling two triplets centred at 123 ppm. As the temperature was

raised, the broad multiplets at 157 and 140 ppm coalesced to a broad

hump at 148 ppm which on further warming sharpened up to a peak at

148.5 ppm (Fig. 3b and c). The resonance at 123 ppm also collapsed

on warming and at 213K a broad peak at 124.0 ppm was observed (Fig. 3c).

At 333K, (Fig. 3d) the peaks at 148.5 and 124.0 ppm disappeared and a

broad resonance at 136 ppm appeared. No change in the singlet due to

free P(0Me)Ph occurred up to 213K but at 333K, it had broadened
z

considerably and shifted to higher frequency.

In the spectrum obtained at 173K (Fig. 3a), it appeared initially that

the resonances at 157 and 140 ppm on the one hand and at 123 ppm on the

other might arise from two different species. On examining the spectra

at higher temperatures, the observed coalescence of the multiplets at

157 and 140 ppm to a resonance at 148 ppm indicates that they arise from

the same species and that each peak corresponds to the same number of

P atoms in that species. However, as the temperature is further raised

the resonances at 148 and 123 ppm then coalesced to a resonance midway

between them which implies that they also arise from the same species and

correspond to the same number of P atoms. Cooling the solution restores

the spectrum to that shown in Fig. 3a. Hence, it appears that the multiplet

at 157, 140 and 123 ppm are produced by P atoms in intensity ratio 1;1;2

respectively and belong to a single species which is most probably

£RuCl(P^OMe}Phg)^]+• Structures consistent with two magnetically
equivalent and two non-equivalent P atoms are (Via) with the sixth

position of the octahedral complex in solution occupied by a solvent
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molecule or (VI b) with no coordinated solvent.

Unfortunately all attempts to reproduce the spectrum at 173K (Fig. 3a)

assuming an ABC spin system and using computer simulation techniques

have proved unsuccessful since no combination of chemical shift and

coupling constant data could simulate the symmetrical pattern centred at

123 ppm.^ However, a precedent exists in the literature for the

31 1
occurrence of unexpected P-{ H} nmr spectra in a related complex at

31 1
low temperature [l5j. Thus, for cis- fFeH^(P{OMe}„Ph) 1 (VII), the P-{ H)

£ Z 4

nmr spectrum at 210K consisted of the expected A B pattern (Fig. 4).
z z

However, as the temperature was lowered, the triplets broadened but at

187K they sharpened up again to give more complex patternswith the lower

frequency resonance sharpening up more rapidly than the one at higher

frequency. In fact, at 150K, the shape of the lower frequency resonance

is virtually identical to that observed in Fig. 3a.

The explanation offered by Meakin et al f151 is that the bulky P(OMe)„Ph

ligands interact in such a way as to reduce the symmetry of the molecule

below that shown in (VII) and that the ligands motions are sufficiently

restricted such that the reduction of symmetry is maintained on the nmr

time scale at these low temperatures. In support of this interpretation,

the solid state structure of [ FeH {P(OEt) Ph} ]differs appreciably from
Z £ .r

the idealised C symmetry shown in (VII) and this distortion is attributed
zv

more to interligand interactions than crystal packing effects.

By comparison of the spectra in Fig. 4 with those in Fig. 3, it seems

probable that such a situation also occurs for fRuCl(P(OMe)Ph } }. InZ jC

the latter case, a frozen-out ABC spectrum was not observed at higher
z

temperatures because of rapid intramolecular scrambling processes and at

lower temperatures the equatorial phosphinite groups in (VI a) [ and P^ and

i"The other two multiplets at 157 and 140 ppm are much broader and it is
difficult to tell whether or not they match the simulated spectra.
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P of (VI b)] are in different chemical environments so that two
a

multiplets are observed in contrast to the one for the equatorial

phosphonite groups of [ FeH ( P{OMe} Ph) 1.
£ 2 4

The equivalence of the equatorial tertiary phosphinite groups of

[ RuCl(P{OMe}Ph ) ] + at 193K can best be explained by invoking the

dynamic equilibrium shown in equation (1). Loss of the solvent molecule

P(OMe)Ph2 P(OMe)Ph2 P(0Me)Ph2
CI | .-P(OMe)Ph I P(OMe)Ph (Solv) | +^P(OMe)Ph

Ru -—a CI Ru + Solv^r± ^^:Ru
(Solv) ^ | P(OMe)Ph I P(OMe)Ph CI | ^ P(OMe)Ph

P(OMe)Ph P(OMe)Ph P(OMe)Ph
2 2 2

(i)
occurs to form a 5 coordinate intermediate in which there is no facile overall

rearrangement at this low temperature. Recombination of the solvent molecule

trans to the other equatorial ligand then causes the two equatorial ligands

to become equivalent on the nmr timescale. At higher temperatures further

scrambling of axial and equatorial ligands via a pseudorotation process is

proposed. Some intermolecular exchange with free P(OMe)Ph also starts to

occur at higher temperatures suggesting the equilibrium shown in equation

(2) is becoming of some importance and a small additional resonance is observed

at 141 ppm (Fig. 3d) which may be due to the cation [ RuCl{P(OMe)Ph } (Solv)l+.2 3 2

Furthermore, the addition of excess P(OMe)Ph inhibited the formation of
Ct

[ RuCl{P(OMe)Ph } (Solv)] + [ RuCl{P(OMe)Ph } (Solv) 1 + + P(OMe)Ph (2)
x £j O £

[ Ru CI (P(OMe)Ph } ] + in CH CI whereas the addition of CI to an acetone solution
2 3 2 6 2 2

of [ RuCltP^Me^h^}^] caused a colour change from red to yellow and
rerunning the spectrum at 298K showed that all the resonances except those

due to [ Ru CI (P(OMe)Ph } ] BPh and free P(OMe)Ph had disappeared. Finally2 3 2 6 4 2

conductivity measurements on an acetone solution of [ RuCl(P{0Me}Ph2)4] BPh^
indicated the presence of a 1:1 electrolyte.
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The reaction between compound (I) and excess of P(OEt)Ph in ethanol,
z

as for P(OMe)Ph , produced initially a red solution which slowly turned
z

yellow in colour. Addition of NaBPh to the yellow solution gave
4

[ RUgCl^_(P(0Et)Ph2)g]BPh^ and from the red solution a red solid
31 1

analysing for [RuCl(P(OEt)Ph ) ]BPh was obtained. However, the P-{ H}Z ^ 4

nmr spectra of this compound at various temperatures in (CD ) CO contained
o z

several different features from those of [ RuCl(P(0Me)Ph2)4] BPh^. At 173K
(Fig. 5a), the spectrum contained a multiplet centred at 135 ppm due to

the presence of some [ Ru3Cl^P(OEt)Ph2>g]BPh^, a singlet (not shown) at
110.1 ppm due to free P(0Et)Ph , and two triplets at 148.1 and 119.0 ppm

z

(J 29.2 Hz). As the temperature was raised, the triplets broadened
PP

(Fig 5b) and at 298K coalesced to a broad peak superimposed on the

resonance at 135 ppm due to the trimer (Fig. 5c). The triplets, which

reappeared on cooling the solution to 173K must arise from the double

chloride bridged dimer [ Ru CI (P(OEt)Ph ) ](BPh ) (VIII) since a2 2 2 8 4 2

monomer would, as in the case of [ RuCl(P(OMe)Ph ) ] +, be expected to
Z 4

give a more complicated spectrum. The presence of such a dimer in the

solid state is suggested by a broad band at 270 cm 1 in the far ir

spectrum which was not observed for [ RuCl(P(OMe)Ph2)^] BPh^. However,
the collapse and coalescence of the triplets at higher temperatures

is not consistent with retention of this dimeric structure in solution,

and it would suggest that the dimer is cleaved to produce the manomer

+ 311
[ RuCl(P(OEt)Ph ) ] as the temperature is raised (£f^ the P-{ H} nmrZ 4

spectra of compounds (VII) (Fig. 3) and (VIII) (Fig. 5) at 213K and

above). Furthermore, conductivity measurements on (VIII) at 298K in

acetone indicated the presence of a 1:1 electrolyte. No evidence for

exchange with free P(0Et)Ph was observed since the resonance at 110.1 ppm
z

remained sharp at all temperatures and no additional resonance which could

be attributed to [ RuCl(P(0Et)Ph2)3(Solv)2] + appeared in the spectrum at
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298K. However, addition of excess P(OEt)Ph inhibited rearrangement2

to [ Ru Cl (P(OEt)Ph ) ] BPh in CH CI , whereas addition of CI to an
J w ^ y 4 2 2

acetone solution of [ Ru Cl (P(OEt)Ph ) ] (BPh ) caused a colour change2 2 2 o 4 2

from red to yellow but the rearrangement process was slower than for

[ RuCl(P(OMe)Ph2>4] BPh^

d) Mechanism of rearrangement of [ RuCl L ] species
2 3or4

It is of interest to conclude this paper by briefly examining

possible mechanisms of rearrangement for the various [ RuCl L ] compounds2 3or4

discussed above, particularly with reference to the mechanism proposed

earlier [3] (Scheme 1) to rationalise the behaviour of various [RuCl (PR ) ]
2 u 201*4

compounds in solution.

First, no evidence has been found in this work for the formation of the

neutral dimers [ Ru CI L ] [L = P(OMe) , P(OMe) Ph, P(OR)Pho (R = Me, Et)]2 4 5 o 2 2

which can presumably be attributed to the stronger Ru-P bonds found in

these alkoxy substituted phosphine complexes compared to those containing

most tertiary phosphines. Further support for this conclusion comes from

the observation that unlike [ RuCl (PMePh )][ 16] and [ RuCl (PEtPh ) ] [ 2] ,2 2 4 2 2 2

dissolving [ RuCl (PMe Ph)l in non-polar solvents does not give any
2 2 4

[ Ru Cl (PMe Ph) ] and this can be attributed to the well-known high affinity2 4 2 5

of PMe Ph for Ru(II) [17].
2

In an attempt to obtain such compounds, solutions containing [ Ru Cl -
2 2

(P(OMe)Ph ) 1 Cl were pyrolysed at 120°C for 12 hours since a similar
2 0

reaction with [ Ru Cl (PEt Ph) 1 Cl gave [ Ru Cl (PEt Ph) ] [ 18]T. However,2326 2425

X-ray structural analysis showed the product to be the unusual neutral

dimer [ (P(OMe)Ph ) (P(OH)Ph )RuCl Ru(P(OH)Ph ) (PPh 0)] in which 0-R bond2 2 2 2 2 2 2

rupture rather than Ru-P bond cleavage had occurred fisj. Similarly,

pyrolysis of solutions containing the [ Ru Cl (P(OEt)Ph ) ] + cation gave3 5 2 9 —

"^Similarly, pyrolysis of [Ru Cl (PR,)jCl (PR = PMePh , PEtPh ) gives2 2 2 6 o ^ ^

[ Ru Cl (PR ) ] but even at 400K, [ Ru Cl (PMe Ph)J Cl was recovered unchanged,
2435 2326

[ 16] , again demonstrating the strength of the Ru-PMe2Ph bonds.
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[ (P(OEt)Ph ) (P(OH)Ph )RuCl Ru(P(OH)Ph ) (PPh 0)][l9] .*
2 2 2 3 2 2 2

As for [ RuC12(pR3>3or4] . both[RuCl2(P(OMe)2Ph)4] and [ RuCl2(P(OMe)Ph2)3]
rearranged to the ionic dimers [Ru CI L 1C1 when dissolved in polar solvents.2 3 6

The observation of an ionic intermediate [RuCl(P{OMe} Ph) (solv) l+ (or
2+

[{RuCl(P(OMe} Ph)(solv)}] ) strongly suggests that the mechanism of
z o z

formation of [ Ru CI (P{OMe} Ph) ] CI involves prior dissociation of CI2 3 2 6

from the neutral monomer followed by coupling of this cation with more of

the neutral monomer (see Scheme 3). A similar ionic intermediate

[ RuCl(PEtPh2)3(solv)2| + (or [ { RuCl(PEtPh2)3(solv)}^ 2+jhas been observed
in the formation of [ Ru2Cl3(PEtPh^^) CI from [ RuCl2(PEtPh2)^ . [ 3 ]

However, with [ RuCl (P(OEt)Ph ) ] in polar solvents, the major2 2 3

rearrangement product is the ionic trimer [ RUgCl^(P(0Et)Ph2)9| CI (III b).
A rationalisation of all these results is obtained by postulating the

formation of a labile, double-bridged cationic intermediatef L ClRuCl Ru(solv)-
3 2

+

by coupling of [ RuC^Lg ] and [ RuClL^solv) ^ +. This can then either
rearrange in intramolecular fashion (pathway a) to generate the triple

chloride bridged species or combine with another molecule of[ RuCl L l

(pathway b) to give the ionic trimer (Scheme 3). The factors which determine

the preferred pathway a or b are not understood at present and further work

with a wider range of ligands to try and establish these factors is now

in progress.

However, it is gratifying that similar double bridged cations [L3(OH)-
Ru(OH) RuL ]+ which rearrange to [L Ru(OH) RuL 1+ (L = PMe Ph, PMePh ,

2 3 3 3 3 2 2

P(OMe)Ph ) have recently been postulated by Ashworth et al [20] and such

species are probably key intermediates in the mechanism of formation of

t
other triple-bridged cations.

jfc ^
Note that in ref [19], on the basis of analytical and H nmr data, we and

others [lo]] assumed that the product from the reaction of [ {^u^^2^7^8^nantl
31 1

P(OEt)Ph in ethanol was [ Ru CI (P(OEt)Ph )_]C1 but P-{ H} nmr studies now2 2 3 2 6

show it to be [ Ru CI (P(OEt)Ph 1 ]CI.3 5 2 9

^For example, a similar mechanism to that shown in Scheme 3, which involves
+

the double bridged, cationic intermediate [(arene)XRuX Ru(solv)arene] can be
2

proposed to explain the formation of the triple bridged ionic cations
[ areneRuXoRuarene] + (X = CI , OH , OR ) [ 21]
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Finally, the observations that addition of excess P(OR)Ph (R = Me,Et)
2

to CH CI solutions of [ RuCl(P{OMe}Ph ) ] BPh (VI) and [ Ru CI (P{OEt}Ph ) ]-
2 2 244 22 2 o

(BPh ) (VIII) respectively inhibited the formation of fRu CI (P$OMefPh ) ]-
4 2 2 o 2 6

BPh^ and [ Ru^Cl^. (P/OEt f Ph^) BPh^, whereas addition of CI to acetone
solutions of (VI) and (VIII) accelerated the formation of these species,

supports the mechanism shown in Scheme 3.

Experimental

Microanalyses were by the University of Edinburgh Chemistry Department,

B.M.A.C. and A. Bernhardt, West Germany. Molecular weights were determined

on a Mechrolab Vapour Pressure osmometer (model 301A) calibrated with benzil.

Infrared spectra were recorded in the region 4000-250 cm on Perkin Elmer

457 and 225 grating spectrometers using Nujol and hexachlorobutadiene mulls

on caesium iodide plates and in the region 400-200 cm 1 on a Beckman RIIC

IR 720 far ir. spectrometer using pressed Polythene discs. Hydrogen-1 nmr

spectra were obtained on a Ihrian Associates HA-100 spectrometer equipped with

a variable temperature attachment and carbon-13 nmr spectra on a Varian

13
CFT-20 spectrometer operating at 20 MHz ( C chemical shifts are quoted in

ppm to high frequency of TMS). Phosphorus-31 nmr spectra were obtained on

a Varian Associates XL100 spectrometer operating in the pulse and Fourier-

transform mode at 40.5 MHz. Chemical shifts are reported in p.p.m to high

frequency of 85% H PO . Melting points were determined with a K6fler
o 4

hot-stage microscope and are uncorrected.

Conductivity measurements were made at 303K using a model 310 Portland

Electronics conductivity bridge. Conductivity vs concentration data were

-3 -3 -3
obtained over a range of concentrations (2 x 10 to 5 x 10 dm mol) and

a plot of X(equivalent conductance) against C^ (concentration in equivalents dm
c

gave a straight line which on extrapolation to C^ = 0 gave A sub¬

sequent plot of Ji - X vs C^ gave a straight line whose slope is a function
o c
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of the ionic charges ^221. Thus, the slopes obtained for various samples

were compared with those for known 1:1 and 2:1 electrolytes and hence

the electrolyte type could be determined.

Materials

Ruthenium trichloride trihydrate (Johnson Matthey); triphenylphosphine

(Aldrich); trimethylphosphite (Fisons); dimethylphenylphosphonite,

methyldiphenylphosphinite, ethyldiphenylphosphinite (Maybridge); sodium

tetraphenylborate (BDH); ammonium hexafluorophosphate (Alfa). [ruCI (PPh ) ]
was prepared as described earlier [23J.

All reactions were carried out in degassed solvents under a nitrogen

atmosphere. s(singlet); t(triplet); pt(pseudotriplet); q(quintet);

mt(multiplet); br(broad); sh(shoulder); st(strong); w(weak); m(medium).

Proposed v(RuCl) bands underlined.

Dichlorotetrakis (trimethylphosphine)ruthenium(II) : - The compound [ RuCl^PPhg) ^]
3 3

(0.20g) was refluxed with P(OMe) (0.40 cm ) in hexane (20 cm ) for one hour.
•J

The solution was cooled and the yellow crystals obtained were filtered off
o

and recrystallised from CH CI /hexane (yield 0.63g 45%) m.p. 145-147 C
z z

[Found: C, 21.6; H, 5.4%; Calc. for C H CI 0 P Ru: C, 21.6;
12 36 2 12 4

H, 5.4% ] far ir spectrum:- 340st, 306st, 295st,284m, 274m, 260w, 250w,

210st, "^H nmr (CDC1 at 301K) 3.84 ppm (q) 31p-{1H}nmr (CDC10 at 298K)
O

129.4(s) ppm.

Dichlorotetrakis(dimethylphenylphosphonite)ruthenium(II):- The compound

3
[ RuCI (PPh ) ] (0.20g) was refluxed with P(OMe) Ph (0.40 cm ) in hexane

2 o «5 2

3
(20 cm ) for 3 hours to give yellow crystals which were filtered off and

recyrstallised from CH CI /hexane (0.125g 75%) m.p. 158-160°C [Found: C,
2 2

45.0; H, 5.2%; Calc. for C H CI 0 P.Ru:- C, 45.0; H, 5.2%] far ir spectrum
uZ Q 2 o ^

324st, 308m, 291st, 257sh, 214st; ^H nmr (CDC1 at 301K) 3.45 (q), 7.20 (mt)
—

O

31 1 2
ppm P-{ H} nmr (CDC1 at 213K) 150.5(s), 166.6(t), 149.4(t) [J 44.0 Hz]

————————— 3 PP
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Dichlorotris(methyldiphenylphosphinite)ruthenium(II):- The compound

3
[RuCl (PPh )] (0.20g) was refluxed with P(OMe)Ph (0.20 cm ) in hexane

2 3 3 ^

3
(20 cm ) for 3 hours. The resulting orange-brown solid was filtered off

and washed with hexane (0.168g, 95%) m.p. 164-166°C [Found: C, 56.5, H, 4.6,

CI, 8.7%, M(C H ) 834. Calc. for C H CI 0 P Ru:- C, 57.0; H, 4.7;'
66 39 39 233

CI, 8.7% M.820 ] far ir spectrum 337st, 290st, 280sh. ^"H nmr (C„D„ at 301K)g g

31 1
2.90(pt) 6.9-7.70(mt) ppm P- { H) nmr (C D at 298K) 149.5(s) ppm;11 ' — 6 6

13 1
(toluene/(CD„)„C0 at ca 140K) 147.0(br) ppm. C- f H) nmr (C„D„ at 318K)

3 2 6 6

singlets at 134.3 and 54.8 ppm.

Dichlorotris(ethyldiphenylphosphinite)ruthenium(II) was similarly prepared

from [ RuCl2(PPh3)3] andP(0Et)Ph2 (0.160g, 66%) m.p. 155-157°C [Found:
C, 58.1; H, 5.2; CI, 8.1%, M(C H ) 925. Calc. for C H CI 0 P Ru:- C,

D D 4Z Z «3 «J

58.3, H, 5.2, CI, 8.2% M 862 ]far ir spectrum 328st, 298w, 286st, 272m,

253m, 234m, 214m; 1H nmr (C„D„ at 301K) 0.78(t), 3.40(br) [ 3J 7.0 Hz] ,
6 6 HH

31 1
6.90-7.70 (mt) ppm. P-{ H} nmr (C at 298K) 144.7 (s) ppm (toluene/(CD0) -6 6 3 2

13 1
CO at ca 140K) 141.1 (br) , 167.3 (br) ppm C-{ H} nmr (C„D^ at 318K) singlets

6 6

at 134.3, 64.5 and 16.1 ppm.

[Hexakis(dimethylphenylphosphonite)ruthenium(II)] tetraphenylborate:- The

3
compound [ RuCl (PPh ) ] (0.20g) was refluxed with P(0Me) Ph (0.40 cm ) in2 3 3 2

3
methanol (20 cm ) for 3 hours to give a very pale yellow solution which

was cooled and then NaBPh^ (0.25g) added. A white solid precipitated which
was filtered off and recrystallised from CH CI /MeOH to give colourless

2 2

crystals of the complex m.p. 209-211°C [Found: C, 65.2; H, 6.0%; Calc.

f°r C96H106B2°12P6Ru: C' 65'5; 6'0%1
[ Chlorotetrakis(methyldiphenylphosphinite)ruthenium(11)] tetraphenylborate:-

3
The compound [ RuCl (PPh )J (0.20g) was refluxed with P(0Me)Ph (0.20 cm )

2 6 S 2

3
in methanol (20 cm ) for 5m to give a deep red solution and the solution

then filtered to remove any unreacted starting material. Addition of NaBPh^
(0.25g) gave a red precipitate, recrystallised from (CH ) CO/MeOH m.p. 96-98°C

3 2
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[Found: C, 68.3; H, 5.3, CI, 3.6% Calc. for C H BC10 P Ru:- C, 69.1;76 72 4 4

H, 5.4; CI, 2.7% ] Conductivity in (CH ) CO at 303K. Slope of A -A vs
3 2 o c —

C^ plot = 140 (for [ Ru„C1 (P{0Me}Ph ) ] BPh , slope = 155; for [ Ru(pC H )-2 3 2 6 4 6 6

(NH„),J (PF„)„, slope = 350) far ir spectrum 290st, 275sh;*H nmr3 3 6 2

((CD ) CO at 301K) 3.15 (pt), 6.80-7.20 (mt) ppm 31P nmr [ (CD ) CO at
3 2 3 2

173K ]l23(mt), 140(mt), 157(mt) ppm. (see Fig. 3a)

{Di-p-chlorobis[ tetrakis(ethyldiphenylphosphinite)ruthenium(II)] Itetraphenyl-

borate was prepared similarly by reaction of [ RuCl (PPh ) ] with excess2 3 3

P(0Et)Ph2 in ethanol, m.p. 91-93°C [Found: C, 69.6; H, 5.8; CI, 2.6% Calc.
for c16oHi60B2C12°8P8RU2: C' 69'8' H' 5*8' C1' 2-6% 1 • Conductivity in
(ch ) co at 303k. Slope of vi vs c^ plot = 175. Far ir spectrum3 2 o c —

1 3
270st(br); H nmr [ (CD„)„C0 at 301K)] 1.25(t), 3.40(br) [ J„„ 7.0 Hz] ,

3 2 HH

6.80 - 7.20(mt) ppm. 31p- {1h> nmr f(cd ) co at 173k] 119.0(t), 148.l(t) ppm
«3 Z

(2Jpp 32.5 Hz) (see Fig. 5a)
[ Tri->*-chlorohexakis(methyldiphenylphosphinite)diruthenium(II)] tetraphenyl-

borate:- The compound [ RuCl (PPh ) ^(0.20g) was refluxed with P(0Me)Ph^2 3 3 2
3 3

(0.20 cm ) in methanol (20 cm ) for 3 hours to give a yellow solution.

Addition of NaBPh^ (0.20g) then produced a pale yellow solid which was
filtered off and recrystallised from CH CI /MeOH m.p. 202-204°C. The same

2 2

compound was also obtained by adding NaBPh to a solution of [ RuCl (P{0Me}~
4 2

Ph„)„] dissolved in methanol. [Found: C, 63.6; h, 5.1% M(CHC1 ) 1003.
2 o 3

Calc. for C.n H BC1 O P Ru C, 63.6; H, 5.1% M(for 1:1 electrolyte) 962.]102 9o 366 2

Conductivity in (CH ) CO at 303K. Slope of A ~A vs C^ plot = 155. far
3 2 o c —

ir spectrum 295st, 260st(br), 228w. "^H nmr (CDC1 at 301K) 2.95(pt) 6.90-7.10(mt)
o

ppm. 31p-{1H}nmr (CDC1 at 298K) 138.6(s) ppm 13C-^1H^ nmr (CDC1 at 318K)3 3

singlets at 136.5, 125.4, 121.3 (Ph); 133.7, 129.8, 127.0 (BPi^), 55.2 (Me)
ppm.
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[ Tri-y-chlorohexakis(dimethylphenylphosphonite)diruthenium(II)]tetra-

phenylborate:- The compound [RuCl„(P^OMef„Ph)J(0.20g) was refluxed in~~2 2 4
3

methanol (30 cm ) for 3 hours to give a yellow solution. Addition of

NaBPh^ then precipitated a very pale yellow solid which was filtered
off and washed with methanol; m.p. 186-188°C [Found: C, 52.3; H, 5.3%

Calc. for C„„H„J3Cl„0„P„Ru„:- C, 52.4; H, 5.2%] 1H nmr (CDC1„ at 301K)72 06 3 6 6 2 3

31 1
3.45(q), 7.00-7.20(mt) ppm. P- { H} nmr (CDC1 at 298K) 168.7 (s) ppm."

o

{1,2; 1, 3-y-chloro,-2,3-di-/.>-chloro, 1, chloro-cyclo[ tris(ethyldiphenyl-

phosphinite)ruthenium(II)] }tetraphenylborate:- The compound [ RuCl (PPh ) ]
2 «3 O

3 3
(0.20g) was refluxed with P(0Et)Ph (0.20 cm ) in ethanol (20 cm ) for 4hours

z

to give a pale yellow solution. Addition of NaBPh^O.20g) precipitated the
complex as a pale yellow solid which was filtered off and washed with

ethanol m.p. 174-176°C [Found: C, 60.1; H, 5.2; CI, 6.3; P, 8.7%, M(CHC1 )
•3

1350 Calc. for C
c H c BC1 0 P Ru:- C, 62.7; H, 5.2; CI, 6.3; P, 9.7%M150 155 599 3

(1:1 electrolyte), 1435 . Conductivity in (CD ) CO at 303K. Slope of
o Z

A" -A vs C^ plot = 140. far ir spectrum 314m, 288sh, 272sh, 260s(br),

1 3
256sh, 242sh H nmr (CDC1„ at 301K) 1.18(t) 2.96(br) [ J 7.0 Hzl ,3 HH

31 1
7.00 - 7.30(mt) ppm P-{ H) nmr (CDC1 at 213K) 135(mt) ppm (see Fig. 2)

u

13 1
C- { H}nmr (CDC10 at 318K) singlets at 136.5, 125.5, 121.4(Ph); 133.9,

~ o

129.8, 126.8 (BPh~); 64.5 (CH ); 16.0 (CH ) ppm.
4 z o

The corresponding [ Ru CI (P{0Et}Ph„) ]PF was obtained by addition of3 5 2 9 6

NH PF to the pale yellow solution. [Found: C.54.2; H, 5.0% Calc. for C ,4 6 126

H135C15F6P10BU3;- »6.1i H. S.lfl
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31 l
Fig. 1. P- { H} nmr spectrum of the rearrangement products of

[ RuCl2(P(OMe)Ph2)3] in (CD > CO/CH Cl2 at 213K.

31 1
Fig. 2. P- { H} nmr spectrum of the ionic rearrangement product of

[ RuCl (P(OEt)Ph ) ] in CDC1 at 213K.
Ct a O J

31 1
Fig. 3. P- { H} nmr spectra of [ RuCl(P(OMe)Ph ) l BPh in (CD ) CO at

A 4 <3 A

a) 173K b) 193K c) 213K d) 333K.

31 1
Fig. 4. P- { H} nmr spectra of cis -[ FeH {P(OMe) Ph} ] in 50% CH^Cl^-50%

ct Z 4 Z Z

CHF Cl at various temperatures (reproduced from ref [ 15" ] )
z

Fig. 5. ^P- {^H} nmr spectra of [ Ru„Cl„(P{OEt}Ph ) ] (BPh ) in (CD )„C0
Z Z Z o 4 Z o Z

at a) 173K b) 213K c) 298K.
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RUTHENIUM COMPLEXES CONTAINING GROUP 5B DONOR LIGANDS
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PART VII REARRANGEMENT REACTIONS OF SOME RUTHENIUM (II)

COMPLEXES CONTAINING TRIPHENYLPHOSPHINE, TRI-p-TOLYLPHOSPHINE

OR ETHYLDIPHENYLPHOSPHINE LIGANDS.

P.W. ARMIT, W.J. SIME, T.A. STEPHENSON*
and (in part) L. SCOTT

Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ

Summary

As for [RuC12(PPh^), carbonylation of [RuC12(ER ^)
[PR^ = P(p-tolyl)^, PEtPh2) in N,N^-dimethylformamide (dmf)
gives [Ru(CO)Cl2(dmf)(PR3)2] (II). For PR3 = PEtPh2,
rearrangement of (II) in various solvents gives inseparable

31
mixtures ( P evidence) but for PR3 = P(p-tolyl)3 [Ru2(CO)2C14~

{P (p-tolyl)3}3] is obtained. Reaction of [Ru(CO)Cl2(dmf) —
{P (p-tolyl) 3>2] with [RuCl2((P (p-tolyl) 3>3] (1:1 mol ratio) gives

[Ru2(CO)Cl^{P(p-tolyl)3 } 4] whereas reaction of [Ru(CO)Cl2(dmf)-
(PPh3)2] with [RuC12(P(p-tolyl)3}3] gives [Ru2(CO)Cl^(PPh3)2-

{P (p-tolyl)3}2] . Reaction of [RuCl2{P(p-tolyl)3}3] with CS2
gives the related [Ru2Cl4(CS){P(p-tolyl)3}^] and
[{RuCl2(CS)}P(p-tolyl)3>2}2] whereas [RuCl2(PEtPh2)3J and CS2
produce [RuC12(S2CPEtPh2) (PEtPh2)2]CS2 and [Ru2Cl4(CS)2 (PEtPh2)3] .

•k

For Part VI, see ref 1.



Introduction

Earlier, it was shown that reaction of [RuCl2(PPh^)with CS2
gave the triple chloride bridged complex [Ru2C14(CS)(PPh3)4],

2
together with smaller amounts of [Ru(n -CS2)Cl (PPh3)3]Cl,
[{RuCl2(CS) (PPh^)2>2] and [Ru2C14(CS)2(PPh3)3](various isomers).
Later, the compounds [Ru2(Y)Cl^(PPh^)4] were synthesised in high
yield by means of an intermolecular coupling reaction of

[RuC12(PPh3)3] and [Ru(Y)Cl2(dmf)(PPh3) ] (Y = CO,CS).[3]
In this paper we now report on our attempts to utilise

both these methods to synthesise analogous compounds with

other tertiary phosphines such as tri-p-tolylphosphine and

ethyldiphenylphosphine and also to synthesise mixed tertiary

phosphine complexes [Ru2 (CO) Cl^ (PR3) 2 (PR^) 2 ] .

Results and Discussion

a) Tri-p-tolylphosphine complexes

Reaction of "RuC133H20" with an excess of P(p-tolyl)3
in methanol, reported to give [RuC12{P(p-tolyl)3)[4],
repeatedly produced dark purple crystals of [RuC12{P(p-tolyl)3}3
(1)^. The ^^"P-f^H} nmr spectrum of (I) in CI^C^/(CD3) 2C0 at
190K consisted of a doublet at 6 25.1 ppm and a triplet at

2
74.3 ppm ( J 28.0Hz) (relative intensity 2:1) plus a weak

PP

singlet at 28.8 ppm due to (p-tolyl)3P0. As the temperature
was raised the doublet and triplet collapsed and at 298K

coalesced to a broad singlet at 39.9 ppm. These nmr changes

were concentration independent and reversible with temperature,

and, taken in conjunction with the ir spectrum which contained

a band at 320 cm , (indicative of a trans Cl-Ru-Cl arrangement)
a.

'The reason for this is probably the high pH of the commercial

"RuC13.3H2Om used which favours formation of the tris species.
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suggest a structure analogous to that of [RuC12(PPh^)[5] which
is undergoing rapid intramolecular exchange of P(p-tolyl)3
groups at ambient temperature.

When compound (I) was refluxed in CS2 for a short time,
a red solution was obtained, but in contrast to the analogous

reaction of [RuCl2(PPh^)3], no [Ru(r|2-CS2)Cl{(Pp-tolyl)3)3]Cl
was deposited [6,2], Addition of light petroleum(b.p. 60-80°C),
however, precipitated a pink solid analysing closely for the

double chloride bridged complex [ {RuCl2 (CS){ P (p-tolyl) 2> 2] .

The ir spectrum contained a band at 1290 cm ^"(^Qg) anc^ the
31 1

P-{ H} nmr spectrum in CDCl^ at 298K consisted of a strong
singlet at <5 29.5 ppm together with weaker singlets at 28.5 ppm

[(p-tolyl)3PO] and 42.5 ppm. The peaks at 29.5 and 42.5 ppm
are possibly due to different isomeric forms of [{RuCl2(CS)—

{P(p-tolyl)^>2}2]. The remaining solution on standing for
31 1

6 hours deposited an orange solid whose P-{ H}nmr spectrum in

CDCl^ at 298K displayed two AB quartets at <5 47.6 and 34.6 ppm
and which analysed for the triple chloride bridged complex

[Ru2C14(CS)(P(p-tolyl)3>4]. (vcs 1292 cm 1).
Treatment of [RuC12{P(p-tolyl)^}3] with CO in N,N-

dimethylformamide (dmf) readily gave [Ru(CO)Cl2(dmf){P(p-tolyl) 3}2 ]
(II) whose i.r. spectrum showed 1935 cm vRuq]_ 340 cm
and a broad band at 1645 cm ^ due to coordinated dmf and whose

31 1
P-{ H}nmr spectrum at 298 K in CDCl^ contained a singlet at

32.3 ppm. Therefore, [Ru(CO)Cl2(dmf){P(p-tolyl)3}2] has an
analogous structure to [Ru(CO)Cl2(dmf)(PPh^)^] with trans
phosphines and trans chlorides [3].
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Reaction of compound (II) with compound (I) (1:1 molar

ratio) in ethanol then gave the triple chloride bridged dimer.

[Ru2(CO)Cl^(P (p-tolyl)^J^] whose "^P-{^"H} nmr spectrum in

CDCl^ at 298 K contained the expected two AB quartets at
6 47.6 and 38.8 ppm. As for [Ru(CO)Cl2(dmf)(PPh^)[3],
recrystallisation of compound (II) from methanol gave

[Ru(CO)Cl2(MeOH){(Pp-tolyl)2>2], and shaking the latter in

CH2C12 for several days produced a yellow brown solid, whose
31 1

P-{ H} nmr spectrum in CDCl^ at 298 K, showed it to contain
the three possible geometrical isomers of [Ru2 (CO) 2C1jj{P (p-tolyl)—
3)3] (see experimental section and ref [3]).

An attempt to synthesise the mixed tertiary phosphine

complex [(PPh^)^ClRuCl^RuCOlP(p-tolyl)3)3] by reaction of

[RuCl2(PPh^)with [Ru(CO)Cl2(dmf){P(p-tolyl)2>2J gave an
31 1

orange solid but its P-{ H} nmr spectrum showed a large

number of resonances in the region 46-50 ppm indicating a

mixture of products. A possible explanation is that during

the coupling process, dissociation of from [RuC12(PPh^)
occurs and this can then displace P(p-tolyl)^ from the
initially formed product [(PPh^)2C1RuC12Ru(CO){P(p-tolyl)^}2]
to give, in addition,v the compounds [(PPh^)2C1RuC12Ru(CO)(P(p-
tolylN) 3Jn (PPh3) 2_n] (n = 0,1).

However, this side reaction does not occur in the reaction

between [RuC12{P(p-tolyl)^)2^ and [Ru(CO)Cl2(dmf)(PPh^)2] since
an orange solid which analysed for [Ru2(CO)Cl^(PPh^)2{p(p-tolyl)3}2

311
and whose P-{ H} nmr spectrum in CDCl^ at 298 K contained
only two AB patterns at 6 48.0 and 40.2 ppm was obtained.



Finally, the attempted coupling reactions of [Ru(cqci2—
(dmf) (PR^)^,] (PR3 - pph3, PCp-tolyl)^) with other [RuC^L^]
(L = P(OMe)Ph2, P(OEt)Ph2) were completely unsuccessful.
This is not surprising since earlier studies [1] have shown

that these tertiary phosphinite complexes contain very strong

Ru-P bonds and hence the formation of [(P(OR)Ph2)2C1RuC13Ru(CO)-
(PF^^J is completely inhibited. Instead, the reaction products
obtained in acetone were unreacted [RuCOCl2(dmf)(PR^) ],
[Ru2(CO)2C1^(PR^)^ ], and either [Ru2Cl2(P(OMe)Ph2}^]Cl or

[Ru^Clj-i P (OEt) Ph2 } g ] CI (i.e. the rearrangement products of

[RuC12(P(OR)Ph2) ] in polar solvents (1],

b) Ethyldiphenylphosphine complexes:-

When green[RuC12(PEtPh2)^] (prepared by reaction of
[RuC12(PPh^)^] with excess PEtPh2 in hexane [5a]) was shaken
in CS2 for one hour, a red-pink solid was produced which

2
analysed closely for the expected "[Ru(n -CS2)Cl(PEtPh2)3]—
Cl.CS2". The ir spectrum contained a strong band at 1515 cm
which as for [Ru (n 2CS2) Cl (PPh3) 3] C1CS2 [2 , 6] is associated with
a CS2 solvate. This was proved by dissolving the complex in

CH2C12 and reprecipitating with light petroleum (bp 60-80°C)
to give a product analysing for "[Ru(n2-CS2)Cl(PEtPh2)^]Cl"
(III) whose ir spectrum no longer contained the band at 1515 cm ^
Ir bands at 1115 and 995 cm ^ which could be attributed to the

n2-CS2 group [7] were also present. The ^P-^H ^ nmr spectrum
of (III) in CDCl^ at 298 K consisted of an AMX pattern
[vA 41.1 ppm, vM, 34.0 ppm; vx 9.2 ppm; 28.9 Hz, JAX 3.7 H

J"MX 9.2 Hz] indicating that the compound contained three
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magnetically inequivalent PEtPh^ groups. However, the low
values of and J together with the fact that compound (III)

gave non-conducting solutions in CH2C12 and acetone strongly
suggests that it should be reformulated as [RuC12(S2CPEtPh2)-

r + — +

(PEtPh2)2) containing the Ph2EtP -CS2 zwitterion ligand.
2

The related compound " [Ir (n (PPh^)^]BPh^" has recently
been shown to be [Ir(S2CPPh2)(CO)(PPh2)2]BPh^ by X-ray analysis

2
and these authors then suggested that "[Ru(n -CS2)Cl(PPh^)CI"
also probably contained a PPh2+-CS2 ligand [8]. Unfortunately,

31
this PPh^ complex is too insoluble for P nmr studies.

Ph2EtPM.

CI

PEtPh.

^Ru C—PEtPh,
' X '

CI

(III)

PEtPh,
A

Ph2EtP
u

/
(MeOH)CI

+

"C-PEtPh,
X

MeOH(CI)

(IV)

BPh,

The peaks at 1115 and 995 cm P in the ir spectrum of (III)

can probably be attributed to the , . stretchingUo
^ vS-syrn)

vibrational mode of the PEtPh2+-CS2 ligand [7].



7.

Dissolving [RuCl„(S„CPEtPh_) (PEtPh„)0) in methanol
^ z 2 2 ^

produced a conducting purple solution which on standing for

several hours gradually turned blue in colour and eventually

green, the latter change being most likely due to oxidation

to a Ru(III) species. Addition of NaBPh^ to the purple
solution gave a purple solid which analysed quite well for

[RuCl(MeOH)(S2CPEtPh2)(PEtPh2)2]BPh4 (IV). The 31P-{1H} nmr

spectrum of (IV.) in CDCl^ at 298 K, which showed an AMX pattern

[vA 44.6 ppm, vM 29.0 ppm, vx, 16.4 ppm; J^M 28.0 Hz, JAX 3.5 Hz
J 11.3 Hz] was consistent with this formulation and either of

IXLX

the structures shown. Unfortunately, no solid could be

isolated from the blue solution formed on further rearrangement

of (IV) .

A small amount of [RuC12(S2CPEtPh2)(PEtPh2)2]CS2 was also
formed on refluxing [RuC12(PEtPh2) ] in CS2 for several hours.
After filtering off this material, an orange solution remained

which on standing deposited a non-conducting orange solid.

Its ir spectrum contained a strong band at 1295 cm ^ (^cs)
31 1

whilst its P-{ H} nmr spectrum at 298 K in CDCl^ consisted
predominantly of a singlet at 6 49.2 ppm and an AB pattern

centred at 36.8 ppm, attributed to one isomer of the triple

bridged dimer [Ru2C14(CS)2(PEtPh2)^] (see earlier). The
spectrum also contained a weak resonance at 43.4 ppm (singlet)

due to some unreacted [RuC12(PEtPh2)(see ref [5a]) and other
weak singlets at 48.4 and 37.8 which might arise from the presence

of some [^RuC12(CS)(PEtPh2)232]. The spectrum also contained
a small multiplet at 18.0 ppm of unknown origin.
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Treatment of [RuCl.,(PEtPh?)3] with CO in dmf readily gave

[Ru(C0)C12(dmf)(PEtPh2)2J (II) whose ir and 31P-{1H} spectra
indicated that the compound had the same structure as

[Ru(C0)C12 (dmf) (PR3)21 (PR3 = PPh3, P(p-tolyl)3^ Like these
compounds, the coordinated dmf molecule could be replaced by

methanol although in this instance, recrystallisation of (II)

(PR3 = PEtPh2) from MeOH or CH2Cl2/MeOH always produced mixtures
of [Ru(CO)Cl2(dmf)(PEtPh2)2] and [Ru(CO)Cl2(MeOH)(PEtPh2)2],
indicating that the dmf group was more strongly complexed than

for the PPh3 and P (p-tolyl)3 compounds.
In less polar solvents such as methylene chloride, (II)

(PR3 = PEtPh2) behaved in a similar manner to its PPh3 and
P(p-tolyl)3 analogues except that the rate of rearrangement
was much slower and, that the products could not be isolated

in pure form. Identification of the products was therefore based
31 1

mainly on the P-{ H} nmr spectra of the resulting mixtures.

Thus when [Ru(CO)Cl2(dmf)(PEtPh2)2l was shaken in CH2C12
for 10 hours and the solvent then removed under vacuo, a yellow

solid (with vCQ 2040 w, 1970s br, 1928 m cm ^) was obtained.
31 1

The P-{ H} nmr spectrum of this mixture at 213 K in CDCl3
(Fig. la) consisted of a strong singlet at 6 32.6 (dmf solvate),

a weak doublet at 18.7 ppm, a weak broad resonance at ca.

35 ppm, an AB pattern centred at 41.2 ppm (J^B 26.6 Hz;
70.0 Hz) superimposed on some weak resonances and anotherab

broad resonance at ca. 54.5 ppm. On raising the temperature

to 308 K, the position of the singlet from the unreacted dmf

solvate moved to 31.4 ppm (Fig. lb), the broad resonance at

35.3 ppm sharpened into a triplet (with Jpp 25.7 Hz) and the
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doublet at 18.7 ppm (Jpp 25.5 Hz) also sharpened. The AB
quartet became more intense as were the additional peaks

superimposed upon it (ca. 37-44 ppm) and the resonance at

53.5 ppm became a sharp singlet.

When [Ru (CO) CI2 (dmf) (PEtPl^^] was shaken in benzene for
24 hours and the solvent removed, the ir spectrum of the yellow-

-1 31 1
orange product showed a broad band at 1950 cm . The P-{ H}

nmr spectrum of this material in CDCl^ at 213 K (Fig. 2 ) showed
no evidence for the AB pattern observed in the spectrum of the

product obtained from rearrangement in CH2CI2. However, the
resonances at ca 37 to 44 ppm were increased in intensity and

the previously weak resonance at 53.5 ppm now exhibited three

singlets at 55.2, 54.9 and 54.7 ppm. The doublet at 18.9 ppm

and the broadened triplet at ca 34 ppm were also more intense.

A singlet from unreacted dmf solvate appeared at 32.9 ppm and

other weak signals were observed at ca. 32, 26 and 20 ppm.

The resonances at 37 to 44 ppm together with the signals

at ca. 54 ppm may be assigned to the three possible geometrical

isomers of [RU2 (CO) 2^4 (PEtPf^) 33 (cf ref [3]) which are the
major rearrangement products in benzene. The AB quartet

31 1
observed in the P-{ H} nmr spectrum of the CH2CI2 reaction
at 41.2 ppm can be assigned to the ionic species

[Ru2(CO)2C13(PEtPh2)4]C1 (cf [Ru2(CO)2C13(PPh3) 4]C1 whose
31 1

P-{ H} nmr spectrum showed an AB quartet at 40.6 ppm [3]).

The weak singlets at ca. 32, 26 and 20 ppm probably correspond

to isomers of the double halide bridged complex [{Ru(C0)Cl2~

(PEtPh2)2>2]*
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During the formation of [Ru2 (CO) 2C14 (PR^) ^ j trom

Ru(CO)Cl2(PR3)2"' free tertiary phosphine will be liberated.
31

In the case of this was observed in the P-{H} nmr

spectrum as either free PPh^(-6 ppm) and/or Ph3PO(29 ppm) .

However, in reactions of [Ru (CO) Cl2 (drnf) (PEtPh^)^, no free

PEtPh2(-15.5 ppm) or Ph2EtP0 (35 ppm) was observed. Instead,

[Ru(CO)Cl2(PEtPh2)(doublet and triplet at 18.9 and 35.3 ppm

respectively) was formed, probably by direct reaction of

[Ru(CO)Cl2dmf(PEtPh2)2] with PEtPh2.
Finally, an attempt to prepare [Ru2 (CO)Cl^(PEtPh2)by

reaction of [Ru (CO)Cl2(dmf) (PEtPh2) ] and [RuC12(PEtPh2)3] in
acetone (1:1 molar ratios) produced a bright orange solid

31 1
(vco 1960 br). However, the P-{ H} nmr spectrum of this
material in CDCl^ at 213 K consisted of peaks corresponding
to [Ru(CO)Cl„(PEtPh„)_] , [Ru„Cl . (PEtPh„)c] (seeref [5a])A A 6 A 4 AD

together with two AB resonances centred at 48.5 ppm (JAB 40.1 Hz) ,

&AB 191.3 Hz) and 39.4 ppm (JAB 26.2 Hz; 6AB 139.5 Hz)
attributed to the triple bridged [Ru2(CO)Cl^(PEtPh2) ^ ] .

Unfortunately, attempts to separate these compounds were

unsuccessful.

Experimental

Microanalyses were by BMAC and the University of Edinburgh

Chemistry Department. Infrared spectra were recorded in the

region 4000-250 cm "'"on Perkin Elmer 457 and 225 grating

spectrometers using Nujol and hexachlorobutadiene mulls on

caesium iodide plates. Phosphorus-31 nmr spectra were

obtained on a Varian Associates XL100 spectrometer operating

in the pulse and Fourier-transform mode at 40.5 MHz. Chemical

shifts are reported in p.p.m.to high frequency of 85% H^PO^.
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Melting points were determined with a Kttfler hot stage

microscope and are uncorrected.

Materials

Ruthenium trichloride trihydrate (Johnson Matthey),

carbon monoxide (Air products) carbon disulphide (Fisons).

Tri-p-tolylphosphine and ethyldiphenylphosphine were prepared

by standard literature methods. The compounds [RuCl2(PRg)3]
(PR^ = PPh^[9]PEtPh2 [5a]) and [Ru(CO)Cl2dmf(PPh^)[10] were
prepared as described earlier. All reactions were carried out

in degassed solvents and, except for carbonylation reactions,

under a nitrogen atmosphere. s(singlet); d(doublet),

t(triplet), q(quartet), br (broad) .

Tri(p-tolylphosphine)Complexes

Dichlorotris(tri-p-tolylphosphine)ruthenium(II)The compound

"RuC123H20" (0.50g) was refluxed with an excess of tri-p-tolyl-
3

phosphine (2.50g) in methanol (25 cm ) for 16h. The dark

purple crystals obtained were filtered off and washed with

diethyl ether (yield 75%) m.p. 138-140°C [Found C 69.7;

H, 5.8% Calc for CM ^Er_C1_P0Ru: - C, 69.7; H, 5.8%] v(RuCl)b J dj Z Z

320 cm"1. 31P-{1H} nmr [CH2C12/(CD3)2C0 at 190 K] 74.3 (t),
25.1 (d) ppm (2Jpp 28.0 Hz); at 298 K, 39.9 (s) ppm.
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Carbonylai (cnioro) (N,N-dimethyli:ormamide) bis (tri-p-tolylphos-

phine) ruthenium (II) : -

Carbon monoxide was bubbled through a suspension of [RuC^-
3

{P(p-tolyl)^}3] (0.40g) in N,N-dimethylformamide (4.0 cm ) for
several minutes to give a yellow solution. Diethylether

(5 cm ) was then added, the solution shaken for one hour and

the resulting yellow solid filtered off and dried in vacuo

(Yield 85%): m.p. 173-175°C. [Found: C, 62.6; H, 5.7;

N, 1.6% Calc for gCl2N02P2Ru:~ ^' 62.6; H, 5.5;
N, 1.6%]. v 1935, v(2Q(dmf) 1645; v (RuCl) 340 cm 1.
31P-{1H}nmr [CDC13 at 298 K] 32.3 (s) ppm.

Tri-y-chloro-a-carbonyl-g-chlorotetrakis(tri-p-tolylphosphine)-

diruthenium(II) :-

The compounds [RuC^iP (p-tolyl) 3)3] (0.10g) and [Ru (CO) CI2 (dmf )«■
3

{P(p-tolyl)3>2] (0.08g) were refluxed together in ethanol (20 cm )
for 6 h to give an orange solution. On cooling, an orange solid

formed which was filtered off and dried in vacuo (Yield ca 80%);

m.p. 155-157°C [Found: C, 63.1; H, 5.3% Calc for Cg5H84Cl4OP4Ru2:-
C 64.2, H, 5.3%] vCQ 1975 cm"1. 31P-{1H}nmr [CDC13 at 298 K]
47.6 (q) and 38.8 (q) ppm [J(P1P3) 38.8, (JP3P4) 25.1;

6 (PXP2) 73.0; 6(P3P4) 97.5 Hz].

Tri-y-chloro-a-carbonyl-g-chloro-bc-bis(triphenylphosphine) -hi

bis(tri-p-tolylphosphine)diruthenium (II) was obtained similarly

from [RUCI2(P(p-tolyl)3}3] and [Ru(CO)Cl3(dmf) (PPh3)3]
[Found: C, 67.5; H, 5.1% Calc for C79H72Cl4OP4Ru2:-

C 67.6; H, 5.1%] vco 1975 cm"1 31P-?1H } nmr [CDC13 at 298 K]
48.0 (q) and 40.2 (q) ppm [J(P1P3) 34.2, J(P3P4) 25.1; <5 (P P )

83.2, 6 (P3P4) 99.1 Hz] .
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Tri-y-chloro-ag-aicarbonyl-b-chloro-tris(tri-p-tolylphosphine)

diruthenium (II):-

The complex [Ru (CO) Cl2 (MeOH) jf P (p-tolyl) r prepared by
recrystallisation of [Ru(CO)Cl2(dmf){P(p-tolyl)from
methanol was shaken in CH2C12 for 4 days. The resultant
solution was reduced in volume and light petroleum (bp 6C-80°C)
added to precipitate the complex as a yellow brown solid.

vco 1960 cm ^. ■ 33"P-{ "*"H}nmr (CDClg at 298K)-3 isomers a)
50.5 (s) , 41.5 (q) ppm [J(PP) 25.5; 6 (PP) 24.3 Hz]

b) 51.3 (s), 40.0 (q) ppm [J(PP) 24.9; 6(PP) 133.6 Hz]

c) 52.2 (s) , 38.9 (q) ppm [J (PP) 26.1; 6(PP) 170.2 Hz].

Pi-y-chlorobis[chloro(thiocarbonyl)bis(tri-p-tolylphosphine)

ruthenium(II)]:- The complex [RuCl^(P(p-tolyl)^^] (0.25g) was
3

refluxed in CS2(15 cm ) for 5 min to give a red solution which
3

was cooled, filtered and reduced in volume (to ca. 5 cm ).

Addition of light petroleum (bp 60-80°C) then precipitated

a pink solid which was filtered off and dried in vacuo (Yield co.

15%) [Found: C, 62.5; H, 5.2% Calc for 0o/rHo .CI .P .Ru0S„ :-
00 o4 44 Z Z

C, 62.6; H, 5.1%] vcs 1290 cm"1. 31P-{1H}nmr [CDC13 at 298K]
29.5 (s), 42.5 (s) ppm. The remaining solution on standing for

6h deposited tri-y-chloro-a-chloro-g-(thiocarbonyl)tetrakis—

(tri-p-tolylphosphine)diruthenium(II) as an orange solid which

was filtered off and dried in vacuo (Yield ca. 30%); m.p. 160-162°C
[Found: C, 64.2; H, 5.4%, Calc for Cg5Hg^Cl^P^Ru2S:- C, 63.6;
H, 5.3%] vcs 1292 cm"1 31P-{1H}nmr [CDClg at 298 K] 47.6 (q)
and 34.6 (q) ppm [J(P1P2) 37.9, J(P3P4) 25.1; 6(P1P2) 80.9,

6 (P3P4) 74.9 Hz] .
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Ethyldiphenylphosphine Complexes

[Dichlorobis(ethyldiphenylphosphine)ethyldiphenylphosphoniodi-

thiocarboxylato-SS^-ruthenium(II)] carbondisulphide:- Shaking
3

the compound [RuC12(PEtPh2)3](0.20g) in carbon disulphide (20 cm )
for one hour produced a red-pink solid which was filtered off

(Yield 70%) m.p. 170-172°C [Found: C, 55.1; H, 4.7% Calc

for C44H45C12P3RuS4C, 54.6; H, 4.6%] v(CS2) 1515cm"1;
v(Ph0EtJ-CS0) 1115, 995 cm 1. Dissolving this solid in2 2 asym 3

CH2C12 and reprecipitating with light petroleum (bp 60-80°C)
gave dichlorobis(ethyldiphenylphosphine)ethyldiphenylphosphonio-

dithiocarboxylato-SS -ruthenium (II) [Found: C, 57.1; H, 5.0%

Calc for C.^H.rCl^P,RuS0:- C, 57.9; H, 5.0%] v(Ph0Et£-CS0)43 45 2 3 2 2 2 asym

1115, 995 cm"1 31P-{1H} nmr [CDC13 at 298 K] AMX pattern,

vA 41.1; vM 34.0; vx 9.2 ppm [JAM 28.9, JAX 3.7, 9.2 Hz].
A small amount of the above complex was also produced,

together with an orange solution, on refluxing [RuCl2(PEtPh2)3]
in CS2 for 3h. On standing for 2 days, or alternatively, by
addition of light petroleum (bp 60-80°C) to the orange solution,

an orange solid was precipitated, consisting mainly of tri-y-chloro-

(chloro)bis(thiocarbonyl)tris(ethyldiphenylphosphine)diruthenium(II ]

v„„ 1295 cm"1. 31P-{1H}nmr [CDC1„ at 298 K] 49.2 (s) and

36.8 (q) ppm [J (PP) 35.7, <5(PP) 84.1 Hz].

Chlorobis(ethyldiphenylphosphine)ethyldiphenylphosphoniodithio-

carboxylato-SS1-(methanol)ruthenium (II)tetraphenylborate:-

The complex [RuC12(S2CPEtPh2)(PEtPh2)2] was dissolved in methanol
to give a purple solution. Addition of NaBPh4 then precipitated
the complex as a purple solid which was filtered off, m.p. 120-

122°C [Found: C, 66.3; H, 5.4% Calc for CggHg^BC10P3RuS2:-
C 67.7; H, 5.7%] v(Ph„Et^-CS_) 1115, 980 (br), 850 (br)2 2 asym

-131 1
cm P-{ H}nmr [CDC13 at 298 K] AMX pattern
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VA 44 «6' VM' 29-0' VX 10 * 3 PP111 [JAM 28 JAX 3-5;
JMX 11.3 Hz]
Carbonyldi(chloro) (N,N-dimethylformamide)bis(ethyldiphenyl~

phosphine) ruthenium (II) The compound [RuC12(PEtPh2)3]
3

(0.15g) was suspended in N,N-dimethyIformamide (1.5 cm ) and

warmed gently in a very slow stream of carbon monoxide to

deposit some yellow crystals. The solution was then cooled in

ice, diethyl ether added, the complex filtered off and washed

with diethyl ether, pentane and dried in vacuo at 40°C; (Yield ca.80%

m.p. 167° (decomp) [Found: C, 54.6; H, 5.3; Cl, 10.2;

N, 2.1% Calc for C32H37C12N02P2Ru: C, 54.8; H, 5.3; Cl, 10.1;
N, 2.0%] 1928; v^tdrnf) 1641, v (RuCl) 327 cm ^ 3"*"P-{ ^H}nmr
[CDC13 at 213 K] 32.8 (s) ppm; at 308K, 31.5 (s) ppm.

Reaction of [Ru(CO)Cl2(dmf)(PEtPh2)2] in methylene chloride
solution:- [Ru(CO)Cl2(dmf)(PEtPh2)2] was shaken in CH2C12 for
10 hours. Light petroleum (bp 60-80°C) was added to the

resulting yellow solution and most of the solvent removed to

precipitate a pale yellow powder. This solid was filtered and
31 1

washed with diethyl ether. The P-{ H} nmr spectrum of this

mixture (Fig. 1) has been discussed.

Reaction of [Ru(CO)Cl2(dmf)(PEtPh2)2] in benzene solution:-

[Ru(CO)Cl2(dmf)(PEtPh2)2] was shaken in benzene for 24 hours.
The solvent was then removed under vacuo to give an orange oil

3
which was dissolved in CH2C12 (ca. 2.0 cm ). Light petroleum
(bp 60-80°C) was then added slowly to give a yellow-orange solid

31 1
which was filtered and washed with pentane. The P-( H}nmr

spectrum of this mixture (Fig. 2) has been discussed.



Reaction of [ Ru (CO) Cl^ (dmf) (PEtPh,,) ^ ] with [RuCl,, (PEtPh^) ]
The compounds [Ru(CO)Cl^(dmf)(PEtPf^)(0.07g) and

[RuCl^(PEtPl^)(0.08g) (1:1 mol ratios) were refluxed in
3

acetone (ca. 30 cm ) for 5 hours. The solution was cooled

3
and concentrated to ca. 5 cm . An excess of light petroleum

(bp 60-80°C) was then added and the resulting orange solid
31 1

filtered. The P-{ H}nmr spectrum showed the material to

be a mixture of. compounds (see earlier).
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Ruthenium Complexes containing Group 5B Donor Ligands Part 8^" Reaction

of [ Ru2(Y)Cl4(PPh3) ] (Y = CO,CS) and [ {RuCl (CS) (PPh^}^ with various
L [L = P(OR)Ph2, (R = Me ,Et) , P (OMe) 2Ph] and of [ RuCl2L3 Qr 4 ] with
Carbon Monoxide.

by Wilma J. Sime and T. Anthony Stephenson*

Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ.

Reaction of [ Ru^Cl^(PPh3) ^ ] (Y = CO,CS) with excess of L in
benzene leads to facile bridge cleavage and ligand exchange to give

mixtures of [ RuYCl L_, ] and [ RuCl„L_, 1 [L = P (OR) Ph (R = Me,Et)/23 23 or 4 2

P (OMe)2Ph ] . These monosubstituted carbonyl and thiocarbonyl
compounds can also be synthesised by carbonylation of [ RuC12L3 ^

and reaction of [ (RuC12(CS) (PPh3) 2>2 ] with excess of L respectively.
In alcohols, [ RuYC12(P(OR)Ph2)3 ] rearrange to [ Ru(Y)CI(P(OMe)Ph2)3 ]

2 +
and [{Ru(Y)C1{P(OEt)Ph2)3)2 ] respectively, whereas
[ Ru(Y)Cl2(P(OMe)2Ph) ] is recovered unchanged. Structures are assigned

1 31 1
to these compounds mainly on the basis of H and P-{ H} nmr studies.

In previous papers, successful high yield syntheses of the triple

chloride bridged complexes [ Ru2(Y)Cl^(PR3)^ ] , (Y = CO,CS; PR3 = PPh3,
P(p-tolyl) ); which involved either direct reaction of [ RuC12(PR3)3 ]
with CS2 or intermolecular coupling of [ Ru (Y) CI (dmf) 2 ^ with

1-3 . ,

fRuC12(PR3)3 ] (1:1 mol ratio) have been reported. Using the latter
method, a pure sample of the mixed tertiary phosphine complex

[ (P{ptolyl)3>2C1RuC13Ru(CO)(PPh3)2 ] was also obtained by reaction of
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[ RuCi2{p(p-tolyl)^13 ] with fRu(CO)Cl^(dmf) (PPh^)0 J1 and an isomeric
mixture of [Ru^(CO)Br^Cl^compounds has been generated.^

However, attempts to extend this method to the synthesis of other

tertiary phosphine^j phosphinite or phosphonite complexes of type

[Ru^CYjCl^L^ ] have not been very successful."'' Thus, for example,
31 1

although P-{ H} nmr studies did indicate that some [ Ru^, (CO) CI^ (PEtPh^) ^ ]
was formed in the reaction of [ RuCl^ (PEtPh^) with [ Ru (CO) Cl^ (dmf) (PEtPl^^ 1 r

substantial amounts of other rearrangement products such as

[ Ru(CO)Cl^(PEtPh^)^ ] and [ Ru^Cl^(PEtPh^)^ ] were also obtained and
separation of these proved impossible."'"

In this paper, the results of our attempts to prepare the compounds

[ Ru^ (Y) Cl^L^ ] [ L = P(OR)Ph^, (R = Me,Et), P(OMe)2Ph ] by direct exchange
of L with [ Ru^(Y)Cl^(PPh^)^ ] are described, together with a study of the
reactions of various [ RuCl^L^ . 1 compounds with carbon monoxide2 3 or 4 c

and of [ {RuCl^ (CS) (PPh^^^ ] with various L .

Results and Discussion

Reaction of [ Ru^ (CO) Cl^(PPh^) ^ ] with an excess of P(OMe)Ph2 in
benzene under reflux produced after lh., a bright yellow solution, which

on addition of light petroleum (bp 60-80°C), yielded a yellow solid (A).

The "^P—{"'"H} nmr spectrum of (A) at 298 K in CD contained a singlet at
6 6

4
149.86 (due to [ RuCl^(P(OMe)Ph^)^ ] ) and a doublet and triplet at 114.9
and 138.56 respectively (Jpp = 29.6 Hz) from [ Ru(CO)Cl^(PfOMeJPh^)^ 1
(see below) . The ir spectrum of (A) contained a band at 1972 cm ^CQ) •

Clearly, in addition to ligand exchange, facile bridge cleavage has also

occurred as shown in the equation. The reaction was repeated using a

1:4 molar ratio of [ Ru^(CO)Cl^(PPh^)^ ] to P(OMe)Ph2 which gave the same
products, together with much unreacted starting material, thus indicating

that the first step in this reaction is that of bridge cleavage.
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Unfortunately, chromatographic techniques failed to separate the two

compounds and fractional recrystallisation proved impossible as it was

found that both species rearranged in polar solvents (see later).

However, a pure sample of [ Ru(CO)C12 (P{OMe}Ph2) ^ ] could be
prepared by bubbling CO through a solution of [ RuCl^(P{OMeJPh^)^ ]
in cold benzene. The ir spectrum, as for (A), contained a CO absorption

band at 1972 cm ^ and, in addition, bands at 312 and 286 cm \ consistent

with v(RuCl) vibrations from a chloride trans to CO and a chloride trans

5 31 1
to phosphorus respectively. The P-{ H} nmr spectrum exhibited an

identical doublet and triplet pattern to that found for (A) whilst the

"^H nmr spectrum at 302JK. in CD consisted of a triplet and doublet at6 6

3.19 and 2.846 respectively of intensity ratio 2:1. These results are

consistent with structure (1), (Y = CO) containing cis chloride groups

and two magnetically equivalent and one non-equivalent P(OMe)Ph2 groups.

Likewise, although reaction of fRu^(CO)Cl^(PPh^)^ ] with an
excess of PfOEtlPh^ produced an inseparable mixture of [ RuCl2 (P{OEt}Ph2) ^ ]
and [ Ru(CO) Cl^ (P{CEt}Ph2) ^ ] , the latter could be prepared in a pure state
by direct reaction of fRuCl^(PCOEtlPh^)^ ] with CO in benzene. The
311 1

P-{ H}, H nmr spectra (Tables 1 and 2 respectively) and ir spectrum

(v 1980 cm "S v (RuCl) 302, 279 cm "S were also consistent with structure
co

(1) . This compound had been previously synthesised by reaction of

[ Ru(CO)2CI2 with P{0Et}Ph2 in ethanol, although in other instances,
only mixtures of [ Ru(CO)CI L ] and [ Ru(CO) CI L ] (L = P(OMe)Ph ,

P(0Me)2Ph) were produced by this route.^ Reaction of [ Ru2 (CO) Cl^ (PPh^) ^ ]
with excess ■ P{OMe}2Ph also gave a mixture of [ RuCl2 (P{OMe)2Ph) ^ ] and
[ Ru(CO)Cl2(P{OMe}2Ph) ] . However, in this case, neither of the compounds
readily rearrange in polar solvents and, therefore, recrystallisation from

CH2Cl2/methanol produced initially white crystals of [ Ru(CO)Cl2(P{0Me}2Ph)^ ]
and later, yellow crystals of [ RuCl2(P{0Me)2?h)^ ] were deposited.
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Again spectroscopic data (Tables 1 and 2) indicated that the monocarbonyl

complex had structure (1) .

The reaction of CO with [ RuCl (P{OMe} Ph) ] in cold CH CI or
^ Z. z. z.

benzene gave only starting material, but under reflux, a mixture of products

was obtained. Spectroscopic evidence revealed the main product to be

[ Ru (CO) Cl^PfOMej-^Ph) ^ ] (1) together with small amounts of other
monocarbonyl isomers and/or dicarbonyl species. The dicarbonyl complexes

[ Ru(CO) 2C12L2 ] [L = P(OR)Ph2, P(OR)2Ph (R = Me, Et) ] have, in fact,
been previously prepared by addition of excess L to carbonylated solutions

of "RuC123H2Om in 2-methoxyethanol.^ As for [ Ru2(CO)Cl^(PPh^), reactions
of [ Ru^Cl^(CS) (PPh^)^ ] with P(OR)Ph2 gave an inseparable mixture of

[RuC12(CS) (P{OR}Ph2)3 ] and [ RuC12 (P-{OR}Ph2) 3 ] (R = Me,Et) .

However, [RuCl2(CS)(P{OR}Ph2) ] could be obtained in pure state by reaction
2

of the double chloride bridged complex [ (RuC12(CS) (PPh3)2)2 ] with
31 1

P(OR)Ph2. For [RuC12(CS)(P{OMe}Ph2) ], the P-{ H} nmr spectrum at
298 K in C D contained a triplet and doublet at 131.9 and 115.8 66 b

2
respectively ( Jpp = 29.7 Hz) and ir spectral bands were observed at

1275 cm ^ (v ) , 315 and 286 cm ^ (vRuCl) . The "'"H nmr spectrum in CDC1
Lb -J

at 301 K consisted of a triplet and doublet at 3.23 and 3.14Srespectively
of intensity ratio 2:1. Similar spectral data were obtained for

[RuC12(CS) (P{0Et}Ph2) ] consistent with structure (1) (Y = CS) .

The mixture produced in the reaction between [Ru2C1^(CS) (PPh3)^ ]
and excess of P(OMe)2Ph could be separated by recrystallisation from

CH2Cl2/methanol to give white crystals of [RuC12(CS) (P{OMe}2Ph)3 ] , shown
by ir and nmr spectroscopy to have structure (1).

As mentioned earlier, difficulties arose when trying to separate

mixtures of [ Ru(Y)Cl2(P{0R}Ph2) ] and [RuC12(P{0R}Ph2) 3 ] because of
the facile rearrangement reactions of both species in polar solvents

(see ref.4 for a detailed discussion of the rearrangement reactions of

[ RuCl2(P{0R}Ph2) ] compounds). Thus, dissolving [ Ru(Y)Cl2(P{0Me}Ph2)3 ]



(Y = CO,CS) in methanol and adding NaBPh gave colourless crystals

analysing for [ Ru(Y)C1(P{OMe}Ph ) ] BPh4 (Table 3). The mull ir spectr
contained no evidence for coordinated solvent molecules but did have

strong bands at ca. 300 cm 1 attributable to terminal v(RuCl) vibrations

The "^P-{ H} nmr spectra at both 213 and 298 K consisted of a singlet

indicative of monomeric structures in which all the tertiary phosphinite

groups were equivalent. Possibilities to explain this equivalence

include a triganol bipyramidal structure (2a), or more likely,* a square

pyramidal or weakly solvated octahedral structure (2b), in which facile

scrambling of axial and equatorial phosphinite ligands renders them

equivalent on the nmr timescale. This conclusion was supported by the

1
H nmr spectra at 301 K which exhibited a single broad resonance at

2.97 6. Furthermore, for each compound, conductivity measurements

in CH^Cl^ were consistent with the presence of a 1:1 electrolyte in
solution (see experimental section).

Dissolving [ Ru (Y) Cl^ (PlOEtJPh^) ^ e.thanol containing NaBPh^
also slowly deposited colourless crystals analysing for

[ Ru(Y)CI(P{OEt}Ph2) ] BPh^. However, in contrast to
[ Ru(Y)CI(P{0MeJPh^)^ ]BPh^, the "^P-i^H} nmr spectra at 213 K showed
complicated multiplet patterns at ca. 118 6 (see Fig , Y = CO) .

These spectra were not consistent with monomeric structures, since

at 213 K, by analogy with the P(0Me)Ph2 results, facile intramolecular

* X-ray structural data shows that most five coordinate d^ complexes

7
have an essentially square pyramidal structure and this is supported

8
by recent theoretical arguments.
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scrambling would still be expected.* Therefore the existence of dimers

in solution at this temperature is probable and furthermore, the

complexity of the nmr patterns suggested the presence of more than one

isomer.

For Y = CO, cooling the sample to 198 K caused the resonance at

120.0 6 to decrease in intensity whilst the remainder of the spectrum

remained unchanged, but on warming to 298 K the entire multiplet pattern

collapsed to a single resonance at 119.0 6. These results strongly

indicated that the resonance at 120.0 6 was due to the monomeric cation

[ Ru(CO)CI(PlOEtlPh^)^ 1 which increased in concentration as the
temperature was raised and the dimer dissociated. Indeed, conductivity

measurements at 298 K in CH CI were consistent with the presence of

a 1:1 electrolyte. However, the presence of a dimeric structure in the

solid state for both Y = CO and CS was supported by the occurence of a

broad band at 270 cm 1 and the absence of one at 300 cm ^ in their far

ir spectra. These appear to be the first cationic halide bridged Ru(II)

carbonyl (and thiocarbonyl) complexes to be reported although several

related neutral species such as [ {Ru(Y)Cl^(PR^^2^2 ^ ^Y = C°' PR3 =
9 10 2 11 1

PPh^, PMe^Ph; Y = CS; PR^ = PPh^/ ' P (p-tolyl) ^ ] have been
synthesised.

It should be noted that this behaviour of [ {Ru (CO) CI (P{0EtiPh^) ^ ~

(BPh^) ^ in solution is analogous to that found for [ {RuCl (P{0Et{Pl^) ^2 ]~
4

(BPh^) 2 • This tendency of the PtOEtjph^ complexes to form dimeric
species, compared to the corresponding P(OMe)Ph^ complexes, which appear

* The possibility of frozen-out monomeric structures at this temperature

(due to the bulkier P(0Et)Ph2 groups) seems unlikely in view of the fact
that the ^P-{^~H} nmr spectrum of [ RuC^ (P{0EtJPl^ ^ 5 is still a sharp

4
singlet at 213 K.
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to exist entirely as monomers, (also see ref.4) , must be attributed to

an electronic rather than a steric effect, since the smaller P(OMe)Ph^
compounds would be expected to dimerise preferentially.

This tendency of [ Ru(Y) cl (P-tORjPh^) ^ ] to readily lose a chloride
ion in methanol to generate either five coordinate monomers or six

coordinate dimeric cations is unusual but not without precedent. Thus,

recently, [MX2(dppp)2 ] [M = Ru, Os; x = Cl,Br; dppp = Ph2P{CH2}3pph2 ]
compounds were shown to lose a halide ion in boiling alcohol to give the

five coordinate cations [MX(dppp)2 ]+, isolated as PF^ or BPh^ salts.
Steric effects were clearly important here since the corresponding compounds

with smaller diphosphines Ph2p (CH2) npph2 (n = 1 >2) showed no tendency to
lose halide ion. Similarly when [Ru(Y)Cl (P{OMe}2Ph)^ ] were dissolved
in methanol, no cationic complexes were generated and this can probably

be mainly attributed to the smaller steric requirements of the tertiary

phosphonite group.

Expe rimental

Microanalyses were by the University of Edinburgh Chemistry

Department. Infrared spectra were recorded in the region 4000-250 cm

on Perkin Elmer 457 and 225 grating spectrometers using Nujol and

hexachlorobutadiene mulls on caesium iodide plates and in the region

400-200 cm ^ on a Beckman RIIC IR 720 far i.r. spectrometer using pressed

polythene discs. nmr spectra were obtained on a Varian Associates
31

HA-100 spectrometer and P nmr spectra (proton noise decoupled) on a

Varian Associates XL-100 spectrometer operating in the Pulse and Fourier

Transform mode at 40.5 MHz. Chemical shifts are reported in ppm to high

frequency of 85% H^PO^. Conductivity measurements were made at 298 K
using a model 310 Portland Electronics conductivity bridge. As described

4 h
earlier, plots of A^-A vs C gave a straight line whose slope is a
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14
function of the ionic charges. Melting points were determined with

a K&fler hot-stage microscope and are uncorrected.

Materials

Ruthenium trichloride trihydrate (Johnson Matthey); carbon monoxide

(Air Products) ; P(OR)Ph2 (R = Me,Et) , P(OMe)2Ph [ Maybridge] . Sodium
J 2

tetraphenylborate (BDH). [ Ru^(Y)Cl^(PPh^)^ ] (Y = CO,CS) ,

[ {RuC12 (CS) (PPh3) 2)2 ]2, [ RuCl2L3 ] [L = P{OR}Ph2(R = Me,Et)4 ] , and
[ RuC12(P{OMe)2Ph) ] 4 were prepared as described earlier.

31 1 1
P-{ H} and H nmr data are given in Tables 1 and 2 respectively;

analytical data in Table 3. All reactions were carried out in degassed

solvents and, apart from carbonylation reactions, under an atmosphere of

nitrogen. The proposed v(RuCl) vibrational bands are underlined.

Carbonyl(dichloro)tris(methyldiphenylphosphinite)ruthenium(II): Carbon

monoxide gas was bubbled through a solution of [RuC12(P{OMe}Ph2) ] in
benzene for 1 m. The resulting pale yellow solution was reduced in

volume and light petroleum (bp. 60-80°C) added. A pale yellow solid

precipitated which was filtered off and washed with light petroleum

(bp. 60-80°C) ; mp. 128-130°C; 1972 cm ; far ir spectrum 312,

286, 275, 233 cm \ A similar method was used to prepare

carbonyl(dichloro)tris(ethyldiphenylphosphinite)ruthenium(II) from

[ RuC12(P{OEt}Ph2) ] as a white solid; m.p. 203-205°C; vcQ 1980 (strong),
1935 (weak) cm "S far ir spectrum 302, 279, 260, 238 cm \
Carbonyl(dichloro)tris(dimethylphenylphosphonite)ruthenium(II): The complex

[ Ru2(CO)Cl^(PPh^)^ ] (0.20 g) was refluxed with excess of P(0Me)2Ph
3

(0.40 cm ) in benzene (30 ml) for lh. The resulting yellow solution

was reduced in volume to c_a 10 ml and light petroleum (bp 60-80°C) added.
The yellow solid which precipitated was filtered off and recrystallisation

from CH2Cl2/MeOH produced colourless crystals of the complex;



v 1985 cm "S v(RuCl) 305, 280 cm \ The remaining yellow solution

deposited after several days yellow crystals of [ RuCl^(PlOMej^Ph)^ ] .

Similarly, dichloro(thiocarbonyl)tris(dimethylphenylphosphonite)ruthenium (II)

was prepared as colourless crystals from [Ru^Cl^CS) (PPh^) ] ; m.p. 149-
151°C; V 1305 cm "S v(RuCl) 312, 274 cm t

Co

Dichloro (thiocarbonyl) tris ( methyldiphenylphosphinite) ruthenium(II) :

The complex ({RuC^tCS) (PPh^^t^ (0.20 g) was refluxed with P(0Me)Ph
(0.30 ml) in benzene (30 ml) for 1 h. The resulting yellow solution

was reduced in volume to ca_ 10 ml and light petroleum (b.p. 60-80°C) was

added to precipitate the complex as a yellow solid which was filtered

off, washed with light petroleum (b.p. 60-80°C) and dried in vacuo;

m.p. llO-112°C; V_„ 1275 cm far ir spectrum 315, 286, 272, 233 cm \
Similarly, dichloro(thiocarbonyl)tris(ethyldiphenylphosphinite)ruthenium(II)

was prepared as a yellow solid; vcs 1295 cm far ir spectrum 305,
280, 265 cm t

Carbonyl(chloro)tris(methyldiphenylphosphinite)ruthenium(II)tetrapheny lborate

The complex [ Ru (CO) C^ (P{OMe }Ph ) ^ ] (0.20 g) was dissolved in methanol
(15 ml) containing NaBPh^ (0.20 g). After 24 h, white crystals of the
complex were deposited; m.p. 193-195°C; vcQ 1975 cm "S v(RuCl)

— 1 ^2
303 cm . Conductivity at 298 K in CH^Cl^: slope of Aq-A vs C = 148
(for [ Ru„C1_(P{0Me}Ph„) ]BPh., slope = 165). In the same way,2 3 2 6 4

chloro (thiocarbonyl) tris (methyldiphenylphosphinite) ruthenium(II) tetrapheny1-

borate was prepared as white crystals; m.p. 174-176°C; 1285 cm ;
' "

' " Lb

V(RuCl) 301 cm ; conductivity at 298 K in CE^Cl^:- slope of A^-A
h

vs C = 156.

(Bis)(carbonyl (chloro) tris (ethyldiphenylphosphinite) ruthenium(II)]tetra-
phenylborate:- The complex [ RuCl^(CO) (PfOEtJPh^)^ 1 (0.20 g) was
dissolved in ethanol (15 ml) containing NaBPh^ (0.20 g) . Over a period
of 3 days white crystals of the complex were deposited; m.p. 198-2O0°C;
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v I960 cm ■*"; far ir spectrum 270, 282, 263, 256 cm \ Conductivity

in CH CI at 298 K. slope of A -A vs C2=198. Likewise,
z z O —

[ RuCl^(CS) (PlOEt}?!^)^ ] dissolved in ethanol containing NaBPh^
produced bis[ chloro (thiocarbonyl) tris (ethyldiphenylphosphinite) ruthenium-

(II) ] tetraphenylborate: m.p. 112-114°C; v 1285 cm "S v(RuCl) 270 cm .
Lb

We thank Johnson-Matthey Ltd., for loans of ruthenium trichloride

trihydrate, the S.R.C., for support (W.J.S.), and Dr. A.S.F. Boyd and

31 1
Mr. J.R.A. Millar for obtaining the p and H nmr spectra respectively.
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Table

Phosphorus-31 nmr spectra (Proton noise decoupled) for some Ruthenium complexes

Complex Solvent T/K 6 (ppm)

Ru(CO)Cl2(P{OMe }Ph2)3 C6D6 298 138.5

114.9

(t)

(d)

(^Jpp 29.6 Hz)

Ru(CO)Cl2(P{OEt}Ph2) cdci3 298 135.4

115.1

(t)

(d)

2
( Jpp 30.0 Hz)

Ru(CO)C12 (P{OMe}2Ph) C6D6 298 157.4

144.0

(t)

(d)
(2Jpp 37.3 Hz)

RuC12(CS)(P{OMe}Ph2)3 C6D6 298 131.9

115.8

(t)

(d) (2Jpp 29.7 Hz)

RuC12(CS)(P{OEt}Ph2)3 C6D6 298 130.0

112.7

(t)

(d)
(2Jpp 29.'7 Hz)

RuC12(CS)(P{OMe}2Ph)3 c6D6 298 AB pattern; v 152
v 143.4 (2Jpp 35.7

b

.6

Hz)

[Ru(CO)CI(P{OMe}Ph2) 1 BPh4 cdci3 213 125.4 (s)

[{Ru(CO)CI(P{OEt}Ph2)3>2](BPh4)2 cdci3 213 120.0 (s) ; 122.7-115 • 2a

[ruCI(CS) (P{OMe}Ph2) 3lBPh4 cdci3 213 123.0 (s)

[{RuCl(CS) (P{OEt}Ph2) 3}2](BPh4)2 CDC13 213 120.0-114 .4a

s, singlet; d, doublet; t, triplet.

a

Multiplet ranging over values stated.



Table 2

Hydrogen - 1 nmr data for some Ruthenium compounds at 301 K

Complex

Ru(CO)CI (P{OMe}Ph2)

Ru (CO) Cl2(P{OEt}Ph2)

Ru(CO)Cl2(P{OMe>2Ph)

RuC12(CS) (P{OMe}Ph2)

RuC12(CS)(P{OEt}Ph2)3

RUC12(CS)(P{OMe>2Ph)3

£Ru(C0)Cl(P{0Me}Ph )3]BPh^

[ruCI(CS) (P{0Me}Ph2) 3]BPh4

Solvent Phenyl'

C D
6 6

CDC1.

CDC1.

CDC1.

CDC1.

CDC1.

CDC1.

[{Ru(CO)Cl(P{OEt}Ph2) 3>2] (BPh4) 2 CDC1
CDCl.

6 ± 0.01 ppm

Methylene Methyl

Resonances

6.90-8.40

7.20-8.10 3.20-3.60

7.10-7.80

6.80-8.00

7.00-8.20 3.30-3.56

7.20-7.80

6.90-7.50

6.90-7.50

6.95-7.50

3.22

3.19(t)
(N=11.5 Hz)
2.84(d)
(J =11.5H

PH

0.97 (t),
0.87 (t)
( 5JHH7-OHZ)
3.94 (t)
(N=ll.0Hz)
3.69 (t)
(N=11.0Hz)
3.61(d)

,11.5Hz(2J
PH

3.23 (t)
(N=ll. 2Hz)
3.14(d)

{2jph1]-5Hz
0.91 (t)
O.88(t)
( HH? *0Hz)
4.04(t)
(N=ll.2Hz)
3.71 (t)
(N=11.2Hz)
3.73(d)
(J 11.3Hz)

2.97

O. 79

2.97

(d) - doublet (t) - triplet

N = | J (PH) + J (PH) L|
3

Multiplet between stated values. ^ Broad resonance



Table 3

Analytical data for some new ruthenium(II) carbonyl and thiocarbonyl complexes

% Found % Calculated

Complex c H c H

Ru(CO)Cl2(P{OMe}Ph2) 56.4 4.5 56.6 4.6

Ru(CO)Cl2(P{OEt}Ph2) 57.8 5.1 57.9 5.1

Ru(CO)Cl2(P{OMe}2Ph) 42.3 4.5 42.2 4.6

RuC12(CS) (P{OMe'}Ph2) 56.0 4.6 55.7 4.5

RuC12(CS)(P{OEt}Ph2) 57.1 5.0 57.0 5.0

RuC12(CS) (P{OMe } 2Ph) 3
41.4 4.6 41.3 4.5

[ru(co)ci(P{OMe}Ph2)3Jbph4 67.6 5.3 67.3 5.2

[W (CO) CI (P{OEt}Ph2) 3>2j (BPh4) 2
68.8 5.6 68.5 5.5

[RuCl(CS)(P{OMe}Ph2)3JBPh4 66.9 5.2 67.1 5.2

[RuCl(CS) (P{OEt}Ph2)3>2](BPh4)2 67.9 5.5 67.6 5.4



31P-{1H} nmr spectrum of [ {Ru(CO)CI(P{OEt}Ph ) } ] (BPh ) in CDC1 at 213 K
Z o ^ —'
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Cationic, Neutral and Anionic Complexes of Ruthenium(II) containing

6
p -Arene Ligands.

*
D.R. Robertson, T.A. Stephenson and (in part) T. Arthur, Department

of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ.

Summary

Reaction of [ {Ru(C H )C1 } ] with an excess of CsCl/HCl in
6 6 2 2

ethanol gives the first anionic arene complex of ruthenium

Cs[ Ru(C H )C1 ] (II) although in aqueous solution this readily6 6 3

loses a chloride ion to give [ Ru(C H )C1 (H 0)] and reactions with6 6 2 2

various Lewis bases give the compounds [ Ru(C H )C1 L] (L = C H N,6 6 2 5 5

Me SO, PR etc). Reaction of [ {Ru(C H )C1 } ] with NH PF in
2 o 6622 46

methanol gives high yields of the triple chloride bridged complex

[ Ru (C H ) CI ]PF (EI) which, although stable in MeNO , readily2 6 6 2 3 6 2

undergoes bridge cleavage reactions in water and Me SO. Reaction
z

of (III) with various Lewis bases produces the new monomeric,

ruthenium(II), arene cations [ Ru(C H )C1L ] PF (L = C H N, Et S,6 6 2 6 5 5 2

AsPhg, PRg etc).

Si^JwYuHvtil h)
T, <a-g(XnOrdA Kl I 'C



Introduction

6
In recent years, some reactions of the unusual n -arene complexes

[ (Ru(arene)X } ] (arene = C H , C H OMe, p- and m-C H Me , C H Me,2 2 6665 64265

1,3,5-C H Me , p-MeC H CHMe ; »X = CI or Br) have been investigated by
6 3 3 6 4 2

several workers [ 1-7 ]. In particular, bridge cleavage reactions with

a variety of Lewis bases to give the neutral, monomeric complexes

[ Ru(arene)X L] (L = PR„, P(0R)o, AsR , C_H N etc) are well documented2 3 3 3 5 5

[ 1-3] .

In this paper, we now report the full results [ 8] of the formation

of the benzene anion [ Ru(C H )C1 ] and the triple chloride bridged
6 6 3

cation[CHRuClRuCH ]+ from [ {Ru(C H )C1 }„] , together with details of66 366 6622

the reactions of these compounds with various Lewis bases.

Results and Discussion

a) Synthesis and reactions of Cs[ Ru(C^,H^)Cl^]
As reported earlier f^9j, reaction of the compound [ {RuCCCOCl^-

(C H )} ] (C H = bicyclo [2.2.1] hepta-2,5-diene) with MC1/HC1 (M = Ph -7 8 2 7 8 3

+ +
(PhCH„)P , Cs ) in degassed acetone gave a high yield of the first anionic

Z ————

diene complex of ruthenium M[ Ru(C0)C1 (C H )] . An attempt has now been
3 7 8

6
made to synthesise the first anionic p -arene ruthenium complex using

a similar preparative route. Thus, shaking [ {Ru(C H )C1 } ] (I) with a
6 6 2 2

mixture of excess CsCl and concentrated HC1 in ethanol for several days

gave an orange powder analysing closely for Cs[ Ru(C H )C1 ] (II) although
6 6 3

it was always difficult to obtain this complex completely free of CsCl.

The mull i.r. spectrum of (II) indicated the presence of coordinated

benzene and contained a broad band at 280 cm assigned to terminal

v(RuCl) stretching vibration(s). Since compound (II) posesses C symmetry,
O V

two v(RuCl) bands were expected and thus, the broad band at 280 cm
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might contain both the and e vibrational modes or a weak band at

298 cm * could be assigned to one of the v(RuCl) bands. Unfortunately,

attempts to make the corresponding [ Ru(C H )X ] (X = Br , I ) anions,6 6 3

either by reaction of [ {Ru(C H )X } ] or Cs[ Ru(C H )C1 ] with X were
6 6 2 2 6 6 3

unsuccessful, only [{Ru(C H )X ] ] being recovered from the reaction6 6 2 2

mixture in each case.

As expected, Cs[ Ru(C H )C1 ] was more soluble in water than [ {Ru-
6 6 3

(C H )C1 } ] and an aqueous solution of (II) was highly conducting (eg.6 6 2 2

_3 _3 # 2 -1
for a 10 mol dm solution,vV = 374 S cm mol ). Unfortunately the

m

unavoidable presence of a small amount of CsCl, together with the fact

that nmr studies on (II) in aqueous solution indicated that extensive

dissociation of chloride ion occurred meant that no firm conclusion about

electrolyte type could be drawn from these conductivity measurements.

The "'"H nmr spectrum of Cs[ Ru(C H )C1 ] in D O consisted of a single
6 6 3 2

g
H -C H resonance at 6.406 whereas that of [ {Ru(C H )C1 } ] in D O showed

6 6 6 6 2 2 2

two coordinated benzene resonances at 6.39(vs) and 6.50(w)6 which previous

workers have assigned to either the aqua complexes [ Ru(C H )C1(D 0) ] +6 6 2 2

r i 2+
and [ Ru(C H )(D 0)J respectively or to a combination of one of these

6 6 2 3
*

cations and the neutral complex [ Ru(C H )C1 D 0] [ l] . It is therefore
6 6 2 2

*

Zelonka and Baird [ 1] quoted the resonance positions for [ {Ru(C H )C1„} 1
6 6 2 2

in DO at 5.93 and 6.036 . The discrepancy between their work and the

chemical shifts given above probably arises from the fact that these

chemical shifts are relative to an external TMS capillary whereas in

ref [ l] they are with respect to an internal TMS lock. Support for this

explanation comes from the shift to high frequency observed for the co-
6 1

ordinated q ~C„H resonance in the H nmr spectrum of [ Ru(C H )C1 (PMe Ph)]6 6 6 6 2 2

when run in CDC1 with respect to an external TMS capillary (5.956) as6

opposed to an internal TMS reference (5.356). Also, the difference
g

between the chemical shifts of the two n -C„H„ resonances of [ {Ru(C H )-
6 6 6 6

CI } ] in DO is very similar with respect to both the external TMS
£ /L £

reference (0.116) and the internal TMS lock (0.106).



very likely thai the signal at 6.40<5 observed for (II) in D O is due to

an aqua complex formed by displacement of chloride ion, and by reference

to the reactions of (II) with Lewis bases, (see below), this aqua complex

is probably the neutral [ Ru(C H )C1 (D 0)] . In an attempt to suppress6 6 2 2

this dissociation process and obtain the ~^H nmr spectrum of (II), large

amounts of CsCl/HCl were added to the DO solution of (II). Unfortunately
2

the residual water peak became more intense and shifted to higher

0
frequencies (from 5.20 to 5.906), thus obscuring any new n -C H resonance6 6

and furthermore, slow precipitation of [ {Ru(C H )C1 } 1 also occurred.
6 6 2 2

Earlier, Ph (PhCH )P[Ru(C0)Cl (C H )] was shown to be a good
3 2 3/8

precursor for synthesising a wide range of anionic complexes of the

type Ph„PhCH„P[ Ru(C0)Cl„L^] (L = AsPh„, C^H^N, Me„S etc) via displace-
32 32 3552

ment of diene [10]. Attempts, however, to synthesise the unknown fac-

[ RuCl L 1 anions by reaction of Cs[ Ru(C H )C1 ] with excess of various
3 3 6 6 3

L gave only neutral complexes. Thus, either shaking or gently refluxing

(II) with excess of pyridine in methanol gave a yellow solution, and the

orange solid isolated from this by concentration followed by precipitation

with diethyl ether analysed very closely for [ Ru(C H )C1 (C H N)] . The
6 6 2 5 5

0
compound was insoluble in most deuterated solvents except d -Me SO and

2

its ^"H nmr spectrum in this solvent showed broad resonances at ca. 7.3

0
and 8.36 (C H N) plus two p -C H resonances at 5.65 and 5.906. The5 5 6 6

6 6
latter was assigned to the d -Me SO complex [ Ru(C H )C1 (d -Me SO)] ,

2 6 6 2 2

6 1
(reported in ref [ 1 ] to have an p -C H H nmr resonance at 5.936)

6 6

and this was verified by synthesising [ Ru(C H )C1 (Me SO)] , either by6 6 2 2

refluxing [ Ru(C H )C1 (C H N)] or Cs[ Ru(C H )C1 ] with excess Me SO in
66255 663 2

methanol. In contrast, prolonged refluxing of (II) in neat pyridine

gave a mixture of [Ru(C H )C1„(C_H N)] and the well-known [11] trans-
6 6 2 5 5

[Ruci2«yy«)4].
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The products from the reaction of compound (II) and tertiary

phosphines were dependent both on the reaction conditions and the

nature of the phosphine. Thus, if (II) was shaken with excess PR
O

in methanol (PR = PPh , PMe Ph, PMePh ) the previously reported [ 1-3]
O O 2 2

monomeric complexes[Ru(C H )C1 (PR„)] were formed. Similarly, [ Ru(C H )-
6 6 2 3 o o

CI (SbPh )] was prepared by shaking (II) and excess SbPh in methanol.
Z u O

However, under reflux conditions, the reaction with tertiary phosphines

resulted in loss of the benzene ring from Cs[ Ru(C H )C1 1 . For example,
6 6 3

refluxing (II) with excess of PMe„Ph in methanol gave cis-[ RuCl„(PMeriPh) J ,
Z Z Z 4

previously synthesised either by reaction of excess PMe Ph with [ RuCl (PPh )]Z Z o «j

in degassed light petroleum (bp 60 - 80°C) or with mer-[ RuCl (PMe„Ph) ] in
u Z «J

hexane [ 12 ]. In CH Cl cis-[ RuCl (PMe Ph) ] readily rearranged to
2 2 Z Z 4

[ Ru Cl (PMe Ph) ] Cl[12 ]. In contrast, refluxing (II) with excess PPhZ u 2 6 o

in methanol gave [ RuCl (PPh ) ] , previously prepared by refluxing
2 3 3

"RuCl xH 0" with excess of PPh in methanol [ 13] .

«J Z O

Hence, although the complex Cs[ Ru(C H )C1 ] is in itself of interest6 6 3

in so much as it represents the first anionic arene complex of ruthenium,

the lability of the coordinated benzene group is very much less than

that of the diene in [ Ru(C0)Cl (C H )] . Thus, loss of chloride ion
3 7 8

from [ Ru(C H )C1 ] occurs much more readily than loss of the C_H_ ring
6 6 3 6 6

and therefore, little is to be gained by using the [ Ru(C H )C1 ] anion6 6 o

rather than [ {Ru(C H )C1 }J as a starting material.6 6 2 z

b) Synthesis of [ C„H„RuCl„RuC„HJ PF„
6—6 3 6~6 o

As reported earlier by Bennett and Smith [ 3 ] , the reaction of

[ {Ru(C H )C1 } ] (I) with hot water gave an orange solution from which
6 6 2 2

NH PF slowly precipitated in ca 40% yield, an orange solid identified
4 6

as [ Ru (C H ) Cl ] PF (Ilia). In our hands, however, this reaction
2 6 6 2 3 6

produced only low variable yields (ca. 12%) of (Ilia) plus, on one
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occasion, a further product (see experimental section) shown by

X-ray analysis [14] to be [ Ru(NH ) (C H )C11(PF ) NH PF . Since
3266 3 6346

the [ Ru (C H ) CI ]+ cation is isoelectronic with [Rh CI (C Me ) 1 ,2 6 6 2 3 2 o O *5 2

which was isolated in high yield from reaction of [ (RhCl (C Me )} 1 with2 O O 2

NaBPh^ in methanol [15], a similar preparative route for (III) has
been examined. Thus, stirring the dark red-brown [ {Ru(C H )C1 } 1 in

do 2 2

methanol at ambient temperature with a slight excess of NH PF for4 6

24h gave, in high yield, (>90%) a dark orange-yellow solid which

analysed quite well for [ Ru (C H ) CI ]PF (Illb). No apparent2 6 6 2 3 6

reaction occurred in the absence of NH PF or if methanol was replaced
4 6

by acetone.

The mull ir spectrum of (Illb) confirmed the presence of PF
6

and in the far ir spectrum two intense bands at 276, 264 cm were

observed, indicative of bridging v(RuCl) vibrations (cf in ref [ 3] ,

y(RuCl) of (Ilia) quoted at 265 cm *). Compound (Illb) gave conducting

solutions in MeNO with values characteristic of 1:1 electrolytes [l6j
2

_ 3 _2 i 2
(eg. for a 10 mol dm solution,W = 82 S cm mol ) and this was

m

supported by'Ko-\ vs C plots over a range of concentrations which
had a slope characteristic of 1:1 electrolytes (see experimental section).

1 13 .1 x 3
The H and C-j H ] nmr spectra of (Illb) in d -MeNO at ambient2

6
temperature both showed a single sharp resonance for the n ~C_H groups6 6

at 5.906 and 82.0 ppm respectively, indicating that the dimeric unit

remained intact in this solvent.

g
However, in other solvents such as D 0 and d -Me SO, more than one

2 2
6 1

q -C H resonance was observed. Thus, the H nmr spectrum of (Ilia or b)6 6

6 "f*
in D„0 contained two n-C H_ resonances at 6.35 and 6.486 of comparable

2 6 6
+

Interestingly in ref [3], only a single resonance for (Ilia) in DO at
2

6.04& was reported. As discussed earlier, the difference in chemical shift

is probably due to the different references used but the observation of

only one signal for (Ilia) in ref [3] is puzzling.



intensity. These resonance positions are virtually identical to those

found for [ {Ru(C H )C1 } ] dissolved in D 0 [6.39 and 6.505 - see
6 6 2 2 2

section a)] indicating facile bridge cleavage has occurred as shown in

the equation.

SolventCI

X \
,

Ru — CI —Ru -4-(r)
\ /

CI

Solvent
CI

/
Ru—Solvent +

\
CI

CI — Ru

Solvent

6 1
In d -Me SO, three singlets were observed in the H nmr spectrum

of (Illb) at 5.95(vs), 6.15(w) and 6.50(s)£j which corresponded closely

6 r
to the quoted positions of the n -C H resonances for the species [ Ru-

6 6

(C H )C1 (d6-Me SO)] (5.936), [ Ru(C H )Cl(d6-Me SO)J + (6.126) and
D D 2 2 DO 2 2

[ Ru(CgH6)(d^-Me9S0)^] 2+ (6.476) £lj. The relative intensities of these2 '3

signals suggested that the monocation has reacted further with d -Me SO
z

to give the dication.

As discussed elsewhere [ 17] for the closely related [ Ru CI L ]2 3 6

cations, (L = PR , P(0R)Ph , P(0R) Ph), the most likely mechanism of
o Z Z

formation of [ Ru (C H ) CI 1 + is by intermolecular coupling of the2 6 6 2 3

weakly solvated monomers [ Ru(C H )Cl (solvent) ] and [ Ru(C H )Cl(solvent) ]
6 6 2 6 6 2

the monomers being formed by reaction of [ {Ru(C H )C1 } ] with either
6 6 2 2

*
methanol or hot water. These may then couple to give the triple

chloride bridged cation directly, or on the basis of evidence from

earlier work with ruthenium ethyldiphenylphosphinite complexes [ 17 ],

via the cationic, double chloride bridged solvated intermediate [ (C„H„)-
6 6

ClRuCl Ru(solventVc H )]+ which then rearranges readily to (III) (Scheme).
3 '66

Unfortunately, the solubility of [ (Ru(C H )C1 } ] in methanol is too low6 6 2 2

to obtain nmr evidence for the formation of methanolate monomers

although, of course, there is no doubt that analogous momomeric species

are readily formed in D 0 and d -Me SO.
2 2
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The low solubility of the PF salt of [ Ru (C H ) CI 1 in eitherJ
6 2 6 6 2 3

methanol or water, together with the desire of ruthenium (II) to

achieve six strong bonds is presumably the driving force for the

combination of these intermediates.

Attempts to prepare other triple halide bridged cations [ Ru -
2

(arene) X ]+ (arene = 1,3,5-C H Me ; X = CI ; arene = C H , X = Br ,2 3 6 3 3 6 6

I , SCN ) by reaction of [ {Ru(arene)X^}^\ with NH^PF^ in methanol were
however unsuccessful, only [ (Ru(arene)X } ] being isolated from the

2 2

reaction mixture. This failure probably stems from the very insoluble

nature of these [ (Ru(arene)X } ] compounds which prevents formation of

appreciable amounts of methanolate monomers.

c) Reactions of [ Ru (C H ) CI 1 PF
— 2-^-6-6^^—3 6

Originally, it was hoped that this high yield synthesis of

[ Ru (C H ) CI ] PF (III) might provide a general route to the preparation2 6 6 2 3 6

of complexes such as [Ru„Cl„L„] + (L = C„H N, Me„SO, RCN etc) via
2 3 6 5 5 2

6
displacement of n -C H groups. However, as discussed above, the tendency

6 6

of (III) to generate monomers by facile bridge cleavage proved greater than

the desire to undergo replacement of the coordinated benzene rings. Thus,

refluxing compound (III) with excess of pyridine in ethanol for ca 4h

gave an orange solution which on standing under nitrogen for a further

24h deposited an orange crystalline solid. On the basis of analytical

data, together with nmr, ir and conductivity studies, this was best

formulated as the monomeric cation [ Ru(C H )C1(C H N) ] PF . Concentration
6 6 5 5 2 6

of the remaining filtrate gave the non-conducting orange-solid trans-

[ RuCl (C H N)J . Attempts to retain the chloride bridges but induce
2 5 5 4

6
replacement of r) -C H groups for pyridine by photolysis of the same

6 6

reaction mixture also proved unsuccessful, only [ Ru(C H )C1(C H N) ]PF
6 6 5 5 2 6

and trans-[ RuCl„(C^H_N)J being isolated.
2 5 5 4
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Reaction between compound (III) and Et S gave two compounds

identified as [Ru(C H )Cl(Et S) lPF and [ Ru(C H )C1 (Et S)]. This66 226 6622

bridge cleavage reaction also occurred with tertiary phosphines and

arsines when (III) was shaken in methanol with excess of the ligand

for short reaction times and this provided a route to the previously

unknown cationic tertiary phosphine complexes [Ru(C H )C1(PR ) ]PF6 6 3 2 6

(PR„ = PPh . PMe Ph, PMePh ).3 3 2' 2

The reaction of (III) with excess of PR under reflux conditions
3

0
sometimes produced loss of the n -C H groups. For example, refluxing1 6 6

(III) with excess of PPh in methanol gave a mixture of [ Ru(C H )Cl(PPh ) l -3 6 6 3 2

PF and [ RuCl (PPh ) 1 . In contrast, refluxing (III) with excess of PMe Ph
o 2 2 2 2

in methanol gave a yellow solution from which only the triple chloride

bridged complex [Ru CI (PMe Ph) ]PF was isolated. As discussed earlier
2 3 2 6 6

[12,17], this cation was most likely formed by rearrangement reactions of
6

cis-[ RuCl„(PMe„Ph) ], itself formed by bridge cleavage and -7 -C„H^ displace-
2 2 4 I 6 6

ment from (III) by PMe Ph.
z

In conclusion, although reactions of [ Ru (C H ) CI ]PF do not2 6 6 2 3 6

provide a route to the synthesis of new triple chloride bridged cations

[ Ru CI L ]+, the facile bridge cleavage reaction does give a convenient2 3 6

g
synthetic route to new h -C H cationic compounds of type [ Ru(C H )C1L ] PF .

16 6 6 6 2 6

Recent work has shown that similar facile bridge cleavage reactions occur

with other triple chloride bridged complexes. For example, reaction of

[Ru YC1 (PPh ) 1 (Y = CO,CS) with excess of P(OR)Ph (R = Me,Et) in benzene
« 4 o 4 2

gave a mixture of [ Ru(Y)Cl (P(OR)Ph ) ] and [ RuCl (P(OR)Ph ) ] [ 18] .
2 2 3 2 2 2

In view of this, it is surprising that the closely related [ RUgClg"
(PR„)_] + cations do not undergo bridge cleavage reactions with excess

3 6

of PR [ 19] , although this may be a result of the strong electron donating

ability of the coordinated PR groups which inhibits bridge cleavage by

other nucleophiles (cf the inertness of [ Ru(C^H^)Clrt(PR^)] compounds6 6 2 3
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towards nucleophilic attack on the ring [1J).

Experimental

Microanalyses were by B.M.A.C. and the University of Edinburgh

Chemistry Department.Infrared spectra were recorded in the region

4000-250 cm ^ on a Perkin Elmer 457 grating spectrometer using Nujol

and hexachlorobutadiene mulls on caesium iodide plates and in the

region 400-200 cm * on a Beckman RIIC IR 720 far ir spectrometer

using pressed polythene discs. Hydrogen-1 nmr spectra were obtained

13 1
on Varian Associates HA-100 and EM-360 spectrometers and C-{ H}

nmr spectra on a Varian XL100 spectrometer operating at 25.2 MHz

13
( C chemical shifts quoted in ppm to high frequency of SiMe^).
Conductivity measurements were made at 298K using a model 310 Portland

Electronics conductivity bridge. As described earlier [lT^plots of

W - vs C^ gave a straight line whose slope is a function of the
o c

ionic charges [ 20] . Melting points were determined with a Kofler hot-

stage microscope and are uncorrected.

Materials

Ruthenium trichloride hydrate (Johnson Matthey); cyclohexa-1,3-diene,

ammonium hexafluorophosphate and triphenylarsine (Ralph Emanuel Ltd);

caesium chloride, triphenylphosphine and sodium tetraphenylborate (B.D.H.);

methyldiphenylphosphine and dimethylphenylphosphine (Maybridge): nitro-

methane, pyridine, acetonitrile and mesitylene (Fisons); dimethylsulphoxide

(Hopkins and Williams); triphenylstibine (Kodak). [ {Ru(C H )C1 } 1 and6 6 2 2

[ {Ru(C H Me)Cl } ] were prepared as described earlier [1,3] from "RuCl xH 0",
6 3 3 2 2 3 2

cyclohexa-l,3-diene (or cyclohexa-1,4 diene) or 1,3,5-trimethylcyclohexa-

1,4-diene respectively. [{Ru(C H )X } ] (X = Br, I, SCN) were prepared
6 6 2 2

by treating aqueous solutions of [ {Ru(C H )C1 } ] with an excess of LiX.
6 6 2 2
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Analytical ana conductivity data lor the various compounds are

given in Table 1 and Hydrogen-1 nmr data are listed in Table 2. Diagnostic

ir bands are listed for each compound. All reactions were carried out in

degassed solvents under an atmosphere of nitrogen and a medium pressure^

Hanovia 1L mercury U.V. lamp was used for the photochemical reaction.

Caesium(benzene)(trichloro)ruthenate(II): The compound [ {Ru(C„H„)Cl„}„]
6 6 2 2

3
(0.20g,0.40 mmol) was shaken in ethanol (25 cm ) with an excess of

3
caesium chloride (0.40g) and concentrated hydrochloric acid (5 cm ) for

5 days. The resulting orange suspension was decanted off and washed

with methanol and diethyl ether mp. 270°C (decomp) (Yield 0.31g,95%)

v(RuCl) 280 (broad) cm .

Benzene(dichloro)pyridine ruthenium(II): The compound Cs[ Ru(C H )C1 ]
6 6 3

3
(0.10g;0.23 mmol) was shaken in methanol (10 cm ) with excess of pyridine

3
(1.0 cm ) for ca 4h. Concentration of the resulting yellow solution and

addition of diethyl ether gave an orange solid mp. 245°C (decomp) (0.07g,

86%) v(RuCl) 280 cm"1.

Benzene(dichloro)triphenylphosphine ruthenium(11): The compound Cs[ Ru(C H
6 6

CI ] (0.10g; 0.23 mmol) was shaken with excess of PPh (0.10g; 0.40 mmol)
o o

o
in methanol for ca 3h to give a dark red crystalline solid mp. 182 C

(0.llg,91%)v(RuCl) 295, 280 cm"1.

Benzene(dichloro)methyldiphenylphosphine ruthenium(II): mp. 197°C

(0.09g,82%) v(RuCl) 290, 270 cm ; benzene(dichloro)dimethylphenylphosphine —

ruthenium(II) mp. 175°C (0.07g; 78%) v(RuCl) 290, 275 cm ; benzene-

(dichloro)triphenylstibine ruthenium(II) mp. 220-222°C ^(RuCl) 290,

-1 o
269 cm and benzene(dichloro)dimethylsulphoxide ruthenium(II) mp. 211 C

v(RuCl) 291, 272 cm ^ were similarly prepared.
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cis-aicfalorotetraKis(dimethylphenylphosphine)ruthenium(II): The compound

Cs[ Ru(C H )C1 1 (0.10g; 0.23 mmol) was refluxed in methanol with excess
6 6 3

3

PMe^Ph (0.50 cm ) for 6h. The resulting yellow solution on standing
gave a yellow, crystalline solid mp. 126°C (0.13g; 82%) v(RuCl) 288,

241 cm"1.

Tri-y-chlorobis[ (benzene)ruthenium(II)] hexafluorophosphate:- Method A:

The complex [ {Ru(C H )C1 } 1 (0.20g; 0.40 mmol) was heated under refluxb b 2 2

3
with water (10 cm ) for 2h. The orange solution was filtered and treated

with a saturated aqueous solution of NH PF . After several days the
4 6

orange precipitate was filtered off and washed with water and methanol

o
mp. 255 C (decomp) (0.03g; 12%). On leaving the filtrate for another

7 days, another orange crystalline solid was deposited which was

characterised by X-ray analysis [14] as [ Ru(NH„) (C H )C1] (PF ) .NH PF
3266 3 bo 46

(vRuCl 285 cm"1; V(NH) 3180, 3250, 3320, 3370 cm"1; &(NH) 1615, 1630 cm"1;
v(Ru-N) 421, 440, 455 cm 1). Unfortunately, subsequent attempts to

prepare this latter compound were unsuccessful.

Method B: The complex [ {Ru(C H )C1 } 1 (0.20g; 0.40 mmol) was stirred in
6 6 2 2

3
methanol (25 cm ) with excess of NH PF (0.16g; 1.00 mmol) for 24h. The4 6

orange-yellow solid was filtered off and washed with water, methanol and

diethyl ether mp. 280°C (decomp) (0.22g; 90%) v(RuCl) 264, 276 cm"1.
Conductivity in MeNO at 298K. Slope of^ vs plot = 207;2 o c

for [ Ru CI (PMe Ph) ] PF , slope = 190. 1^C-{1H}nmr in d^-MeNO at 303K.2 3 2 6 6 2

82.0 ppm (singlet). The compound is insoluble in CHC1 , CH CI , benzene
2 2 2

and very sparingly soluble in acetone.

Benzene(chloro)bis(pyridine)ruthenium(II)hexafluorophosphate: The complex

3
[ Ru (C H ) CI ] PF (0.09g; 0.14 mmol) was refluxed in ethanol (30 cm )2 6 6 2 3 6

3
with pyridine (0.40 cm ) for ca 6h. The yellow solution on standing for

24h gave a yellow crystalline solid mp. 227-229°C (0.05g; 66%) v(RuCl)
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285 r.m , Conr.flntration of. "tb.0 filtrnts from "tliis rssction gavs an

o
orange solid trans-dichlorotetrakis(pyridine)ruthenium(II) mp. 255 C (decomp)

(0.03g; 24%) v(RuCl) 338 cm"1.
Benzenedichloro(diethylsulphide)ruthenium(II): The complex fRu„(C„H„)„-

2 6 6 2

3
CI ]PF (0.10g; 0.16 mmol) was refluxed in ethanol (30 cm ) with Et S-

3 6 2

3
(0.20 cm ) for ca 3h. The orange solution was filtered and concentrated

by evaporation of solvent under vacuo. The orange precipitate obtained

was recrystallised from acetone/diethyl ether mp. 225°C (decomp) v(RuCl)

283, 265 cm 1). The filtrate from the above reaction gave an orange

crystalline solid on standing for 24h identified as benzene(chloro)bis-

(diethy1sulphide)ruthenium(II)hexafluorophosphate mp. 175°C, v(RuCl)

290 cm 1.

Benzenechlorobis(triphenylphosphine)ruthenium(II)hexafluorophosphate:

The complex [Ru (C H ) CI ]PF (0.20g; 0.32 mmol) was shaken in methanol2 6 6 2 3 6
3

(20 cm ) with excess of PPh (0.20g; 0.80 mmol). The red precipitate
u

was filtered off from the yellow solution, recrystallised from CH CI /
^ z

hexane and identified as [ Ru(C H )C1 (PPh )] . Addition of diethylether6 6 2 3

and hexane to the yellow filtrate gave the yellow crystalline product

o -1
mp. 172 C (O.llg, 41%), v(RuCl) 290 cm . Similar reactions gave the

yellow solids benzenechlorobis(triphenylarsine)ruthenium(II)hexafluoro¬

phosphate mp. 142°C, V(RuCl) 310 cm 1; benzenechlorobis(methyldiphenyl-

phosphine)ruthenium( II)hexaf luorophosphate mp . 158°C MRuCl) 292 cm 1
and benzenechlorobis(dimethylphenylphosphine)ruthenium(II)hexafluoro¬

phosphate mp.209-211°C. V(RuCl) 298 cm .

Tri-jA-chlorobis[ tris(dimethylphenylphosphine)ruthenium(II)]hexafluorophosphate

The compound [ Ru (C H ) CI 1 PF (0.20g; 0.32 mmol) was refluxed in methanol2 6 6 2 3 6
3 3

(20 cm ) with excess of PMe Ph (1 cm ) for 5h. Addition of diethyl ether
z

to the yellow solution gave a yellow crystalline solid mp. 238-239°C

(0.37g, 92%).
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TABLE 1

6
Analytical and Conductivity Data for some q -Areneruthenium(II) Complexes

Compound
^ Found % --- ______ Calculated % A
C H N CI C H N CI

Cs[ Ru(C H )Cll 16.9 1.4 - 25.2 17.2 1.4 - 25.5 37.4b
6 6 3

Ru(C H )C1 (C H N)] 40.4 3.3 4.6 - 40.1 3.3 4.3 -
6 6 2 5 5

Ru(C H )C1 (PPh )] 56.6 4.3 - - 56.3 4.1 -
6 6 2 3

Ru(C H )Cl_(PMePh )] 49.9 4.1 - - 50.7 4.2 -6 6 A 2

Ru(C H )C1 (Me SO)] 28.8 3.6 - - 29.2 3.2 -6 6 2 2

RuCl (PMe Ph) ] 52.4 6.1 - - 53.0 6.1 - - 30.0°
A A 4

Ru (C H ) Cl ] PF 23.8 1.9 - 16.2 23.6 1.9 - 17.4 82.02 6 6 2 3 6

Ru(C H )C1(C H N) ] PF 37.0 3.0 5.3 - 37.1 3.1 5.4 - 84.06 6 5 5 2 6

Ru(C H )C1 (Et S)] 34.9 4.6 - - 35.3 4.7 -6 6 2 2

Ru(C H )Cl(Et S) 1 PF 31.5 4.6 - - 31.2 4.8 - - 64.0
6 6 2 2r 6

Ru(C H )Cl(PPh ) ] PF 56.7 4.2 - - 57.1 4.1 - - 78.06 6 3 2 6

Ru(C H )Cl(AsPh ) 1 PF 51.6 3.7 - - 51.9 3.7 - - 75.0
6 6 3 2^ 6

Ru(C H )Cl(PMe Ph) 1 PF 41.3 4.4 - - 41.5 4.4 - - 72.0
6 6 2 2r 6

Ru(C H )Cl(PMePh ) 1 PF 50.5 4.8 - - 50.6 4.2 - - 67.0
6 6 2 2 6

Ru Cl (PMe Ph) 1 PF 44.9 5.1 - - 44.9 5.2 - - 74.0
2 3 2 6 6

Ru(NH ) (C H )C1] (PFC)„. 16.3 2.9 7.1 - 16.1 3.0 7.3 -3 2 66 3 63

NH PF
4 6

SL 2 -1
Equivalent conductivities (S cm mol ) measured in nitromethane (unless

stated) at 10 ^ mol dm ^ concentration b measured in H O ° measured in
A

CH Cl - rearranges to [ Ru Cl (PMe Ph) ] Cl,A A 2 3 2 0



TABLE 2

Hydrogen-1 nmr data for some q -Areneruthenium(II) Complexes

Compound

[ !R"(C6H6)ci2}2]

Solvent

D 0
2

o ppm

n6-c H
6 6

6 .39°;6.50°

other resonances

Cs[ Ru(CgH6)Cl3]

RU<C6H6)C12(C5H5N)J

Ru(CgH6)Cl2(Me2SO)]

Ru(CgH6)Cl2PPh3]

Ru(C6H6)cl2(PMePh2)]

Ru<C6H6)C12(PMe2Ph)]

Ru(C6Hg)Cl2(SbPh3)]
Ru(C H )CI (AsPh )]6 6 2 3

Ru(C H ) CI (Et S)]
6 6 2 2

Ru (C H ) C1 ] PF
2 6 6 2 3 6

Ru(C H )C1(C H N) ] PF6 6 5 5 2 6

Ru(C6H6)Cl(Et2S)2]PF6

Ru(C6H6)Cl(PPh3)2]PF6

Ru(CgH6)Cl(PMePh2)2] PFg

Ru(C6H6)Cl(PMe2Ph)2] PFg

Ru(C6H6)Cl(AsPh3)2]PF6

D2°
g

d -Me SO
2

CDCl

CDC1,

CDCl,

CDCl,

CDCl,

CDCl,

CDCl

CDCl,

d -MeNO

D2°

6.40

5 .65,5.90d
5 .90

5 .40

5.40

5.35

5 .95

5 .68

5 .50

5 .70

5.90

6 .35C,6.48C

7.30,8.80(pyridine)

ca 2.70(br) (Me SO)
2

7.50 (PPh )
u

7.65(Ph);1.95(d)(2J 12.0Hz)
(Me)

7.50(Ph);1.85(d)(2JpR 12.0Hz)
(Me) 2
8 .03 (Ph) ; 2. 48(d) ( Jp{J 12.0Hz)
(Me)

7.40-7.70(SbPh3)

7.40-7.60(AsPh3)
2.90(q);1.35(t) (EtgS)

d6-Me2S0 5.95C,6.15C,6.50C
d -Me CO 6.16

2

CDCl,

CDCl,

CDCl,

CDCl,

CDCl,

5 .95

5.52

5 .75

5 .87

5.66

7.45,8.00,8.85(pyridine)

3 .00 (q) ; 1. 45 (t) (E^S)
7.30(PPh )

O

7.20-7,60(Ph) 1.60(t) (Me)

7.50(Ph);1.64(t);2.12(t)(Me)

7.40-7.60(AsPh )
•J

d (doublet), t(triplet), q(quartet)

a b
Unless specified, reference is TMS(internal lock) With respect to

Q
external TMS capillary. See text for assignment of these resonances

d
From [ Ru(C H )C1 (d6-Me SO)]

6 6 2 2
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Some reactions of the [ (r)-C H )Ru(OH) Ru(q-C H )] + cation
6—6 3 6—6

*
D.R. Robertson and T.A. Stephenson

Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ.

Summary:- Reaction of [ (p-C„H )Ru(OH)„Ru(n-C„H„)] BPh„ (I) with aqueous
6 6 3 6 6 4

solutions of NH PF gives [ Ru(NH ) C Hi (PF )_ (U) whereas refluxing
46 3 3 6 fa 62.

(I) in ROH (R = Me,Et) produced the triple alkoxide-bridged cations

[ (n-C H )Ru(OR) Ru(n -C H )]BPh (III); in contrast, no reaction betweenfab 3 6 6 4

(I) and various tertiary phosphines was observed.

Recently, we reported that reaction of [{ Ru(C H )C1 } ] with an excess
6 6 2 2

of either aqueous sodium hydroxide or carbonate gave the triple hydroxy-

bridged cation [(C H )Ru(OH) Ru(C H )] C1.3H 0 [1,2]. However, although6 6 3 6 6 2

[ Ru (C H ) (OH)J BPh (I) can be readily isolated by addition of NaBPhZ b b Z o 4 4

to aqueous solutions of the chloride salt, attempts to trap-out the

PF salt by addition of excess of NH PF gave, after several days, a yellow
6 4 6

nitrogen-containing solid (ca 40% yield). On the basis of elemental analysis

conductivity measurements in nitromethane, i.r. and *H nmr spectral studies,

this is best formulated as the trisammine dication [Ru(NH ) (C H )] (PF ) (II)
3 3 6 6 fa 3

A related complex to (II), namely, [Ru(NH ) (C H )C1] (PF I NH PF_ has been3266 3 6346

obtained in small yield from the reaction of[ {Ru(C H )C1 } J with hot6 6 2 2.

water, followed by addition of NH PF [3]. Presumably, (II) is formed from
4 6

the reaction of [ Ru (C H ) (OH) ]+ with ammonium ion which can act as a weak
2 6 6 2 3

acid, protonating the OH bridges to form the trisaqua intermediate [ Ru^^O)^-
.2+

(C H )J , which could then undergo replacement of water by ammonia groupsfa fa

(cf the related reactions of [ Ruo(0H)„(PMeoPh) 1 + with acids in various2 3 Z 6

2+
solvents (S) which gave [ RuS^(PMe^h)^] species [ 4 ] ).
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If (I) is refluxed in methanol for 3 hours, a yellow crystalline solid

(III) is deposited on cooling. The ir spectrum of (III) shows no bands

at cii 3500 cm 1 (vOH) but a strong band at 1050 cm ^ indicates the presence

of -OMe groups (cf Ti(OMe) with v(O-C) 1032 cm 1 [5 ]). Since the "*"H4

nmr spectrum in (CD„) CO consists of BPh multiplets at ca 6.90 and3 2 4 —

7.30<£ , a r|6-C H peak at 5.486 and a singlet at 4.426 (assigned to -OMe
D 6

protons) in the intensity ratio 20; 12; 9 respectively, (EI) is formulated

as the triple methoxide bridged complex [ (C H )Ru(OMe) Ru(C H )]BPh ,Go b 6 4

This formulation is supported by elemental analyses and detailed

conductivity measurements in nitromethane indicating a 1:1 electrolyte.

Similarly, [ Ru (C H ) (OEt) ]BPh was obtained by refluxing (I) inZ b o Z 3 4

ethanol. Again, the mechanism of formation presumably involves

protonation of the OH bridges by the weak acid ROH to form the

r i 2+ —[ Ru(H 0) (C H )J cation which could then react rapidly with OR toZ 3 bo

give monomeric alkoxide compounds such as [ Ru(H 0)(C H )0R] + and2 DO

[ Ru(H 0)(C H )(OR) ] . As discussed elsewhere for the analogous [ Ru -Z b b Z Z

(C H ) CI ] + [6 ] and [ Ru CI (PR ) ]+ [7 ] cations, facile intermolecularb b 2 3 2336
*

coupling reactions of these solvated monomers would then give the

^Ru2^C6H6^2^°R^3^+ cations-
These alkoxide cations could also be synthesised by reaction of

[ {Ru(C H )C1 } ] with freshly prepared NaOR (R = Me,Et) in alcoholicb b Z Z

solvents, and, unlike the corresponding [ Ruo(C H ) (OH) ]+, their PF2 6 b Z 3 b

salts are readily isolated by addition of NH„PF„ to the above reaction4 6

mixtures.

Finally, although the analogous [ Ru (C H ) CI ] + cation undergoes
Z 6 b Z 3

facile bridge cleavage reactions with a variety of Lewis bases to give

monomeric compounds of type [ Ru(C H )C1L ] PF , [ Ru(C H )C1 L] and/or
6 6 2 6 6 6 2

[RuC12L4] (L = C5H5N> Et2S' (CH3)2S0' PR3 —} [ 1,61 ' [ RU2(C6H6)2(°H)3] BPh4
does not react with excess of tertiary phosphines in acetone, even under
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reflux conditions for prolonged periods, (cf [ (Pt(OH)(PR ) } 1 (BF ) also
*3 J!* Ct 4 Z

does not react with more PR [8]), the only product isolated being
o

K<C2"6,2(0H)3^Ph4<Cli3)2C°-
Further studies on a wider range of these triple bridged hydroxo

and alkoxide ruthenium(II) arene complexes are now in progress.
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487. Molybdenum(u) Carboxylases.
By T. A. Stephenson, E. Bannister, and G. Wilkinson.

A number of molybdenum(n) carboxylates have been obtained by the
interaction of mono- and di-carboxylic acids with hexacarbonylmolybdenum.
The monocarboxylates appear to have a dimeric structure involving both
bridging and chelating carboxylate groups. The corresponding benzene-
sulphonate and diphenylphosphinate are reported.

Monocarboxylates of Molybdenum(ii).—The compounds of stoicheiometry Mo(0*C0R)2
(where R = Me, Et, Prn, Pr', C6HU, C7H15, C3F7, C6H5, w-C6H4Me, C6H4OH, and C6H4F)
have been prepared; the acetate 1 and benzoate 2 have been briefly described previously.
Hexacarbonylmolybdenum was heated, either alone or in diethyleneglycol dimethyl ether
(diglyme), with the carboxylic acid together with a small amount of its anhydride if avail¬
able. The compounds are all yellow solids and some of them form very fine needle-like
crystals. They are thermally quite stable, and the alkyl carboxylates can be sublimed
unchanged in a vacuum at temperatures exceeding 300°. The solubility depends on
the nature of the carboxylate group but the lower alkyl carboxylates are insoluble in
hydrocarbon and halogenated solvents; they are sparingly to moderately soluble in
acetone or tetrahydrofuran but the solutions turn brown and eventually blue on
exposure to air.

Although a polymeric structure involving tetrahedral molybdenum(n) and bridging
acetate groups is a possibility,1 and would be in keeping with the low solubility of the
compounds, they appear to be dimeric with both bridging and chelating carboxylate groups
and tetrahedrally co-ordinated molybdenum(n). Evidence for the dimeric structure is
two-fold. First, the perfluorobutyrate is sufficiently soluble (and the solutions sufficiently
air-stable) in cold acetone, cold benzene, and boiling toluene to allow the molecular weight

to be determined by both osmometric and ebullioscopic
^ methods. The salicylate is also dimeric in cold acetone

(osmometric method). Conductivity measurements on
/°\ solutions of the perfluorobutyrate in acetone and^ C^M°. 0'MO>o"C ^ nitrobenzene and of aryl carboxylates in acetone show

n z
. . that the solutions are non-conducting, e.g., for the

i perfluorobutyrate in acetone AoooliI = 4-6 ohm 1 cm.2
R mole-1.

Secondly, a single-crystal X-ray-diffraction study of molybdenum(n) acetate3 is
sufficiently advanced to substantiate the dimeric geometry of. the molecule. All the
carboxylates are diamagnetic, and this is consistent with tetrahedral co-ordination by
oxygen for a d4 configuration of molybdenum(n), as in (I).

Infrared Spectra.—It is well known that there are no reliable infrared criteria for dis¬
tinguishing between chelating and bridging carboxylate groups, and even in the present
compounds, where it is clear that for the first time both types of group are present on the
same metal atom, there is no obvious splitting of the symmetric and asymmetric carboxyl¬
ate stretching frequencies (Table 1). The assignment of the asymmetric stretch in the
aryl carboxylates is complicated by a strong band at 1525—1475 cm.-1 due to skeletal in-
plane vibrations.4 However, all the carboxylates have strong bands in the region where'
bridging carboxylate groups are known to absorb, as in chromium(n), copper(ii), and

1 Bannister and Wilkinson, Chem. and Ind., 1960, 319.
2 Abel, Singh, and Wilkinson, J., 1959, 3097.
2 Lawton and Mason, personal communication.
1 Bellamy, " The Infra-red Spectra of Complex Molecules," Methuen, London, 1958, 2nd edn., p. 64.
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basic beryllium acetate,5 or in the rhenium,6 rhodium,7,8 palladium,8 and ruthenium 8
arboxylates- The alkyl carboxylates have a splitting of the asymmetric stretching

frequency of ca. 8—18 cm."1. This splitting can be attributed either to a slight difference
Table 1.

Infrared spectra (carboxylate bands) (in cm."1) of molybdenum(n) monocarboxylates.
Compound * Asym. stretch Sym. stretch Asym. deform.

Acetate 1512s, 1494s j 1409s 675s
n-Butyrate 1502vs, 1494vs 1425vs 671m
lsobutyrate 1502vs, 1489vs 1422vs 672m
Cyclohexane carboxylate 1498s 1423s —
Perfluorobutyrate 1584s f{ 1427m -—-

Benzoate1 1494s, 1477m f 1404s 677m
Fluorobenzoate 1506s, 1495s 1407s —

Salicylate 1507m, 1484s 1384s 670s
w-Toluate 1504vs, 1483s 1395vs 673s

» All as yellow needles, t In mulls on Grubb-Parsons Spectromaster grating instrument; values
to ±0-5 cm- + In benzene, 1600 cm."1 (sharp).

in the force constants for the chelating and bridging carboxylate groups or to solid-state
interactions within the lattice. The insolubility or instability of alkyl carboxylates in
suitable organic solvents prevents the examination of solution spectra; although some
of the aryl carboxylates are soluble without decomposition for short periods in acetone,
chloroform, or methanol, these solvents are not satisfactory in the 1500—1450 cm."1
region. Only the perfluorobutyrate can be studied in both benzene solution and in the
solid state, and here there is no splitting at all, even with the grating instrument. It
seems reasonable, therefore, to conclude that there is little if any difference between the
spectra of chelating and bridging carboxylate groups, and that any small differences
observed in solid-state spectra are equally well attributed to crystal effects.

Chemical Properties.—The carboxylates appear to be stable indefinitely in the absence
of air. On exposure to moist air, molybdenum(n) acetate turned green over a period of
weeks and after some months became dark blue, losing acetic acid. The blue material
has a strong infrared band at 940—970 cm."1, and appears to be " molybdenum blue."
The higher alkyl carboxylates are rather more sensitive to moist air than is the acetate.
The perfluorobutyrate is more stable, and even when exposed to air for over a year showed
little sign of decomposition other than a green coating on the crystals. The compound is
soluble in ethanol, methanol, dichloromethane, benzene, and toluene, the solutions being
insensitive to air for periods of several hours. The aryl carboxylates are also fairly stable
in the solid state in air, but their solutions in organic solvents decompose within 30 minutes.

The acetate reacts with dry hydrogen chloride at temperatures above ca. 130°, a brown
material being obtained. The dark brown product from the reaction at ca. 250° analyses
approximately as molybdenum dichloride {ca. 98% MoC12), but we have never been able to
obtain a material entirely free from carbon, hydrogen, or oxygen. The substance is
clearly not the usual yellow " molybdenum dichloride," Mo6Cl12. It has some reactions
which could be expected of the true dichloride. Thus it dissolves, leaving a small residue,
however, in hot pyridine and hot isoquinoline to give very air-sensitive yellow and blood-
red solutions, respectively. The solid is stable in air, and is insoluble in, and unaffected
by, water and concentrated hydrochloric acid.

The acetate and other alkyl carboxylates react with triphenylphosphine, pyridine,
piperidine, and other donor ligands. The adducts are often insoluble, and are all air- and

5 For discussion and references see Nakamoto, " Infrared Spectra of Inorganic and Coordination
Compounds," Wiley, New York and London, 1963, pp. 197 ei seq.

6 Taha and Wilkinson, J., 1963, 5406.
7 Johnson, Hunt, and Neumann, Inorg. Chetti., 1963, 2, 960.
8 Morehouse, Powell, Stephenson, and Wilkinson, unpublished work.
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moisture-sensitive and impossible to purify. However, the acetate is soluble in pyridine
from which yellow crystals can be obtained; these are diamagnetic, have the empirical
formula Mo(OCOMe)2,py, and have an infrared spectrum showing strong carboxylate
bands at 1410 and 1500 cm."1, as well as characteristic pyridine bands.9 We have been
unable to determine the molecular weight but it seems reasonable to assume that pyridine
has merely added to the dimeric acetate to give a pentaco-ordinate molybdenum(n)
complex. A similar benzoate complex can also be obtained. Both compounds are air-
sensitive, the solutions in pyridine turning red. When a solution of the acetate in pyridine
is allowed to stand in moist air, a reddish-brown powder is deposited. This is com¬
pletely insoluble in all common organic solvents except dimethyl sulphoxide and dimethyl-
formamide, which give deep yellow solutions, and, to a very limited extent, nitrobenzene
and nitromethane. The infrared spectrum of this material shows evidence for pyridine,
but no water, OH, pyridinium, or acetate bands. Analyses correspond closely to an
empirical formula Mo04,py. A material of very similar analysis and identical spectro¬
scopic properties can be obtained by addition of pyridine to an ethanolic solution of molyb¬
denum oxotrichloride. In both materials, a simple band at ca. 950 cm."1 can be assigned
to Mo=0 stretching. It seems likely that the other oxygen atoms are present as oxo-
bridges in a highly polymeric structure.

Dicarboxylates of Molybdenum(u).—The interaction of hexacarbonylmolybdenum with
dicarboxylic acids under strictly anhydrous conditions gives green powders of composition
Mo(0,CO*[CH2]„,CO,0), where n = 3 or 4, while, in the presence of small amounts of water,
green hydrates, Mo(0,CO*[CH2]„*CO-0)H20, are obtained for n = 2, 3, or 4. The sub¬
stances are quite insoluble in organic solvents like acetone or alcohol, but they dissolve in
warm dimethylformamide or dimethyl sulphoxide giving greenish-yellow solutions which
decompose quite rapidly. The solids are also quite unstable, turning brown after ca.
15 minutes, although the succinate remained green for several days and its hydrate for
about an hour. The infrared spectra of the anhydrous and hydrated compounds are
similar except for bands due to water in the latter compound (at 3300m and ca. 1650w
cm."1). Strong bands in the 1400—1500 cm."1 region are due to asymmetric and symmetric
carboxylate stretches, while an additional broad band at 1700—1725 cm."1 is probably due
to the unco-ordinated carboxylate group.

Experimental

Microanalyses and molecular weights were by the Microanalytical Laboratory, Imperial
College. Infrared spectra were taken on Perkin-Elmer model 21 and Grubb-Parsons Spectro-
master grating instruments, using Nujol and hexachlorobutadiene mulls. Magnetic measure¬
ments were made by the standard Gouy method. Molybdenum was determined by ignition to
molybdenum trioxide at 500—525°, or gravimetrically as the oxinate.

All preparations were carried out under nitrogen. Analytical data are collected in Table 2.
Monocarboxylates.—(1) For the acetate, propionate, butyrates, and perfluorobutyrate, an

excess of acid, together with a small amount of its anhydride where available, and hexacarbonyl¬
molybdenum {ca. 2 g.) were heated under reflux (below 150°) until gas evolution ceased.

(2) For all other acids, the hexacarbonyl and the acid (in a 1 : 2-2 mole ratio) were dissolved
in the minimum amount of diglyme (dried by molecular sieves and freshly distilled) and heated
at ca. 150° until gas evolution ceased.

For the acetate, benzoate, />-fluorobenzoate, and cyclohexane carboxylate, yellow crystals
separated during the reaction. The crystals were collected, washed with warm alcohol, then
anhydrous ether, and dried in vacuo. In other cases, the reaction mixture was cooled to 0°
for several hours, after which the crystals were collected, washed several times with light
petroleum (b. p. 60—80°), and dried in vacuo at 130°. The perfluorobutyrate was recrystallised
from hot toluene. For the octanoate, the diglyme was removed in vacuo and the residue
thoroughly extracted with ether and dried.

9 See Gill, Nuttall, Scaife, and Sharp, J. Inorg. Nuclear Chem., 1961, 18, 79.
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Table 2.

Analyses of molybdenum(u) carboxylates and related compounds.

Compound

Cydohexane carboxylate
Octanoate
l'erfluorobutyrate
Fluorobenzoate *

Penzenesulphonate

Found (%) Required (%)
Formula C H O Mo C H O Mo

C4HbMo04 22-6 2-9 29-8 450 22-4 2-8 29-4 44-8

C4H10MoO4 29-6 41 26-2 39-5 29-8 4-2 26-4 39-6
C8H,4Mo04 35-7 5-2 — — 35-6 5-2 — —

C8Hi4Mo04 35-7 5-2 — — 35-6 5-2 — —

C12H22Mo04 48-1 6-5 18-4 27-2 48-0 6-3 18 3 27-4
C16H30MoO4 49-5 7-9 — — 50-3 7-9 — —

-C8F14Mo04 18-9 ■—
'

— 18-2 18-4 — — 18-4
TijIIJFJMoOJ 451 2-3 — 25-7 450 21 — 25-6
CI4H10MoO, 46-0 3-4 — — 45-2 3-2 — .—

C18H14Mo04 51-6 3-9 170 — 52-2 4-3 17-4 —

CI2HI0MoO,S2 360 2-8 22-8 23-4 351 2-5 23-4 23-4
C24H20MoO4P2 54-2 40 — 17-9 54-4 3-8 — 181
C4H4Mo04 22-9 2-2 — 45-7 22-5 1-9 :— 45-3
C4HsMoOs 20-8 2-6 — 42-8 20-9 2-6 — 42-8
C„H8Mo04 29-0 3-7 25-3 — 29-9 3-3 26-5 —

CeH10MoO6 — —- •—• 37-2 — — — 37-3
C6H8Mo06 24-1 3-2 — 39-5 24-6 3-2 — 39-3

id: F, 10-3. C ,4H8F2Mo04 requires F, 10-2%.

In addition to the data given in Table 1, the carboxylates had the bands expected from the
aliphatic or aromatic groups present. For the perfluorobutyrate (requires M, 1044): found by
Mechrolab Osmometer (at 37°) in acetone, 1025; in benzene, 1020; by ebullioscopy in toluene,
1020. For the salicylate (requires M, 744): found by osmometer in acetone, 720.

Dicarboxylates.—Method (2) was used in all cases, but with an excess (ca. 10%) of hexa-
carbonylmolybdenum. When the solid dicarboxylate began to separate from the diglyme
reaction mixture, the heating was stopped and the mixture was cooled to 0°. The green

precipitate was collected, washed with acetone and anhydrous ether, and analysed immediately.
When the diglyme and the apparatus were not specially dehydrated, the product was the
hydrated dicarboxylate. The anhydrous complexes were obtained only under strictly
anhydrous conditions and using diglyme distilled over sodium directly into the reaction flask.

The diphenylphosphinate, which is assumed to be similar to the carboxylates but with
OCO replaced by OPO, was obtained by method (2) as a salmon-pink powder; it was washed
thoroughly with ether and dried in vacuo. Similarly, interaction with benzenesulphonic acid
gave a greenish-grey powder. The analytical results are given in Table 2.

Pyridine Adducts.—(1) To molybdenum acetate or benzoate (ca. 2 g.) was added, in a
nitrogen atmosphere, excess of pyridine (dried, redistilled, and deoxygenated) (ca. 5 ml.);
after warming to dissolve the crystals, the yellow solution was allowed to cool and the large
yellow plate-like crystals were collected, rinsed with pyridine and then ether, and, after being
dried in vacuo (ca. 15 min.), were analysed immediately. The acetate, m. p. 130—140° (decomp.)
(Found: C, 37-2; H, 3-8; N, 4-6; Mo, 34-3. C9HnNMo04 requires C, 36-8; H, 4-1; N, 4-8;
Mo, 32-7%), and the benzoate (Found: C, 54-4; H, 41; N, 3-4; Mo, 25-4. CJ9H16NMo04
requires C, 54-6; H, 3-6; N, 3-4; Mo, 23-0%) were prepared.

(2) A warmed solution of the acetate (2 g.) in pvridine was filtered and allowed to stand
in air for ca. 12 hr. The red, semicrystalline powder was collected, washed several times with
pyridine, then light petroleum (b. p. 60—80°), and dried in vacuo at 80° for several hours (yield
ca. 0-5 g.) (Found: C, 24-1; H, 2-3; N, 5-6; Mo, 42-3. C5H5NMoO, requires C, 25-1; H, 21;
N, 5-8; Mo, 40-2%).

We thank the Climax Molybdenum Company for gifts of hexacarbonylmolybdenum.
Inorganic Chemistry Research Laboratories,

Imperial College of Science and Technology,
London S.W.7. [Received, November 30th, 1963.]
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Carboxylates of Palladium, Platinum and Ruthenium
By Sheila M. Morehouse, A. R. Powell, J. P. Heffer, T. A. Stephenson and G. Wilkinsor,

Inorganic Chemistry Research Laboratories, Imperial College of Science and Technology, London, S. IV. 1 and John
and Co. Ltd., Wembley

During extended studies on platinum metal car¬
boxylates, we have not only confirmed the original
Russian findings on rhodium(II) acetate as in recently
published work,1 but have encountered other novel
features.

Palladium(II) acetate can be obtained as brown
crystals from the interaction of slightly acid solutions
of palladium nitrate with acetic acid or by dissolving
palladium sponge in hot glacial acetic acid containing
a deficiency of nitric acid. The propionate can be
obtained similarly and benzoate, pentafluoropropio-
nate and trifluoroacetate by exchange reactions with

the acetate. An unusual feature of the ;

propionate is that in benzene solutions at
are trimeric (Mechrolab Osmometer), whe
oscopically in benzene they are monomeric
at 37° molecular weights with intermed
are obtained.

It seems reasonable to assume that the
has its normal square planar co-ordination i
trimer-monomer system is one involving 1
and chelate groups for the former, and c
groups for the latter, viz.,
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The trimers are readily cleaved by nitrogen, phos¬
phorus, oxygen and sulphur donor ligands to give
yellow crystalline monomeric species such as Pd-
(OCOCH3)2(C5Fl5N)2. The low dipole moment of
such species indicates trans-configurations and they
have a band at 1700 cm.-1 arising from a singly bound
carboxylate group in contrast to the absorption of
bridge or chelate carboxylate groups at ca. 1600 and
1425 cm.-1.

A similar platinum(II) acetate has been obtained by
eareful reduction with formic acid of solutions of
hexahydroxyplatinate(IV) in acetic acid. From
:h1oroform it gives purple crystals [Found: 0, 19-3;
C-CH3 (Kuhn-Roth), 17-46; M, 950 ± 2 (acetone and
:hloroform 37°, Mechrolab Osmometer). Required
"or [Pt(OCOCH3)2]3: O, 20-43; C-CH3, 17-3%; M,
940]. It forms green adducts with nitrogen donor
ligands.

The interaction of acetic acid-acetic anhydride
nixtures with hydrated ruthenium trichloride gives
i paramagnetic brown crystalline powder, insoluble

in organic solvents but soluble in water to give yellow
solutions containing chloride ion and cation which
can be precipitated by tetraphenylborate. The
brown material appears to be [Ru2(OCOCH3)4]Cl
and the cation, [Ru2(OCOCH3)4OH]+; the former
thus appears to have both Ru11 and Rum with acetate
bridges similar to dimeric carboxylates of Cr, Cu,
Rh and Re.1-2

A deep-green solution is also formed which contains
a carbonyl-ruthenium acetate,'having weak carbonyl
stretching frequencies at 2062 and 1988 cm.-1; the
interaction of ruthenium trichloride with excess

concentrated formic acid gives also a carbonyl
complex containing formate and chloride, as orange
crystals.

Received December 12, 1963
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667. Carboxylates of Palladium, Platinum, and Rhodium,
and their Adducts

By T. A. Stephenson, (Mrs.) S. M. Morehouse, A. R. Powell,
J. P. Heffer, and G. Wilkinson

' The interaction of palladium(n) nitrate with acetic and propionic acids
produces the brown carboxylates Pd(OCOR)2; the benzoate, trifluoro-
acetate, and pentafluoropropionate are obtained via exchange reactions.
Although the fluoro-carboxylates are monomeric, the other compounds are
trimers in solution at 37°.

The interaction of the carboxylates with various amines, triphenylphos-
phine and triphenylarsine gives complexes of the type fra«s-[Pd(OCOR)2L2]
with unidentate carboxylate groups.

Diacetatoplatinum(n) was obtained by the reduction of an acetic acid
solution of hexahydroxyplatinate(iv) with formic acid. It is trimeric, not
isomorphous with [Pd(OCOMe)2]3, and does not undergo cleavage reactions
with donor ligands.

Studies on rhodium(u) carboxylates 1 have been confirmed and extended.
Palladium Carboxylates.—Diacetatopalladium(n) can be obtained as brown crystals
from the interaction of slightly acid solutions of palladium (ii) nitrate with glacial acetic
acid, or by dissolving palladium sponge suspended in hot glacial acetic acid, by the addition
of the minimum quantity of nitric acid. The propionate can be made directly in the
same way, while the benzoate, trifluoroacetate, and pentafluoropropionate can be obtained
from the acetate by exchange reactions.

An unusual feature of the acetate and propionate is that in benzene solution at 37°,
osmometric determinations show that they are trimeric, whereas ebullioscopically in
benzene (80°) they are monomeric. Attempts to study the trimer-monomer equilibrium
by infrared, absorption, and high-resolution nuclear magnetic resonance spectral measure¬
ments over a temperature range were unsuccessful since the spectra of the two species
appear to show no features that are characteristic (single peak only).

On the other hand, the benzoate is trimeric at 37° (osmometer) and remains trimeric
when its molecular weight is measured ebullioscopically in both benzene (80°) and chloro-
benzene (132°), while the two fluoro-carboxylates are both monomeric in ethyl
acetate at 37°.

The absorption spectrum of the acetate in benzene or toluene solution (280—1000 mp.)
shows a single broad charge-transfer band (s ~1000) at 394 mp, although a stronger band
below 280 mjx is indicated. Solid-state reflectance spectra of the acetate (750—1000 mjj.)
showed weak peaks at 730, 820, and 910 mn whilst the propionate had peaks at 760, 823,
and 920 m(x; since these bands were not observed in solutions (OTm) a value of s <1 is
indicated. The longest wavelength d-d band in PtCl42- that is assigned to a singlet-
triplet transition occurs 2 at 565 mn, and substitution of ammonia for chloride shifts all
the bands to shorter wavelengths. Since the carboxylate group produces a stronger
ligand field than chloride, it seems unlikely that the weak bands here are due to d-d
transitions in these d8 spin-paired species; any d-d bands in the 300—700 mpi region are
obscured by the broad charge-transfer band.

The carboxylates are stable indefinitely in air. They are soluble in a number of organic
solvents, but decompose when warmed with alcohols, giving palladium metal; prolonged
boiling in other solvents gives the same result.

The lability of palladium oxygen bonds is confirmed by the ease with which the
carboxylate groups can be wholly or partially replaced by various mono-, bi-, and tetra-



dentate ligands. Thus, the acetate and propionate react in the cold with acetylacetone
or with sahcylaldehyde to give well-known compounds of the type PdL2, and with bisacetyl-
acetone-ethylenedi-imine and bissalicylaldehyde-ethylenedi-imine to produce the com¬
pletely substituted Pd(enbisacac) and Pd(enbissal). With various nitrogen donors,
triphenylphosphine and triphenylarsine (a large excess required for complete reaction),
yellow crystalline monomeric adducts of the type [Pd(OCOR)2L2] are obtained (Table 1).

Table 1

Infrared spectra of palladous carboxylates and adducts (cm."1)
Difference Difference

Separation co2 (adduct) — u>1 (carb) —
Compound <u2 oji A(co2 — uj cu2 (carb) cuj (adduct)

[Pd(OCOPh) 2]3 1567 1404 163 — —

[Pd(OCOPh)2(Ph3P)2] 1623 1319~ 304 56 85
[Pd(OCOPh)2(Ph3As)2] ... 1626 1325 301 59 79
[Pd(OCOPh)„(py)„] 1603 1342 and/or 1323 >261 36^ >62
[Pd(OCOCF3)2] 1572 1456 116 — —

_[Pd(OCOCF3)„(Ph3P)2] ... 1684 1393 291 112 63
[Pd(OCOCF3)2(OSMe2)2] ... 1681 1408 273 109 48
[Pd(OCOC2F5)2] 1567 1431 136 —
[Pd(OCOC2F.)2(Ph3As)2]... 1678 1372 306 111 59
[Pd(OCOEt)2]3 1595 1425 170 —

[Pd(OCOEt)2(Ph3P)2] 1618 1359 and/or 1311 >259 23 >66
[Pd(OCOMe)2]3 1600 1427 173 —

-;[Pd(OCOMe)2(Ph3P)2]. IS34 1353,1307 " >281 34 >74
and/or 1297

[Pd(OCOMe)2(Et3N)2] 1626 =£1377".4 >249 26 >50
[Pd(OCOMe)2(Et2NH)2] ... 1582 =£1370".4 >212 ( —)(18 >57
[Pd(OCOMe)2(py)2] <1626' 1377, 1361, 1314," >239 =£23 >50

and/or 1297
[Pd(OCOMe)2bipy] s£l6264 1370 and/or 1328" >256 =£26 >57

" Among bands in the tuj region is the CH3 rock (ca. 1350). 4 Band obscured by absorption due
to Et3N, Et2NH, py, or bipy.

The compounds with nitrogen ligands are the most stable; the triphenylphosphine adducts
dissociate and decompose readily in warm solvents making measurement of molecular
weights impossible. A determination of the dipole moment of the diethylamine complex
indicated a /raws-configuration, and the other complexes are presumably also trans with the
exception of the 2,2'-bipyridyl complex [Pd(OCOMe)2bipy] which, since it is monomeric,
must have «'x-carboxylate groups.

The fluoro-carboxylates dissolve in warm acetone and yield well-defined air-stable
orange-red crystalline complexes of the composition [Pd(OCORF)2Me2CO]2; these are
dimeric in ethyl acetate at 37° and presumably have a structure of type I. Their infrared

RF R R
/CX /CX .Cs

RfOCOv /O Ox ^OCMe2 O _O On /O On ,Os
/ Pd Pd RC Pd Pd Pd CR

Me2CO XOn J}' NOCORf S0^ SOs O'' XOs
RF (i) R R (II)

/°\ /°X ^OCOR
RCs /PdN ^CR (III) (IV)O O ROCO L

spectra show strong bands at 1650 cm. 1 (CF3 complex) and 1653 cm."1 (C2F5 complex)
with weaker shoulders at 1626 and 1629 cm."1, respectively, one of which can be assigned
to the co-ordinated C!0 (acetone), and the other to co2 of the unidentate carboxylates.
This is comparable with the shift of the carbonyl band to lower frequencies (compared to
free acetone) in, say, the boron trifluoride-acetone complex 3 (1714—>- 1640 cm."1). A
further strong band around 1540 cm."1 can be assigned to co2 of the bridged carboxylates.



For the propionate and acetate, molecular weights indicating dissociation of the trimers
and corresponding to [Pd(OCOR)2(Me2CO)2] were obtained in boiling acetone, but crystalline
adducts could not be isolated. Interaction of the acetate and trifluoroacetate with

dimethyl sulphoxide yielded brown oils. Washing with diethyl ether produced the yellow-
brown powder [Pd(OCOCF3)2(Me2SO)2] (the acetate complex could not be solidified).
Dissolution of these oils in aqueous acidified tetraphenylarsonium chloride solution gave
the salt of the anion [PdCl3(Me2SO)]~. The infrared spectra contained a strong band at
1148 cm."1 (former) and 1124 cm."1 (latter) assigned to the SIO stretching mode 4 (i.e.,
S-bonded). Palladous chloride shaken with aqueous dimethyl sulphoxide followed by
acidified tetraphenylarsonium chloride produced the anion, further shaking of the original
solution giving orange crystals of [PdCl2(Me2SO)2] (prepared by Cotton et al.4). Precipit¬
ation of the anion is inhibited in alkaline soution, suggesting that the hydroxy-compound
is an intermediate. No precipitation occurred with tetraethyl(or methyl)-ammonium salts
but with n-butyltriphenylphosphonium bromide it did, showing that the physical size of
the cation is an important factor.

The carboxylate adducts containing nitrogen also dissolved in water, whereas the
phosphorus (and arsenic) adducts were completely insoluble. Furthermore, addition of
halogen ions to these aqueous solutions produced immediate precipitation of the corre¬
sponding halogeno-complex. Thus, the compound [PdBr2(Et2NH)2] was prepared from
the acetate complex and potassium or tetramethylammonium bromide. The compound is
a non-electrolyte in nitromethane, and precipitation is again inhibited in alkaline solution.

Infrared Spectra.—Previous work 5a has shown that, since the acetate ion possesses low
symmetry (C2„), no marked differences in spectra are to be expected for the various types
of co-ordinated structure possible. However, the effect on the frequency of changing the
metal is different for each structural type. Nakamoto et al.5b have shown-that for a series
of a-amino-acid complexes, bonded through only one oxygen, the antisymmetric COO"
stretching frequency (co2) increased and the symmetric COO" stretching frequency (oq)
decreased as the M~0 bond became stronger. Similar trends were also found in edta
complexes,5c the conclusion being that the shift in frequency is due to a breakdown in the
equivalence of the C-0 bonds so that the spectrum of the complex resembles more closely
that of the acid. For symmetrical co-ordination of the carboxylate ion, Nakamoto
et al.5a showed that both oq and o>2 shifted in the same direction when the metal was
changed. For the present compounds, it seems reasonable to assume that the palladium
atom has its normal square planar co-ordination, the trimers having both bridging and
chelate groups, and the monomers only chelate groups (II, III). Separation values of
oq and co2 comparable to that of the free ion support these symmetrically co-ordinated
structures, e.g., for sodium acetate 5a 164 cm."1.

However, infrared spectra (Table 1) show that, with one exception (the diethylamine
acetate complex), in their adducts of the type [Pd(OCOR)2L2] (in compounds where ligand
bands do not interfere with the assignment of co2 and in spite of ambiguities in assigning oq
in several instances) oq increases and oq decreases compared with the original carboxylates.
Similar variations of the COO" stretching frequency bands have been observed with
organotin carboxylates when the compounds are melted or dissolved in non-polar solvents
(conversion from co-ordination polymers containing bridged groups into monomolecular
species resembling organic esters being the explanation offered),6"-6 and in the cleavage
of bridged carboxylate systems such as rhodium carbonyl acetate and phthalate with
pyridine and triphenylphosphine.7 Hence, unidentate carboxylate co-ordination as in
(IV) rather than chelation is indicated. Why the acetate and propionate adducts contain
several bands in the oq region, whereas the fluoro-carboxylates have only one, is unknown;
the rhodium carbonyl carboxylate adducts also contain several.

In the compound Pd(OCOMe)2(Et2NH)2, the decrease of 18 cm."1 in oq can be attributed
to intramolecular hydrogen bonding between the NH hydrogen and the unco-ordinated



oxygen of the carboxylate group. A similar effect is observed in nickel acetate tetra-
hydrate, where an X-ray structural analysis 8 indicates monodentate co-ordination, but a
comparison with the free ion shows a lowering of co2 and a decrease in the separation 9 between
u1 and co2. This is attributed to hydrogen bonding (with water molecules) tending to
equate the C-0 bond lengths 8 (1-29 ± 0-02 and 1-31 ± 0-02 A), thus compensating for
the asymmetry produced through monodentate co-ordination.

Finally, although several investigators have shown that co2 is more sensitive than oq
to changes in the metal,5" the decrease in oq in this system, for the alkane- and arene-
carboxylates, is larger than the increase in o2 and can only be attributed to the change in
the mode of carboxylate bonding. Further evidence of this effect comes from the work on
organotin carboxylates (Table 2) and the cleavage of rhodium carbonyl carboxylates; the
explanation is at present unknown.

Table 2 6a

Solid state Dissolved state Difference Difference
(bridging) (CC14) - monodentate ^ (soln_} _ ^ (solid) _

Compound io2 aij co2 c»i co2 (solid) uij (soln.)
Triethyltin acetate 1572 1412 1655 1302 83 110
Tributyltin acetate 1572 1410 1647 1300 75 110
Trihexyltin acetate 1570 1408 1650 1304 80 104
Trimethyltin laurate 1567 1410 1642 1302 75 108

fn the fluoro-carboxylates, the decrease in oq is less than the increase in co2, but here
the strong positive inductive effect of the fluoro-group will accentuate the initial asymmetry
of the carboxylate group just as variation of metal-oxygen bond strength does, thus
accounting for a large increase in co2.

Diacetatoplatinum(n).—Diacetatoplatinum(n) was obtained by careful reduction with
formic acid of solutions of hexahydroxyplatinate(iv) in acetic acid. From chloroform,
purple crystals were obtained, which are trimeric in acetone, or chloroform at 37°
(osmometer), and trimeric ebullioscopically in benzene (80°) and chlorobenzene (132°).
However, X-ray powder photographs of platinum and palladium acetates show that the
compounds are not isomorphous, and therefore it is probable, but not necessarily so, that
the compounds also have different molecular structures.

Attempts to prepare similar monomeric adducts with nitrogen and phosphorus donors
produced compounds of uncertain compositions and very high molecular weights, e.g.,
with diethylamine a deep green solution was produced, with an analysis close to the
formula LFt3(OCOCH3)6(Et2NH)4]. The absorption spectrum of the acetate in benzene
solution (deep red) shows two charge-transfer bands at 519 m(x (e = 2000) and 402 m^
(e = 1940). However, the solid-state reflectance spectrum (350—1000 mja) is completely
different, showing a weak band at 925 mix, a broad band 567 mjx and indications of another
charge-transfer band at 350 ni|x (cf. solid and solution spectra for palladous acetate, which
are virtually identical).

The infrared Spectrum contains strong bands at 1562 (co2), 1429 (oq), and 689 cm."1
(COO~ deformation band). Thus, the retention of a trimeric structure at 132°, non-
isomorphism of powder photographs, and inability to cleave the acetate are clear evidence
for a difference in structure between these platinum metal carboxylates. Metal-unetal
interaction is a possible explanation of the intense coloration and stability of diacetato-
platinum.

Rhodium Carboxylates.—The original Russian findings on rhodium(n) acetate hydrate
have been confirmed as in recently published work.10 The formate, propionate, and
trifluoroacetate have also been prepared by the action of the appropriate acid upon rhodium
hydrous oxide. All these carboxylates readily react with donor-type ligands such as
triphenylphosphine, piperidine, etc., which replace the two water molecules of the dimer.
These adducts were prepared in alcoholic solutions and recrystallised from a variety of
solvents as pure crystalline species, for which complete analytical figures were obtained.

\



The " extremely insoluble " pyridine complex prepared by Johnson et al.10 from anhydrous
rhodium acetate was prepared via the hydrate and could be recrystallised from chloroform
and petroleum.

A 10"3molar aqueous solution of rhodium propionate hydrate has a molecular con¬
ductivity of 265 mhos and is acidic (cf. copper acetate hydrate which also ionises in aqueous
solution n) suggesting the equilibrium

[Rh2(0C0Et)4(H20)2] »- [Rh2(OCOEt)4(OH)2]2-+2H+
Proton magnetic resonance spectra showed the compounds to be diamagnetic; this

indicates that despite the formal bivalency of the rhodium, the d7 configuration is absent.
Infrared spectra showed strong bands corresponding to w2 and wx: rhodium formate

hydrate 1587 (w2), 1430 (oq), Aw 157 cm;1; rhodium propionate hydrate 1570 (w2), 1420
(coj), 150 cm;1; rhodium acetate hydrate 1580 (w2), 1430(wx), Aw 150 cm.-1.

Experimental

Micro-analyses and molecular weight determinations (Mechrolab osmometer at 37°, and
ebullioscopic) were made by the Microanalytical Laboratory, Imperial College. Infrared
spectra were measured on a Grubb-Parsons spectromaster grating instrument in Nujol and
hexachlorobutadiene mulls. Visible spectra were obtained with a Perkin-Elmer model 350
spectrophotometer and, in reflectance, with a Unicam S.P. 700 spectrophotometer. A-Ray
powder photographs of palladium and platinium acetates in Lindemann glass tubes were taken
with a Philips camera type PW 104 (11-46 cm. diarn. with nickel-filtered copper radiation;
ca. 3 hr. exposure).

Analyses of palladium compounds are given in Table 3.
Table 3

Analytical results for palladium carboxylato-compounds
Found (%) Required (%)

A A
(—

Compound C IT N O M M (solvent) C IT N O M M

Pd(MeCO„)2 21-4 31 .—. 28-5 —. 714 benzene 21-4 2-7 — 28-5 —■ 675

253 *
357 * acetone

(trimer)
225

Pd(EtC02)2 28-6 4-0 •— 25-1 —. 767 benzene 28-5 4-4 — 25-3 — 759

249 *
386 * acetone

(trimer)
253

Pd(PhCOa)2 47-8 3-2 — 18-4 — 1023 benzene 48-0 2-9 — 18-3 — 1047

1010*
1010* chloro-

(trimer)

benzene

Pd(CF3C02)2 14-8 — — — 31-5 332 ethyl
acetate

14-4 — — -—- 32-1 333

Pd(C2F5C02)2 16-9 — — — 25-2 434 16-6 — — ■— 24-7 433
Pd(MeC02)2py2 43-4 4-3 7-4 16-7 — 509 benzene 43-8 4-2 7-3 16-7 ■—• 383
Pd(PhC02)2py2 56-3 4-3 5-6 12-8 ■—■ 418 chloro¬

form
56-8 3-9 5-5 12-6 — 507

Pd(MeC02)2quin, f 54-5 4-7 5-8 13-3 —■ 492 54-8 4-2 5-8 13-3 — 483
Pd(MeC02)2(NHEt2)2... 390 7-7 7-6 17-4 —■ 379 benzene 38-9 7-6 7-5 17-3 — 371
Pd(MeC02)2(NEt3)2 ... 6-6 14-5 24-7 6-6 15-0 25-1
Pd (MeC02) 2bipy 7-3 17-3 348 chloro¬

form
— — 7-4 17-0 — 377

Pd(PhC02)2(AsPh3)2 ... 61-9 4-0 — 6-8 — 977 benzene 62-4 4-2 — 6-7 — 961

Pd(PhC02)2(PPh3)2 ... 68-3 4-9 — 7-4 — •— 68-7 4-5 — 7-3 — —-

Pd(MeC02)2(PPh3)2 ... 64-4 50 — 8-8. — -—- 64-1 4-8 — 8-5 — -—-

Pd(EtC02)2(PPh3)2 ... 65-2 5-2 — 8-3 —■ —■ 64-9 5-2 — 8-2 —- —

Pd(CF3C02)2(AsPh3)2... 50-8 3-3 —- — 10-7 954 ,, 50-8 3-2 —■ — 11-3 945
Pd(C2F5C02)2(AsPh3)2 48-6 3-0 —■ — 10-4 1070 ,, 48-2 2-9 —- — 10-2 1045
[Pd(CF3C02)2Me2C0]2 21-7 1-9 — — — 781 ethyl

acetate
21-5 1-5 — — — 782

(dimer)
[Pd(C2F6C02)2Me2C0]2 22-9 21 — — — 912 22-0 1-2 — — — 982

(dimer)
Pd(CF3C02)2[Me3S0]2 + 20-0 2-8 — 19-6 2-5 —

* Ebullioscopic. f quin = isoquinoline. | S: Found, 12-9; Required, 13-1.



Diacetatopalladium(ii).—Palladium sponge (10 g.) was boiled gently under reflux with a
solution of glacial acetic acid (250 ml.) and concentrated nitric acid (6 ml.) until evolution of
brown fumes ceased. A small residue of palladium should remain undissolved; if not, a little
more sponge should be added and boiling continued until no trace of brown fumes is observed.
This procedure is necessary to avoid contamination of the product with PdN02*0Ac. The
boiling brown solution is filtered and allowed to cool whereupon most of the complex separates
as orange-brown crystals [m. p., 205° (decomp.)] which are washed with acetic acid and water
and air-dried; the pale reddish-brown acetic acid mother-liquor may be used for further
preparations. The yield is virtually quantitative. Large crystals of the compound can be
prepared by dissolving it in warm benzene, mixing the solution with half its volume of glacial
acetic acid, and allowing the benzene to evaporate slowly at room temperature.

The diacetato-complex has also been prepared by the addition of glacial acetic acid to a warm
aqueous solution of palladous sulphate. The product contains small amounts of impurities
(or mixed complex) and always leaves an insoluble pink or brown residue when dissolved
in benzene.

The compound is soluble in chloroform, methylene dichloride, acetone, acetonitrile, and
diethyl ether, but is insoluble in water and petroleum and decomposes when warmed with
alcohols, in which it is also insoluble. It dissolves in aqueous potassium iodide to give Pdl2(s)
and a red solution of Pdl42-, but is insoluble in aqueous solutions of sodium chloride, nitrite,
and acetate. It is soluble with decomposition in aqueous hydrochloric acid to give PdCl42".
A-Ray data are given in Table 4.

Table 4

A-Ray values for palladium and platinum acetates
Palladous acetate Plalinous acetate

d d d d

(spac¬ Intens¬ (spac- Intens¬ (spac- Intens¬ (spac¬ Intens-

ing) 0 = 11^ ity) ing) 0=1M2 ity ing) 0 = 11^ ity ing) 0 = iM2 ity
8-067 0-015367 s 3-261 0-0940 s 8-857 0-012748 s 3-285 ~0-0927 w

7-099 0-019843 vs 3-237 0-0954 s 7-800 0-016437 vs 3-188 0-0984 vw

6-521 0-023516 s 2-974 0-1131 w 7-160 0-019506 s 3-084 0-1051 s

5-864 0-029081 s 2-889 0-1198 w 6-570 0-023167 vw 2-798 0-1277 m

5-546 0-032512 m 2-826 0-1252 vw 5-917 0-028563 vw 2-684 0-1388 s

4-962 0-040615 m 2-756 0-1317 m 5-469 0-033434 m 2-539 0-1551 m

4-794 0-043511 w 2-651 0-1462 m 4-952 0-040779 m 2-424 0-1702 m

4-503 0-049317 w 2-574 0-1509 m 4-557 0-048155 m 2-357 0-1800 m

4-131 0-058599 w 2-462 0-1650 m 4-151 0-058036 s 2-253 0-1970 m

3-715 0-0725 m 2-389 0-1752 m 3-898 0-0658 m 2-171 0-2122 m

3-598 0-0772 s 2-316 0-1864 s 3-566 0-0786 w

3-370 0-0881 s 2-206 0-2055 vw 3-430 0-0850 w

Dipropionatopalladium(n).—This complex was obtained in virtually quantitative yield in a
similar way, by using propionic acid and palladium sponge; it had m. p. 161—165°. The
orange-brown compound has properties very similar to those of the diacetate complex, but is
somewhat more soluble in cold organic solvents.

Dibenzoatopalladium(n).—A benzene solution of palladium diacetate and benzoic acid (mole
ratio 1 : 3) was evaporated on a steam-bath and the residue washed with acetone or diethyl
ether to remove benzoic acid. Recrystallisation from benzene gave the complex as a yellowish
brown solid, m. p. 220° (decomp.). It is soluble in chloroform and toluene, but decomposes on
warming with alcohols.

Di(trifluovoacetato)palladium(u).—A trifluoroacetic acid (ca. 15 ml.) solution of diacetato-
palladium (0-3 g.) was evaporated on a steam-bath and the evaporation repeated with a further
quantity (ca. 7 ml.) of acid. The residual complex was dried in vacuo (40°) to a brown powder,
m. p. 210° (decomp.). It is soluble in ether and acetone, but insoluble in benzene, chloroform,
and trifluoroacetic acid.

Di(pentafluoropropionato)palladium(u).—Like the di(trifluoroacetato)palladium(n) the com¬
plex is a brown powder, m. p. 195° (decomp.). Its solubility properties resemble those of the
di(tri-fluoroacetato)-complex.

Diacetatobispyridinepalladium(n).—Diacetatopalladium(u) was dissolved in pyridine and the
solution warmed (80°); chilling in ice gave pale yellow crystals of the complex, m. p. 185°



(decomp.), which were recrystallised from cold benzene. The compound is soluble in water
as well as in organic solvents.

Diacetato-2,2'-bipyridylpalladium(n).—Diacetatopalladium(u) (0-56 g.) in benzene (50 ml.)
was added slowly to 2,2'-bipyridyl (0-4 g.) in benzene (10 ml.) with stirring. The mustard-
coloured precipitate was washed with petroleum and recrystallised from benzene-dichloro-
methane to give the pale yellow complex, nr. p. 195° (decomp.); it is soluble in water and ethanol,
but insoluble in acetone and benzene.

Dibenzoatobispyyidinepalladium(u).—Dibenzoatopalladium(u) (0-3 g.) in benzene was shaken
with an excess (ca. 6 ml.) of pyridine and the white precipitate of the complex, m. p. 185°, were
washed with diethyl ether and dried in vacuo at room temperature.

Diacetatobisisoquinolinepalladium(n).—A solution of isoquinoline (3 ml.) in diethyl ether
(5 ml.) was added to diacetatopalladium(n) (0-3 g.) in benzene (5 ml.); the pale yellow complex,
m. p. 205° (decomp.), was dried in vacuo. It is insoluble in water and benzene, but dissolves
in warm nitromethane.

Diacetobis(diethylamine)palladium(ii).—A solution of diacetatopalladiunr(n) (0-5 g.) in
diethylamine (ca. 10 ml.) was filtered and evaporated to give pale yellow crystals of the complex,
which were.recrystallised from petroleum (b. p. 40—60°); it had nr. p. 125°, soluble in water,
ethanol, ether, petroleum, and benzene. By using the refraction method, the dipole moment
was calculated from the dielectric constant (e) measured withf a heterodyne-beat capacitance
meter; it was found to be zero within the limits of error.

Diacetatobis(triethylamino)palladium(u).—Diacetatopalladiunr(n) (0-2 g.) in triethylanrine
(ca. 10 ml.) was warmed, filtered, and chilled to 0° for 1 hr. The lemon yellow crystals of the
compound, m. p. 75° (decomp.), were dried in vacuo and analysed immediately. It is soluble in
organic solvents, but the solutions decompose rather quickly, especially on warming, making a
molecular weight determination impossible.

Diacetatobis(triphenylphosphine)palladium(u).—Diacetatopalladium(n) (0'04 g.) in benzene
was treated with an excess of triphenylphosphine (ca. 0-07 g.) in benzene. Addition of petroleum
(60—80°) to the resulting pale yellow solution gave on shaking slowly lemon-yellow crystals of
the complex, m. p. 135—136°, which were washed with petroleum and dried in vacuo (40°). It is
sparingly soluble in cold solvents; when warmed with benzene, the initial yellow solution
rapidly became red and then brown, depositing metallic palladium; attempts to isolate the red
species failed.

Dipropionatobis(triphenylphosphine)palladium(ii).—This was prepared in the same way as
the corresponding diacetate-complex, it is a pale yellow complex, m. p. 147—148°, which
decomposes rapidly in solution in warm solvents such as benzene and ethyl acetate.

Dibenzoatobis(triphenylphosphine)palladium(u).—This was prepared in the same way as the
corresponding diacetate-complex, giving very pale yellow crystals m. p. 192—193°. It dissolves
in warm benzene to give a yellow solution; low osmometric molecular weights (~500, req. 800)
indicate some dissociation.

Dibenzoatobis(triphenylarsine)palladium(n).—This was prepared in the same way as the
triphenylphosphine complex, but with an excess of triphenylarsine, to give bright yellow
crystals, m. p. 198—199°.

Di(tvifluoroacetato)bis(triphenylarsine)palladium(u).—The ditrifluoroacetate-complex (0-03 g.),
suspended in benzene (ca. 7 ml.), and a large excess of triphenylarsine (0-15 g.) were shaken
together until the solid had almost disappeared. The pale yellow solution was filtered, and
petroleum (b. p. 100—120°) was added slowly to give bright yellow crystals of the complex,
m. p. 192—193°, which were washed with petroleum (b. p. 30—40°) and dried in vacuo. The
compound is insoluble in water, but soluble in benzene, acetone, and chloroform, etc.

Di(pentafluoropropionato)bis(triphenylarsine)palladium(ii).—Prepared in the same way as
the corresponding trifluoroaceto-complex. It formed bright yellow crystals, m. p. 204—205°.

Di(trifluoroacetato)(acetone)palladium(u).—The bis(trifluoroacetatp)-complex was dissolved
in warm acetone to give a reddish-yellow solution, which when cooled gave the orange-red
crystalline complex, m. p. 183° (decomp.). It is soluble in warm ethyl acetate (decomposing
rapidly), but insoluble in acetone, benzene, chloroform, and ether. The bispentafluoro-
propionato-complex gave a similar complex, m. p. 180° (decomp.).

Ditrifluoroacetatobis(dimethyl sulphoxide)palladium(n).—Dimethyl sulphoxide was added
dropwise to a suspension of ditrifluoroacetopalladium(n) in benzene. The resulting yellow



solution was filtered, the benzene removed (<45° in vacuo), and the residual oil washed several
times with excess of diethyl ether to give a yellow-brown powder, m. p. 100° (decomp.).

Tetraphenylarsonium Trichloro(dimethyl sulphoxide)palladate(ii).—Diacetatopalladium(n) in
benzene was shaken for several hours with excess of dimethyl sulphoxide. After removal of the
benzene, the residual oil (or that from the corresponding trifluoroacetate reaction) was dissolved
in water and filtered into a concentrated acidified (hydrochloric acid) solution of tetraphenyl¬
arsonium chloride. The lemon-yellow crystalline salt, m. p. 190° (decomp.) was washed with
water, dried in a desiccator, and finally rewashed with ether (Found: C, 46-0; H, 4-0; CI, 16-1;
O, 2-5; S, 4-6. C26H26AsCl3OPdS requires C, 46-3; H, 3-8; CI, 15-8; O, 2-4; S, 4-7%). The
salt is a 1 : 1 electrolyte in nitromethane.

Infrared spectrum: 1471w, 1433s, 1389w, 1333vw, 1309vw, U76vw, 1124s (SIO, S-bonded),
1078m, 1020m, 995m, 965w, 930(w,broad), 746s, 741s, 694m, and 685s cm."1.

An identical material was obtained by shaking palladium (n) chloride with a 1 : 1 mixture of
dimethyl sulphoxide and water for several minutes, filtering the mixture, and then adding a
concentrated aqueous solution of acidified tetraphenylarsonium chloride. When the original
solution was shaken for ca. 30 min., orange crystals 4 of [PdCl2(OSMe2)2] were obtained; they
were washed with water and ether and dried; they had m. p. 190° (decomp.) [Found: CI, 21-3.
Calc. for C4H12Cl20,PdS,: CI, 21-2%]. The infrared spectrum is identical with that previously
reported.12

Dibromobis(diethylamine)palladium(n).—Diacetatobis(diethylamine)palladium(ii) was added
to a warm concentrated aqueous solution of potassium bromide. The immediate yellowish-
green precipitate was filtered off, washed several times with water, dried in a desiccator, and then
rewashed with ether; it had m. p. 180° (decomp.) [Found: C, 23-9; H, 5-25; Br, 38-5; N, 6-7.
Calc. for C8H22Br2N2Pd: C, 23-2; H, 5-3; Br, 38-7; N, 6-8%]. The compound is a non-
electrolyte in warm nitromethane.

Diacetatoplatinum.—Sodium hexahydroxyplatinate, Na2Pt(OH)6 (10 g.), was slowly added
with shaking to concentrated nitric acid (25 ml.) and the mixture heated until the solid had
dissolved. Most of the acid was removed by heating the flask over a free flame until a brown
syrup containing crystals of sodium nitrate remains. Glacial acetic acid (30 ml.) was added
and the mixture boiled until the nitrate crystals had become white; the solution was cooled and
filtered and the sodium nitrate crystals washed with acetic acid. The filtrate and washings
were transferred to another flask and boiled by swirling over a free flame until only a thick
orange-brown syrup remained; this treatment expelled most of the nitric acid. A further
30 ml. of acetic acid was added and a 20 : 80 mixture of 90% formic acid and glacial acetic acid was
added slowly with swirling to the boiling solution until no further brown fumes were evolved.
At this stage, the solution became dark brown and further addition of the formic acid solution
caused it suddenly to become bright green. The formic acid mixture was now added a few
drops at a time with vigorous boiling, whereupon the colour gradually turned to bright ultra¬
marine blue and, with the addition of further formic acid, to deep purple. Crystals of the
complex were suddenly precipitated at this point, but were always contaminated with a little
platinum black. The solution was cooled and the precipitate washed with cold acetic acid.
It should be noted that at every stage in this reduction with formic acid, the solution must be
kept boiled and well stirred for some time after every small addition of reducing agent; addition
of an excess causes rapid deposition of platinum black. After the brown fumes from the nitric
acid ceased to form, about 4—5 ml. of the formic acid solution were required to give the
maximum yield.

The crude purple crystals were extracted with chloroform and the filtered solution mixed
vvith half its volume of glacial acetic acid and set aside to evaporate at room temperature, the
resulting large crystals of the acetate were collected, washed with water, and dried in air.

The yield varied considerably; in some experiments most of the platinum was recovered as
the at/etate but in others the purple solutions gave no crystals. The compound gave almost
black crystals, m. p. 245° (decomp.) [Found: O, 19-3; Pt, 64-0; C-"CH3 (Kuhn Roth), 17-5%;
M (i/smometer) at 37° acetone and chloroform, 950 ± 2; (ebullioscopically) in benzene, 937;
chlorobenzene, 888. C4H604Pt requires O, 20-4; Pt, 62-3; C~CH3, 17-3%; M, 940 (trimer)].

The compound is soluble in chloroform, benzene, and toluene, giving purple solutions.
Rhodium Carboxylates.—The rhodium carboxylates were prepared by refluxing rhodium

hydrous oxide in an excess of formic, acetic, or propionic acid and ethanol. The yellow solution



gradually turned amber and then green. The solution was cooled, and the dark green powder
that was precipitated was filtered off. The products were recrystallised from methanol or water
and were stable up to 240°.

The trifluoroacetatorhodium(ii) complex was prepared by the action of trifluoroacetic acid
on the hydrous oxide followed by extraction of the reaction mixture with dichloromethane.
The blue-green product was recrystallised from benzene.

Diacetatopyridinerhodium(n). Pyridine was added dropwise to a cold, methanolic solution
of the trifluoroacetato-complex (mole ratio 2 : 1), and the product was obtained as dark red
crystals, which after recrystallisation from chloroform and petroleum had m. p. 225° (decomp.)
(Found: C, 30-4; H, 3-7; N, 4-8; O, 21-6. Calc. for C^HnNC^Rh: C, 36 0; H, 3-7; N, 4-7;
O, 21-3%).

Dipropionatopyridinerhodium(u) and diformatopyridinerhodium(n). These were similarly
prepared, the propionate complex being rccrystallised from cyclohexanc and petroleum and the
formate complex from dichloromethane. The propionato-complex (Found: C, 40-8; H, 4-6;
N, 4-8; O, 19-7. C11H15N04Rh requires C, 40-3; H, 4-6; N, 4-8; O, 19-7%); the formate
complex (Found: C, 31-6; H, 3-5; N, 5-4. Calc. for C7H7N04R1i: C, 310; H, 2-6; N, 5-2%)
m. p. 145° (decomp.). This compound was first prepared by Chernyaev et al.13 who assigned it
the composition [PyHRh[(HOCO)2].

Diacetato(triphenylphosphine)rhodium(n). This complex was prepared by the addition of
triphenylphosphine in diethyl ether to a cold methanolic solution of the diacetato-complex.
The orange powder that was immediately precipitated, was recrystallised from chloroform
(Found: C, 54-8; H, 4-6. C22H2104PRh requires C, 54-6; H, 4-6%).

Dipvopionato[triphenylphosphine)rhodium(u). This complex was similarly prepared from
the dipropionato-complex and was recrystallised from cyclohexane [Found: C, 56-4; H, 4-9;
O, 12-3%; M (ebullioscopic in benzene), 992. C24H2504PRh requires C, 56-4; H, 4-9; O,
12-5%; M, 1023 (dimer)].

Diformato(triphenylphosphine)rhodium(ii). This complex was similarly prepared from the
diformato-complex; it was recrystallised from chloroform and petroleum giving orange crystals,
m. p. 165° (decomp.) (Found: C, 52-8; H, 4-0. C20H17O4PRh requires C, 52-6; H, 3-8%).

I)ipropionatopiperidinerhodium(u). This was prepared by the dropwisc addition of piper-
idine to a cold, methanolic solution of dipropionatorhodium(n). it was recrystallised from
petroleum, forming dark red crystals, m. p. 115° (Found: C, 40-0; H, 6-1; N, 4-3.
CuH21N04Rh requires C, 39-5; H, 6-3; N, 4-2%).

Dipropionatoisoquinolinerhodium(n). isoquinolinc in diethyl ether was added to a cold,
methanolic solution of dipropionatorhodium(n). Dark red crystals formed immediately and
were recrystallised from cold benzene and petroleum (Found: C, 48-3; H, 4-9; N, 3-6; O, 16-9.
C15H17N04Rh requires C, 47-6; H, 4-5; N,3-7; O, 16-9%).

Di(trifluoroacetato)pyridinerhodium{u). Pyridine was added dropwise to a cold ethanolic
solution of di(trifluoroacetato)rhodium(ii). Red crystals formed, and were recrystallised from
dichloromethane (Found: C, 26-5; H, 2-1. C9H5F6N04Rh requires C, 26-4; H, 1-2%).
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Abstract—The interaction of hydrated ruthenium trichloride with carboxylic acid-acid anhydride
mixtures gives crystalline complexes of formula [Ru2(OCOR)1C1], (R = Me, Et, "Pr), where the
ruthenium atoms have formal oxidation states of II and in.'1' These complexes have high magnetic
moments over the temperature range 300-100°K and appear to be the first spin-free complexes of
ruthenium to be prepared. Other less well-defined ruthenium carboxylates are described.

The interaction of hydrated ruthenium (III, IV) oxide with glacial acetic acid was
claimed to give<2) the binuclear complex [Ru(0C0Me)20H(H20)]2, which on hydrol¬
ysis yielded [Ru2(0C0Me)3(0H)3(H20)2] and [Ru2(0C0Me)(0H)5(H20)2]. Other
products from the same reaction were [Ru(OCOMe)2OH]2 and [Ru,(OCOMe)5OH];
with formic acid, the basic trinuclear complex, [Ru3(0C0H)6(0H)2]HC02-5H20, was
obtained. Our attempts to repeat this work have, however, proved unsuccessful. By
reduction of ruthenium tetroxide with acetaldehyde in anhydrous acetic acid-carbon
tetrachloride mixtures, Martin<3) obtained [Ru3(OCOMe)6(OH)2]OCOMe-7HoO
analogous to the trinuclear basic complexes of chromium and iron (III). The chlorides
of the latter have recently been reformulated [M3(0C0Me)60(H20)3]Cl-xH20,('1>
(M = Fe, Cr); hence the ruthenium complex is probably

[Ru3(0C0Me)60(H20)3]0C0Me-5H20.
Interaction of this complex with pyridine followed by the addition of chloroplatinic
acid in dilute hydrochloric acid gave [Ru3(0C0Me)6(py)5]Cl[PtCl6]-7H20(?).

In the present paper we report the interaction of hydrated ruthenium trichloride
and oxide with carboxylic acid-acid anhydride mixtures.

RESULTS

Carboxylatoruthenium chlorides
The interaction of commercial hydrated "ruthenium trichloride" with carboxylic

acid-acid anhydride mixtures on refluxing in a stream of oxygen for several hours
gave carboxylates of the unusual stoichiometry Ru2(OCOR)4C1. The acetate is
insoluble in common organic solvents save hot methanol, but the solubility increases
with the length of the alkyl chain (cf., rhenium chlorocarboxylates(5)). Thus, the
propionate is soluble in warm methanol and ethanol and the n-butyrate in cold
methanol, ethanol, warm acetone and hot n-butyric acid. The first two are soluble

111 Preliminary note: Chemy Ind. 544 (1964).
121 A. W. Mond, J. chem. Soc. 1247 (1930).
,s> F. S. Martin, J. chem. Soc. 2682 (1952).

B. N. Figgis and G. B. Robertson, Nature, Lond. 205, 694 (1965).
151 F. Taha and G. Wilkinson, J. chem. Soc. 5406 (1963).
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in hot water, giving yellow-brown solutions; the n-butyrate sparingly so. The
addition of tetraphenylboron ion to these aqueous solutions (which had a con¬
ductivity corresponding to that of a 1:1 electrolyte) gave fairly unstable orange
precipitates, (1:1 electrolytes in acetone and nitrobenzene), of stoichiometry
[Ru2(0C0R)3(0H)H20] [BPhJ, (R = Me, Et). The i.r. spectra of these solids
contain bands in the hydroxy region, not found in either sodium tetraphenylboron
or the original complexes while the aqueous solutions from which they are obtained
are acidic, suggesting that hydrolysis of the carboxylates occurs. Since the tetra-
phenylborate salt of the acetate complex has the same magnetic moment as the
original chloride, the co-ordination of both hydroxo and aquo groups is necessary to
maintain the same oxidation state for ruthenium. The acetate and n-butyrate are
also completely ionized in methanol. Thus, molecular weights in this solvent confirm
the binuclear structure of the complexes.

Magnetic moments. Assuming that the carboxylate groups are bridging between
the metal atoms (see later) then, in a binuclear ion [Ru2(OCOR)4]+, one ruthenium
atom must be in the formal oxidation state II and the other III. All known complexes
of ruthenium (II), d6 are octahedral and diamagnetic; those of ruthenium (III),
d5, are spin-paired with a magnetic moment of ~2B.M. (provided the compound is
magnetically dilute). The present compounds should therefore have given a low
value of peS. However, the values found for all three complexes in the solid state as
Ru2(OCOR)4C1, in solution in methanol, and for the tetraphenylborate salt of the
acetate in nitrobenzene, were between 2-7 and 3-4 B.M. per ruthenium atom (or
4-4-6 B.M. per dimer) (Table 1).

Table 1.—Magnetic data for ruthenium chlorocarboxylates

106Zm (corr)
Compound Method T°K (cgs) felt B.M.»

[Ru,(OCOMe)4Cl} Gouy (solid state) 298 3446 2-88

[Ru,(OCOEt),Cl] NMR (MeOH) 294 3596 2-92

Gouy (solid state) 292 3169 2-76

[Ru,(OCOPr)4Cl] NMR (MeOH) 294 4789 3-37

[Ruj(OCOMe)3(OH)H20][BPh4J Gouy (PhNO,) 292-5 3965 3-06

* From spin-only formula and per Ru atom.

It is impossible to correlate these v«ry high values with the presence in the com¬
plexes of only one unpaired electron and hence if the stoichiometry is indeed correct,
a spin-free system must be invoked. If the empirical formula were [Ru2(OCOR)4OC1],
this could accommodate the magnetic moment (i.e. 3 unpaired electrons from
oxidation states III and IV, di, giving ~4 B.M. per molecule) and the fact that the
preparation reaction is facilitated by oxygen. The carbon, hydrogen and chlorine
percentages are very similar for both formulations, but there is a 2 per cent
difference in the oxygen figure. However, analyses correspond well to the formula
Ru2(OCOR)4C1; furthermore, there are no bands in the 1000-650 cm-1 region
corresponding to either Ru=0 or Ru—O stretching vibrations.

Another feature of the magnetic properties of these compounds is that there is
apparently very little ferro- or antiferromagnetic interaction in the temperature range
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300-100°K. Thus, the acetate has a /ueS of 2-88 B.M. per ruthenium atom at 298°K,
2-71 B.M. at 105-7°K, no dependence of susceptibility on field strength, and a reason¬
able adherence to the Curie-Weiss Law (6 = 20°) (Table 2). This suggests that the
metal-metal distance in these systems is large enough to prevent direct orbital
overlap, the small depression in moment possibly arising from superexchange inter¬
actions via the carboxylate bridges (cf. Cu(HC02)2-4H2Ol6)). Hence, in methanolic
solution, the complexes may have co-ordination of the ruthenium atom by the oxygen
atoms of carboxylate groups with the remaining co-ordination site occupied by a
solvent molecule. The i.r. spectra of the propionate, before and after crystallization
from methanol were identical and together with the analytical data show that there is
no co-ordinated solvent in the solid.

Table 2.—Variation of Xm (corr) and nelt with temperature for [Ru(OCOMe)4Cl]

T°K

108 *M(corr),
(cgs)

— (corr)
Xtn

/'eff B.M.*

298 3446 291-2 2-88
273 3752 266-8 2-87
255 4000 250-0 2-87
228 4416 227-1 2-85
208 4824 207-7 2-84
191-5 "5224 191-7 2-84
166-5 5854 171-0 2-80
143-5 6633 150-9 2-77
105-7 8578 116-8 2-71

* Per Ru atom.

In the solid state, the structure of Ru2(OCOR)4C1 could be ionic, or less likely, it
could be polymeric involving single chlorine bridges between ruthenium atoms of
adjacent carboxylate bridged dimers. The far i.r. spectrum of the acetate shows two
sharp bands at 403 and 341 cm-1 which could be assigned to M-O and M-Cl stretching
modes respectively. However, these occur in the region found for terminal M-Cl
stretching vibrations of other second and third row transition metal complexes1"
and the Ru-Cl-Ru stretching mode would thus be expected to occur at a lower
frequency. Attempts to prepare the corresponding bromides Ru2(OCOR)4Br, where
a shift of the 341 cm-1 band to lower frequencies would be expected if this were due
to a metal-halogen stretching-mode were unsuccessful.

Infra-red and electronic spectra. Apart from -CH stretches, the i.r. spectra
contain no bands above 1500 cm-1. In the 1500-1400 cm-1 region, there are several
bands assignable to antisymmetric («2), symmetric (a^) carboxyl stretching and -—CH
bending vibrations. Thus, the separation between a>2 and aq is very small ( <80 cm-1)
suggesting symmetrically co-ordinated carboxylate groups.<8) Other characteristic
bands such as the-CH3 deformation (1350 cm-1) and OCO deformation (~690 cm-1)
frequencies are readily assigned.

M. Kato, H. B. Jonassen and J. C. Fanning, Chem. Rev. 64, 99 (1964), and references therein.
R. J. H. Clark and C. S. Williams, lnorg. Chem. 4, 350 (1965): D. M. Adams, J. Chatt, J.
Gerratt and A. D. Westland, J. chem. Soc. 734 (1964).

181 For discussion see T. A. Stephenson, (Mrs.) S. M. Morehouse, A. R. Powell, J. P. Heffer and
G. Wilkinson, J. chem. Soc. 3632 (1965).
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The electronic absorption spectra of all three complexes and the tetraphenylborate
salt of the acetate in aqueous or methanolic solution are almost identical, each having
a single symmetrical band at 422-25 m/r (e = 750) (acetate); 1040 (propionate);
830 (n-butyrate). In addition, there are weak inflexions at ~550 m/i, which may be
due to d-d transitions, e.g. acetate, 525 (e = 12); propionate, 535 (e = 16). Below
350 mn, there are charge-transfer bands at <~310, 280 mju (e > 2000). The solid
state reflectance spectra of the acetate, both before and after dissolution in methanol
are identical, showing a single broad band at 464 m/i.

Reactions with donor ligands. The compounds react with several nitrogen and
phosphorus donors to give a mixture of products. The products from interaction
with pyridine have been separated as acetone-soluble green solids of composition
[Ru(OCOR)2py2], and less soluble yellow solids [Ru(OCOR)2py4] (R = Me, Et).
Both types are non-electrolytes; in solution, the yellow species rapidly turn green
especially on warming. The i.r. spectra of the yellow complexes suggest monodentate
carboxylate co-ordination and they are presumably octahedral ruthenium (II) species.
In the green complexes, a lower value of co2 — w1 suggests symmetrical co-ordination
Similar complexes of iron (II)(9) have been prepared by the action of pyridine on
anhydrous ferrous acetate. The tetrakispyridine complex is converted to the bis-
pyridine complex at 100°.

Other ruthenium carboxylates
In addition to the brown crystalline powders, emerald-green solutions were

produced on refluxing ruthenium trichloride with carboxylic acid-acid anhydride
mixture for several hours. On removal of the solvent from the acetic acid reactions,
or by addition of excess diethylether, a very soluble (methanol, ethanol and water)
dark-green powder was obtained, consistently close in analyses to [Ru(0C0Me)2H20]2.
However, it always contained ~3 per cent chlorine together with weak bands in the
i.r. spectrum at 2062 and 1988 cm-1 presumably due to carbon monoxide. The
interaction in the absence of acetic anhydride gave a material with no bands in the
i.r. at 2000 cm-1 but on re-evaporating this to dryness with acetic anhydride weak
carbonyl peaks were again evident.

Attempts to remove the impurities included solvent extraction, high vacuum
sublimation, recrystallization (too soluble) and chromatography on cellulose, silica
and acid-washed alumina. The last method removed the carbonyl bands (although
~2 per cent chlorine was still present) but also trimerized the complex, changing its
chemical properties, i.r. and absorption spectra. The carbonyl impurity could also be
removed by careful reprecipitation by ether from a concentrated warm methanol
solution, the analysis remaining unchanged (but still containing 2 per cent chlorine).
Refluxing for a short period with excess silver acetate in methanol then removed the
chlorine, the product having the same i.r. spectrum as the original but the closest
formulation was now [Ru^OCOMe^.^HjO)^]. This material was virtually
diamagnetic (0-7 B.M.), a non-electrolyte in methanol and water with acetate bands
in the i.r. at 1538 (coj and 1418 (wj indicating symmetrical co-ordination. Pre¬
cipitation from warm methanol gave a methanolic species (i.r.) which slowly reverted
to the original species on standing in air.
1,1 Von H. D. Hardt and W. Moeller, Z. anorg. allg. Chem. 313, 57 (1961).
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After Ru2(OCOMe)4Cl was removed, another portion of the green solution was
refluxed for several more days in oxygen. It became bluer in colour, and finally
deposited a very insoluble greenish-black powder, containing no chlorine. Its i.r.
spectrum showed extremely weak carbonyl peaks, no co-ordinated water and bands
at 1661, 1515 cm-1 (co2) and 1389, 1309 cm-1 (tOj), indicative of both symmetrical and
unsymmetrical acetate groupings. The analysis corresponds to [Ru2(OCOMe)6]
(cf. the mixed ferrous-ferric complex [Fe^OCOMe^]'9' but this is probably a
coincidence.

In order to avoid the formation of carbonyl species, the acid anhydride was
omitted but the use of pure carboxylic acid alone led to the formation of dark-green
solutions and insoluble black precipitates, both of which contained much chlorine
(~10-20 per cent) and gave meaningless analyses. Attempts to separate the com¬
ponents of the dark-green solutions which are chemically and spectroscopically
different from the emerald-green solutions obtained with anydride present failed.

In order to eliminate complications due to chloride, hydrous ruthenium oxide was
refluxed in an acetic acid-acetic anhydride mixture for ~3 hr in oxygen. From
the emerald-green solution a dark-green product was obtained which showed
weak carbonyl bands in the i.r. at 2062 and 1988 cm-1 (the impurity which
caused them could be removed by ether reprecipitation) and had empirical formula
[Ru2(0C0Me)4.5(H20)15]. Similarly, with propionic acid-propionic anhydride, a
material very close in analysis to [Ru2(0Et4.5)(H20)1.5] was obtained. With acetic
acid alone, a dark-green solution was obtained giving a very soluble greenish-black
solid (no carbonyl bands) which analysed for [Ru2(0C0Me)30H-(H20)2] (practically
the only combination of ruthenium, acetate and water which Mond(2) did not find).
Attempts to separate and purify these very soluble species have been unsuccessful.

EXPERIMENTAL

Microanalyses and molecular weight determinations (Mechrolab osmometer, 37°) were by the
Microanalytical Laboratory, Imperial College, and A. Bernhardt, Miilheim. M.p.s were determined
with a Kolfer hot-stage microscope and are uncorrected. Infra-red spectra were taken in Nujel and
hexachlorobutadiene mulls, using a Grubb-Parsons grating "Spectromaster" instrument. Electronic
spectra were obtained using a Perkin-Elmer Model 350 spectrophotometer and in reflectance, on a
Unicam SP 700 spectrophotometer. Bulk susceptibility measurements were made by the standard
Gouy method. The magnetic susceptibilities of solutions were determined by Gouy solution and the
NMR method,(10) using tetramethylsilane as the reference and a Willmad concentric tube. The spectra
were recorded on a Varian Model 43100 at 56-6 Mc/s. Molar conductivities (A ohm cm-1) are for
0 001 M solutions.

The "ruthenium trichloride trihydrate" (Johnson-Matthey Ltd.) used in this work is a mixture of
hydrated trichloride, tetrachloride and various polynuclear species. However, the use of ruthenium
(III) chloro complexes, obtained by evaporating the commercial "trichloride" to dryness several times
with concentrated hydrochloric acid, gave the same products.

Interaction of hydrated ruthenium "trichloride" with an acetic acid-acetic anhydride mixture
Commercial "RuCls3HsO" (1 g) was gently refluxed with a mixture of glacial acetic acid (35 ml)

and acetic anhydride (7 ml) in a slow stream of oxygen. After <-—1 hr, the initial brown solution had
become dark green. The solution was cooled, filtered and the black residue (which partially dissolved
in hot water giving a green solution) was discarded. Refluxing was then continued for —5-6 hr until
the solution became emerald-green in colour. After cooling, reddish-brown microcrystals of tetra-
acetatodiruthenium (II, III) chloride were removed, washed with glacial acetic acid, followed by small

D. F. Evans, J. chem. Soc. 2003 (1959).
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portions of methanol and diethylether, and dried in vacuo (40°) [0-6 g, m.p. 230° (decomp.)] [Found:
C, 20-5; H, 2-6; CI, 7-5; O, 27 0 per cent; M, (methanol), 244. QHnCICVRu, requires C, 20-2;
H, 2-5; CI, 7-50 O, 26-9 per cent; M (for 1:1 electrolyte), 238]; A, water 127, methanol 100. The
same compound can also be obtained in a nitrogen atmosphere but it is necessary to reflux the mixture
for ~15 hr to produce an emerald-green solution.

On vacuum evaporation of the emerald-green solution, the material obtained gave analyses
consistently close to [RufOCOMeXHjO], [Found: C, 19-9; H, 4-1; O, 33-3; M, (methanol) 460.
QHgOjRu requires C, 20-2; H,3-4; 0,33-6 percent; M, (dimer), 476], It also contained—3 percent
chlorine and carbonyl-containing impurities. The latter could be removed by reprecipitation of the
material from warm methanol with ether. [Found: C, 20-0; H, 3-8; O, 33-1; M, (methanol) 500].
The chlorine could be removed by refluxing a methanol solution of the material with silver acetate; m.p.
250° (decomp.). The product then had [Found: C, 21-7; H, 3-5; O, 33-9. [Ru^OCOMeWH.OX.g]
requires C, 21-8; H, 3-3; O, 33-9 per cent].

Refluxing the green solution in oxygen for several days still gave a product with analyses close to
[Ru(OCOMe)2HjO]j, e.g. after 4 days in oxygen, a turquoise-blue powder was precipitated out by
ether [Found: C, 20-6; H, 3-3; O, 33-3 per cent]. Finally, (—6 days) an insoluble greenish-black
powder was deposited [Found: C, 24-4; H, 3-3. C,0H15O10Ru1 requires C, 241; H, 3 0 per cent].

Interaction ofhydrated ruthenium oxide with an acetic acid-acetic anhydride mixture
Hydrated ruthenium oxide (0-5 g) obtained by addition of sodium hydroxide to the aqueous

solution of ruthenium (III) chloro-complexes, was gently refluxed with a mixture of glacial acetic acid
(35 ml) and acetic anhydride (7 ml) in a stream of oxygen for —3 hr. The resulting emerald-green
solution was evaporated. The product was dissolved in methanol, precipitated with ether to remove
the carboxyl-containing impurities and dried in vacuo (60°) for several hours; m.p. 250° (decomp.).
[Found: C, 21-7; H, 3-5; O, 33-4 per cent]. The material appears to be identical to the purified prod¬
uct obtained from the interaction of the trichloride with acetic acid and acetic anhydride. The
closest formulation is [RujfOCOMeX.jfHjO^.j].

Tetrapropionatodiruthenium (II, III) chloride
As for the acetate, using the trichloride (1 g), proponic acid (35 ml) and propionic anhydride

(7 ml). Again, the reaction was stopped after -—-1 hr and the initial precipitated material removed.
The resulting dark brown micro-crystals of the complex were well-washed with acid and ether and
dried in vacuo [0-65 g; m.p. >270° (decomp.)], [Found: C, 27-4; H, 3-9; CI, 7-1; O, 24-0; M
(methanol), 331. C.aHaoClOgRu, requires C, 271; H, 3 8; CI, 6-7; O, 24-1 per cent; M (for 1:1
electrolyte), 265]; A (methanol), 67.

Although the emerald-green filtrate obtained from this reaction was not extensively investigated,
it also contains weak carboxyl bands in its i.r. spectrum at 2062 and 1988 cm-1 with extra bands
arising from the —CjH5 grouping.

Interaction of hydrated ruthenium oxide with a propionic acid-propionic anhydride mixture
As for the acetic acid reaction, giving an emerald-green solution. The product, reprecipitated from

methanolic solution to remove the carbonyl-containing impurities, was dried in vacuo (60°) for several
hours; m.p. 280° (decomp.). [Found: C, 28-7; H, 4-2; O, 29-4 . [Rut(OCOEt)4.s(HtO)i.5] requires
C, 29-0; H, 4-5; O, 30-0 per cent].

Tetra-n-butyratodiruthenium (II, III) chloride
As for above, using the trichloride (1 g), n-butyric acid (35 ml) and n-butyric anhydride (10 ml). No

attempt was made to remove impurities after ~1 hr since the complex is soluble in hot n-butyric acid.
Instead, after formation of the emerald-green solution (—6 hr), the mixture was filtered while still hot
and then cooled at 0° overnight, when dark brown crystals of the complex were deposited. These were
recrystallized from hot /i-butyric acid, washed with diethylether and dried in vacuo (0-6 g) m.p. >270°
(decomp.)). [Found: C, 33-0; H, 5 0; CI, 6 2; O, 21-9; M (methanol), 290. CnHjeClOaRu,
requires C, 32-8; H, 4-9; CI, 6-0; O, 21-8 per cent; M, (for 1:1 electrolyte), 294]; A (methanol) 95.
The reaction must be stopped as soon as the emerald-green solution is formed. If left overnight, it
turns dark green and no brown crystals are deposited on cooling.
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Tetraphenylborates of the acetate andpropionate
Addition of an excess concentrated aqueous solution of sodium tetraphenylboron to strong aqueous

solutions of the acetate or propionate gave immediate orange-brown crystalline precipitates. These
were centrifuged, washed several times with small portions of distilled water, followed by petroleum
(60-80°) and were finally dried in an evacuated desiccator for several hours. For the acetate [Found:
C, 491; H, 4-7; O, 17 4; M (acetone), 374. C2„HS2BO,Ru2 requires C, 49-0; H, 4-4; O, 17 4 per
cent; M, (for 1:1 electrolyte), 367]; A (acetone), 97, (nitrobenzene), 18. For the.propionate, [Found:
C, 51-2; H, 5-2; 0,16-7; M, (acetone), 373. C,sH„BO,Ru, requires C, 510; H, 4-9; O, 16-5 per
cent; hi, (for 1:1 elecrolyte), 388], The analyses on different batches of products were essentially
identical. The test for chloride was negative. The formulation [Ru,(OCOR)j(OH)HjO](BPhLi) is
the only formula which fits the analysis for both the acetate and propionate and is consistent with the
presence of hydroxy bands in the i.r., the acidic pH of the aqueous solution and the magnetic data.
The acetate has bands in the i.r. at 3509(sh), 3425 cm-1; the propionate at 3528 and 3413 cm"1 and
both have a weak band at —1600 cm-1 attributed to the HOH bending vibration. There are no
carboxylate vibrations in the i.r. >1500 cm-1. Left in air, the solids slowly turn dark brown with no
apparent charge in the i.r. spectra. They are soluble in acetone, methanol, nitrobenzene but the
solutions darken over several hours and decompose immediately on warming, making recrystallization
impossible.

Interaction of the chlorocarboxylates with pyridine
The acetate or propionate was warmed on a steam bath with excess dried pyridine (in air or

nitrogen) giving initially a yellow-brown solution which quickly turned dark green. Removal of the
excess pyridine gave a mixture of yellow and green complexes. Careful extraction with acetone left
a residue of pure yellow dicarboxylato-tetrakispyridineruthenium (II) which was carefully washed
with more acetone, then petroleum (30-40°) and dried in an evacuated desiccator. For the acetate,
m.p. 190°(decomp.). [Found: C.53-3; H.4-8; N,10-2; 0,11-5; M (methanol), 376. C24H26N404Ru
requires C, 53-7; H, 5-5; N, 10-4; 0,11-9 per cent; M, 536]. For \htpropionate, m.p. 210° (decomp.)
[Found: N, 10-3; O, 11-5; C16Hs0N4O4Ru requires N, 9-9; 11-3 per cent]. The acetone solution of
the green solid (plus some yellow) was left to stand for several days in air in order to convert all of the
yellow to the green material. The solvent was removed, the product washed with petroleum (30-40°)
and dried in an evacuated desiccator to give the very soluble green dicarboxylatobis(pyridine)ruthenium
(II) complexes. For the acetate, m.p. >240° (decomp.) [Found: 6-9; O, 16-5; M (methanol), 388.
ChH16N204Ru requires N, 7-4; O, 16-9 per cent, M, 378]. For the propionate, m.p. >260° (decomp.),
[Found: N, 7-3; CJ6H20N2O4Ru requires N, 6-9 percent]. None of the complexes contained chlorine.
They are all very soluble, the green complexes especially, in acetone, alcohols and in water. The low
value for the molecular weight of Ru(OCOMe)2py4 is probably due to the fact that the solution turned
green during the measurements.

Infra-red spectra (co1io1 cm-1): [Ru(OCOMe)2py4], 1585, 1319; [Ru(OCOEt)2py4], 1587, 1348;
[Ru(OCOMe)2py2], 1577, 1538, 1410; [Ru(OCOEt)2py2], 1575, 1538, 1408.

Acknowledgements—We thank E.I. du Pont de Nemours and Co. for financial assistance (T. A. S.)
and Johnson-Matthey Ltd., for loan of ruthenium trichloride.
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Acetato complexes of palladium(II)

CReceived 10 March 1967)

We have reported111 the preparation of palladium(II) carboxylates and a number of monomeric
adducts of the type [Pd(OCOR)2L2] (R = Me, Et, CF3; L = Ph3P, py.), the latter being obtained by
the action of the ligand L in large excess (>1:4 mole ratio) on [Pd(OCOR)2]3. By using ratios of only
1:2 we have now prepared complexes of the type [Pd(OCOCH3)2L]2 (L = Ph2As, Ph3P). These
dimeric complexes may be assigned a structure in which there are both bridged and unidentate car-
boxylate groups. Corresponding halogeno complexes of the type [PdCl2L]2 of amines, phosphines or
sulphides are well known12' and are usually isolated in the trans form although the thio-bridged
complex [Pd2(PPr3)2(SEt)2Cl2] can be isolated in the cis form. The only other carboxylate complexes
of similar structure are the acetone adducts111 of palladium trifluoroacetate and perfluoropropionate,
[Pd(OCORF)2Me2CO]2. The new complexes are insufficiently soluble in benzene to allow the dipole
moments to be detemined, so that we cannot determine whether the cis or trans forms are the most
stable. The i.r. data in Table 1 confirm the presence of both bridging and unidentate groups; the
position of the carboxylate bands has been discussed previously111 in some detail.

Table 1.—Infrared spectra of palladium(II) carboxylate complexes (cm-1
in nujol mulls) on Grubb-Parsons grating "Spectromaster"

Bridge Unidentate
Compound eo2 COi co2 CO!

[Pd(OCOMe)2PPh3]2 1580 1411 1629 1314

[Pd(OCOMe)2AsPh3]2 1582 1410 1631 1314

[Pd(OCOCF3)2Me2CO]2 1541 1429 1650 or

1626* 1362

[Pd(OCOC2F6)2Me2CO]2 1543 1414 1653 or

1629+ 1634

* One band is the C=0 stretch of co-ordinated acetone; see P. Chalandon
and B. P. Susz, Helv. chim. Ada 41, 697 (1958).

Attempts to prepare similar complexes from palladium(II) benzoate were unsuccessful, the prod¬
ucts being only the monomeric adducts. Further an attempt to isolate the pyridine adduct of the
acetate failed since the orange material first obtained decomposed quite rapidly.

The complex [Pd(OCOCH3)2PPh3]2 reacts readily with additional triphenylphosphine, the bridge
cleaving to give tra«>[Pd(OCOCH3)2(PPh3)2]; similarly the triphenyl arsine complex can be cleaved
with pyridine to give Pd(OCOCH3)2py2. In no case is there any evidence for mixed ligand complexes.

EXPERIMENTAL

Analyses and molecular weights (Mechrolab Osmometer) by the Microanalytical Laboratory,
Imperial College.

Triphenylphosphine acetato paUadium{lI)-Hs-acetato-triphenylphosphine acetato palladium{II)
To palladium (II) acetate (0-08 g) in benzene (20 ml) was added triphenylphosphine (0-04 g).

To the resulting red solution was added diethyl ether when orange crystals of the complex were
precipitated. These were washed with ether and dried in vacuum (40°); yield essentially quantitative,
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m.p., 140-141°. (Found: C, 54 0; H, 4-5; 0,13-3%; M(CHC1S), 914. C22H2104PPd requires C, 54-2;
H, 4-3; O, 13-2%. M(dimer), 974.) The compound is soluble in dichloromethane and chloroform,
but is insoluble in ethanol, tetrahydrofuran and ether. It decomposes rapidly in warm benzene and
turns black when exposed to moist air for several days. The corresponding triphenylarsine complex
was prepared analogously, using 0-06 g AsPh3, as orange-red crystals. (Found: C, 50-6; H, 4-2;
0,12-25%; M(CHC13), 1020. C22H21As04Pd C, 49-7; H, 4-0; 0,12-1 %. M(dimer), 1060.) The com¬

pound is soluble in dichloromethane, chloroform and in ethanol and is evidently stable in air.

Acknowledgement—We thank Johnson, Matthey Ltd. for the loan of palladium acetate.

Inorganic Chemistry Laboratories T. A. Stephenson
Imperial College G. Wilkinson
London S. W.l

111 T. A. Stephenson, S. M. Morehouse, A. R. Powell, J. P. Heffer and G. Wilkinson, J. chem.
Soc. 3632 (1965).

<2) See J. Lewis and R. G. Wilkins (Editors) Modern Coordination Chemistry, pp. 177, 187 et seq.
Interscience, New York (1959).
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A BASIC ACETATO COMPLEX OF TUNGSTEN

T. A. Stephenson and D. Whittaker

Department of Inorganic Chemistry, The University,

Newcastle upon Tyne, U.K.

(Received 11 April 1969)

Although monocarboxylates of chromium and molybdenum have been prepared

and adequately characterised by several investigators (1), few references to

tungsten carboxylates are to be found. With salicylic acid, the complexes

[W0C1(0C.H C0o)(0CcH C0oH)] (2) and [WBr (OH) (OC H CO H)(Et 0)] (3) have04^ b 4 £ Z b 4 ci £

been reported; benzoic, palmitic acid etc give 4:1 adducts with WOCl^ (4)
and 6:1 adducts with WC1„ (5). In the present communication we wish to report6

the first acetate complex of tungsten.

Prolonged refluxing of tungsten hexacarbonyl with an acetic acid/acetic

anhydride mixture under dry nitrogen gives a deep yellow-brown solution. (cf

the corresponding reaction with Mo(CO)_ which rapidly deposits yellow crystals
D

of [Mo(OCOCH„) ] (6) ). Distillation of the solvent under reduced pressure2i 2

followed by dissolution in dry deoxygenated methanol, filtration and

redistillation gives a microcrystalline yellow-brown solid (m.p.l20°(d) ). It

is important to carry out the reaction under nitrogen; in air the only product

appears to be "tungsten blue". The freshly prepared product is completely

soluble in water, ethanol and methanol; insoluble in dichloromethane, acetone,

benzene, ethers etc. However, in acetic acid solution, exposure to oxygen

produces slow precipitation of a deep yellow material which is completely

insoluble in methanol but soluble in water. Its infrared spectrum is identical

to that of the original product except for the growth of bands at 820 and

890 cm 1, suggestive of oxygen bridges and W = 0 groups respectively (7a). In

569
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the solid state, the complex appears quite stable although after several weeks

storage in a desiccator, the material is not completely resoluble in methanol.

Attempts to sublime the compound under vacuo (up to 150°) and to obtain a

mass spectrum were unsuccessful. However, the attempted purification of the

product on cellulose and silica thin layer chromatography plates produces no

observable separation which suggests that only one complex is present. This

conclusion, is supported by the consistency of the analytical data obtained

for several preparations of the complex.

For example: I C, 17.9j H, 2.7; W, 50.7; O (by difference) 28.7%

Sample I was obtained by ethereal treatment of the original solution; samples

II and III as described above. A close fit to I is [w (OCOCH ) 0(0H).H o]
*3 «J O 2j

requiring C, 17.9; H, 2.5; W, 51.2; 0, 28.4% Mwt, 1075; for II and III

[W3(OCOCH3)gO(OH)CH3OH] requiring C, 18.7; H, 2.6; W, 50.6; 0, 28.1%
Mwt 1088. The empirical formulae [w(0C0CH3)2] requiring C, 15.9; H, 2.0;
W, 61.0; 0, 21.1% or [W(0C0CH3)3] requiring C, 19.9; H, 2.5; W, 51.0;

0, 26.6% are not consistent with the analytical data.

The formulation of the compound as a trinuclear species containing

eight acetato groups, hydroxy and solvent groups and possibly a trigonally

coordinated oxide ion is supported by both chemical and spectroscopic

evidence. This is as follows:-

a) Osmometric molecular weight measurements in methanolic solution at 37°

gives 976 and 1030 (for samples I and III respectively).

b) A Kuhn Roth analysis (CH3% arising from C-CHg grouping only) on sample
III gives 12.1%; [W3(OCOCH3)gO(OH)CH3OH] requires 11.1%.

c) Conductivity measurements show the freshly prepared complex to be a

non-electrolyte in ethanol, slightly ionized in methanol (v\„ =22 cm^0.001M

II C, 18.6; H, 2.7; W, 51.1; O (by difference) 27.6%

III C, 18.9; H, 2.9%

ohm mole ) and a 1:1 electrolyte in water (J\,
O.OOIM
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Treatment of a concentrated aqueous solution with AsPh^ClHCl produces a

small amount of a flocculent yellow precipitate indicating the presence of

an anionic tungsten complex in aqueous solution (c£ the behaviour of copper

acetate hydrate (8) in aqueous media).

d) Oxidation state determinations (oxidation to W(VI) with an excess of

eerie sulphate followed by back titration with ferrous ammonium sulphate)

give an overall oxidation state for the tungsten of 3.5 + 0.2.

e) The compound is diamagnetic suggesting either direct metal-metal

interaction as in KXC1 (7b) or possibly the presence of a trigonally
«j £ y

coordinated oxide ion as in [Cr3(0C0CH3)g0(H20)g]ci5H20 (9).

f) The detailed infrared spectrum of the complex is quite instructive.

The spectrum contains no carbonyl bands, unmistakable evidence for both

symmetric (chelate and/or bridged) and unidentate coordination of acetato

groups (Table 1) (10) and a strong broad band at 3500-3300 cm *
characteristic of an -OH stretching vibration. The latter could conceivably

arise from either hydroxy and/or solvent groups in the complex.

Symmetric

(CH3C02~) cm"1
Uj 2 10 1

1530 1430 1630 1300 100 330

g) Treatment of the compound with trifluoroacetic acid, trichloroacetic

acid and dry redistilled pyridine produces complexes of uncertain

composition and high molecular weights (cf platinum acetate (10))with the

following common infrared characteristics:-

(i) Retention of the bands associated with symmetrically coordinated

acetato groups;

TABLE 1

Unidentate

(CH J cm * Symmetric Unidentate

Id
2 ^2-^1 ^2^1
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(ii) Disappearence of the bands attributed to unidentate acetato groups

and replacement by the characteristic bands-of the ligand used

(cf treatment of the [Cr3(0C0CH3)60(H20)3J cation with pyridine
etc giving [cr3(OCOCH3)gO(py)3] (1) );

(iii) Retention of the strong broad band at 3500-3300 cm suggesting

the presence of strongly bound hydroxy as well as solvent groups.

Two of the several possible structures consistent with the above

observations are shown in Fig. 1.

- c>

■ C-v V
CH,

c*°
\ O

I ^0
Wf, v

0 o ? °
1 1 I 1' -c I

; w
\

A
^*5

°—.

X 1 \
OH O

,o 7» C,H' V'

V

FIG. 1

Possible structural types for basic tungsten acetate (S = H 0,CH OH)

In an attempt to clarify the detailed structure of this complex and

hopefully to obtain a suitable crystal for X-ray studies, further work is now

in progress on the preparation of some aryl and higher alkyl carboxylates of

tungsten and on the purification and characterisation of various acetate

adducts.
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Five- and Six-co-ordinate Tertiary Phosphine Complexes of Bis(diphenyl-
phosphinodithioato)palladium(n)
By T. A. Stephenson't and B. D. Faithful, Department of Inorganic Chemistry, University of Newcastle upon

Tyne, NE1 7RU

The interaction of Pd(S2PPh2)2 with tertiary phosphines to give both 1 :1 (for PPh3, PEtPh2, PMe2Ph, and PEt3)
and 1 :2 (for PMe2Ph and PEt3) adducts is described. I.r. spectra and molecular-weight evidence suggest that in
the solid state, these are genuine five- and six-co-ordinate palladium(ii) complexes respectively. Conversion be¬
tween two five-co-ordinate isomers has been followed in the solid state by i.r. spectroscopy and tentative con¬
clusions have been made about the stereochemistry of these isomers. In solution, i.r. evidence suggests that the
1 :1 adducts may exist as a mixture of solvated square pyramidal species although the presence of a trigonal bi-
pyramidal structure cannot be discounted. In solution, the 1 :2 complexes rapidly dissociate to the 1 :1 adducts
and can be stabilised only by addition of excess of tertiary phosphine.

Although examples of five-co-ordinate complexes are
becoming much more common throughout the periodic
table,1 the number of established five-co-ordinate com¬

plexes of palladium(n) is still rather small. Apart from
complexes prepared by using ' umbrella-type' poly-
dentate ligands such as P(o-C6H4PPh2)3 etc. (ref. 2), few
stable species have been isolated.3 Six-co-ordinate
complexes of palladium(n) are very rare, the only
definite example being [Pd(diarsine)2I2], an X-ray
analysis 4 of which showed the presence of trans-iodide
ions. There is evidence, however, that the action of
solvents and excess of halide ion on complexes such as
[Pd(phen)2]2+ and PdX42- (X = CI or Br) give additional
co-ordination.5

Here, the interaction of tertiary phosphines with bis-
(diphenylphosphinodithioato)palladium(n) to give 1 : 1
and sometimes 1: 2 adducts is described. These appear
to be genuine five- and six-co-ordinate complexes and a
detailed examination of their i.r. spectra, coupled with
some molecular weight and n.m.r. results, has enabled
tentative conclusions to be drawn about both the

geometries of these complexes and their interconversions
in solution and the solid state.

results

Preparation of Bis{diphenylphosphinodithioato)palladium-
(ii).—Many complexes of phosphinodithioates with both
main group and transition metal ions have been prepared.6
The previously unknown compound Pd(S2PPh2)2 is readily
obtained as diamagnetic red crystals by treatment of a
benzene solution of palladium(u) acetate with a slight excess
of diphenylphosphinodithioic acid [Ph2P(!S)SH]. The
complex is insufficiently soluble for molecular-weight
measurements but mass spectral data at 150° show the
highest peak to be at m/e, 604, as expected for a mono-
meric structure. This conclusion is supported by the mono-
meric structure of the corresponding nickel complex 7 and
by an i.r. spectrum (Figure la). No bands corresponding to
acetate or free acid are found but the characteristic bands

t Present address: Department of Chemistry, University of
Edinburgh, EH9 3JJ.

1 For detailed references see Annual Reports, 1967, 64, 310;
1968, A, 65, 336; E. L. Muetterties and R. A. Schunn, Quart. Rev.,
1966, 20, 245.

* L. M. Venanzi, Angew. Chem. Internat. Edn., 1964, 3, 453.
3 D. W. Allen, I. T. Miller, and F. G. Mann, J. Chem. Soc.

(A), 1969, 1101 and references therein.

of the Ph2PS2~ group are present. Comparison with the
i.r. spectrum of Cs(S2PPh2),xH20 (Figure lb) and earlier
work,6 indicating C2„ symmetry for the ligand suggests that

ll I I I II I I I I 1 I I ll I I M I l l II I. I. I I l I, I I i ii i i
900 700 BOO 500 LOO

X Icm.'l)
Figure 1 Mull i.r. spectrum (800—460 cm."1) of

(a) Pd(SjPPhj)2 and (b) Cs(S2PPh2),*H20

the asymmetric (v3) and symmetric (v2) PS2~ stretching fre¬
quencies can be assigned at 600 and 485 cm.-1 respectively
with A(= Vj — v2), 115 cm.-1. For the caesium salt, the

* N. C. Stephenson, J. Inorg. Nuclear Chem., 1962, 24, 797.
6 C. M. Harris, S. E. Livingstone, and I. H. Rees, J. Chem.

Soc., 1959, 1505 and references therein.
6 W. Kuchen and H. Hertel, Angew. Chem. Internat. Edn.,

1969, 8, 89.
7 P. Porta, A. Sgamellotti, and N. Vinciguerra, Inorg. Chem.,

1968, 7, 2625.
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assignments are Vj, 654 cm.-1; v2, 488 cm.-1; A, 166 cm.-1.
As for co-ordination of other ligands of C2„ symmetry {e.g.
acetate 8) the smaller value of A compared to the ionic salt
supports symmetrically co-ordinated Ph2PS2~ groups.

Ii 11 il 11111111111111111
800 700 600

V lcm."1l
500 too

Figure 2 Mull i.r. spectrum (800—450 cm."1) of
(a) [Pd(S2PPh2)2(PPh3)] (B) and (b) IraKs-tPdCl.fPPhj),]

Reaction of Triphenylphosphine with Pd(S2PPh2)2.—
Treatment of a suspension of Pd(S2PPh2)2 (A) in benzene
with either a 1 : 1 molar ratio or a large excess of triphenyl¬
phosphine, either at. room temperature or under reflux,
gives an orange solution. Removal of the solvent from this
under reduced pressure or addition of excess of light petro¬
leum (b.p. 100—120°) gives diamagnetic, orange crystals of
[Pd(S2PPh2)2(PPh3)] (B). These can also be obtained by
treatment of either 7ra«s-[PdCl2(PPh3)2] or <ra«s-[Pd(OAc)2-
(PPh3)2] with excess of diphenylphosphinodithioic acid.
An A-ray molecular-weight determination on (B) produces
a value of 854 : 867 required for a monomer. Molecular-
weight measurements in benzene at 37°, taken at several
concentrations, also indicate a monomer (Found: 889, 913,
804). N.m.r. and i.r. spectroscopic results and chemical
evidence show there is no free PPh3 or Ph2PS2H, confirming
that this ' monomeric ' value is not the result of a dissocia¬
tive process in solution. The compound is nonconducting
in benzene and dichloromethane but partially ionised
in nitromethane (A0.00lM =24 cm.2 ohm-1 mole-1). The
mass spectrum shows only the fragmentation pattern of
PPh,.

The i.r. spectrum of (B) as a mull is complex (Figure 2a).
However, by comparison with bw»s-PdCl2(PPh3)2] (Figure
2b) and [Pd(S2PPh2)2(PEt3)] (Figure 5a), and v2 can be
assigned at 642 and 538 cm.-1 respectively with A, 102
cm.-1. Although the region is not shown in the figures,
there are clearly no additional bands which can be assigned
to v2 below 450 cm.-1. The small value of A and the fact
that both Vj and v2 shift in the same direction as compared
with (A), is strong support for simple addition of PPh3 to
form a five-co-ordinate adduct, rather than cleavage of a
palladium-sulphur bond to form a four-co-ordinate complex
such as (I). If the latter occurred, an increase in and a

S S—P(:S)Ph2

Ph!\ /p<
s pr3

(I)

decrease in v2 with an overall increase in A should be ob¬
served. This is illustrated in the analogous carboxylate

r\ r\

III .11
800 700

i l 1 1 1 i I 11 i i 11 11 \ 1.1 I U I

600

"0 (cm."1)
500 too

Figure 3 (a) Solution (CS2) i.r. spectrum (800—450 cm."1
of (B) and (b) mull i.r. spectrum (800—450 cm."1) of
[Pd(S2PPhj)2(PPh3)] (C)

complex Pd(OCOCF3)2 with v2, 1572; v2, 1456; A, 116
cm.-1; reaction with excess of triphenylarsine produces

8 N. F. Curtis, J. Chetn. Soc. {A), 1968, 1579.



1506 J. Chem. Soc. (A), 1970
cleavage of the Pd-O bonds to give trans- [Pd (OCOCF3) 2-

(AsPhs)a] with unidentate carboxylate co-ordination (v,,
1684; v2, 1393; A, 291 cm."1).9

Examination of the i.r. spectrum of (B) dissolved in
benzene, dichloromethane (600—450 cm."1), and particu¬
larly carbon disulphide where solvent absorptions do not
interfere (800—450 cm."1) (Figure 3a) shows that the
structure of the complex has changed. In particular, the
three bands at 498, 485, and 478 cm."1 are replaced by a
broad singlet at 490 cm."1 whilst the region 750—660 cm."1
is simplified. The relative intensities of the two bands at
524 and 538 cm."1 and those at 605, 612, and 621 cm."1 also
change. These differences might be interpreted as being
due to solid-state splittings or, conversely, solvent broaden¬
ing, except for the following observations. In precipitation
of (B) from these solutions, a pale yellow flocculent material
is initially observed which on trituration is rapidly converted

splitting of the three strong bands connected with the
phenyl ring vibrations. However, these initial weak bands
do not occur in the mull spectrum of the orange solid (B),
prepared either by precipitation from solution (Figure 2a)
or by simply washing the yellow solid (C) with diethyl ether
or acetone. In fact, if (C) is prepared and placed' between
caesium iodide plates on an i.r. machine for 15 min. without
Nujol and then a Nujol mull of the resultant orange product
is measured, it is identical to that in Figure 2a. Thus, this
strongly suggests that the extra weak bands at 728 and 672
cm."1 arise from partial ' interaction ' of (C) with Nujol.
The remainder of (C) is then rapidly converted into (B) but
the amount which ' interacts' with the Nujol is not con¬
verted but remains in equilibrium with (B). Support for
this conclusion is the extra weak band at 673 cm."1 in the
i.r. spectrum of (B) in carbon disulphide (indicative of some
solvent interaction?) and the observation that although

(ii) (iii)

II*

700 700 700 700 700

(vi)

l"l ll II III Ii I I i I ii . I I I I ... i I . i . I I I I I I I I II I I I I I 1 I I I I I I I I
700

V (cm."')
Figure 4 Mull i.r. spectrum of (C) (800—660 cm."1): (i) immediately, (ii) 1 min., (iii) 2-5 min., (iv) 4-5 min., (v) 6-5 min.,

(vi) 9-5 min., etc.

into (B). If the precipitation is carried out in a cold solu¬
tion, and the pale yellow product (C) is filtered off rapidly,
washed with cold light petroleum (b.p. 100—120°) and an
i.r. spectrum (Nujol) is run immediately, the spectrum
shown in Figure 3b is obtained. This is identical to the
solution spectra of (B) except for the absence of a weak band
at 673 cm."1 (which is not from CS2) and the relative intensi¬
ties of the triplet at 605, 612, and 621 cm."1. Furthermore,
if this mull is left in the i.r. machine and the spectrum is
run in the 750—660 cm."1 region every 2 min. (Figure 4),
conversion of (C) into (B) is complete in ca. 10 min. This
change was also followed by monitoring the conversion of
the singlet at 490 cm."1 in (C) into the triplet in (B) (ca. 10
min.). (C) can also be isolated as above from a 1 : 1 molar
ratio of (A) and triphenylphosphine in benzene. If left
on a glass sinter, this is rapidly converted into (B) (especi¬
ally if still moist with ether) without evidence for any free
triphenylphosphine. This clearly indicates that the process
is one of isomerisation and not conversion of say a 1 ; 2 into
a 1 : 1 adduct (see later).

Another important observation can be drawn from the
conversion of (C) to (B). As is shown very clearly in
Figure 4, the first change in the 750—660 cm."1 region is the
growth of two weak bands at 728 and 672 cm."1, followed by

when heated, (C) rapidly gives (B), a solution of (B) in
carbon disulphide, benzene, or methylene chloride clearly
does not give any of (B) when heated. There is also an
extra strong band at 1180 cm."1 in the carbon disulphide
solutions of (B), not found in carbon disulphide itself. This
is superimposed on a weak band arising from the Ph2PS2"
group. A similar band (1193 cm."1) is found in [Pd(PPh3)2-
CS2] and other ' it-bonded ' carbon disulphide complexes 10
and is assigned to the non-ring C=S stretching vibration
(i.e. bonding of carbon and one sulphur atom occurs). How¬
ever, on evaporation of the solvent, the crystals remaining
are identical to those of (B) precipitated from benzene
solution, which show no strong band at ca. 1200 cm."1.

Although evidence, therefore, suggests that some solva¬
tion probably occurs in solution, the i.r. spectrum of (C)
precipitated from benzene and from carbon disulphide
solutions are identical (1600—1000 cm."1). Since two
strong bands at 1520—1500 cm."1 are expected for an S-co-
ordinated carbon disulphide molecule,10 this indicates that
(C) is a genuine five-co-ordinate complex and not a six-co-
ordinate solvate.

9 T. A. Stephenson, S. M. Morehouse, A. R. Powell, J. P.
Heffer, and G. Wilkinson, J. Chem. Soc., 1965, 3632.

10 M. C. Baird and G. Wilkinson, J. Chem. Soc. (A), 1967, 865.
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Finally, although when cooled solutions of (B) produce a
distinctive and reversible colour change from orange to pale
yellow, i.r. studies (1500—450 cm."1) in carbon disulphide
have detected no differences between the solutions at a

variety of temperatures. 1H N.m.r. studies at various
temperatures in dichloromethane also show no significant
differences (apart from some slight broadening at lower
temperatures) but in view of the complexity of the phenyl
region this is perhaps not surprising. Unfortunately, the
complex is not sufficiently soluble to observe a 31P resonance
(only 11% P). Therefore, from these studies the following
conclusions can be drawn, (a) Two genuine five-co¬
ordinate isomers (B) and (C) can be isolated from this
reaction and the solid-state conversion of (C) into (B) can
be followed by i.r. spectroscopy.

(b) Reversible colour changes in solution, as a function of
temperature, indicate the existence of several species in
solution, which can not be differentiated by either i.r. or
n.m.r. measurements.

(c) Neither (B) nor (C) exist in solution although i.r.
studies show that the monomeric complexes in solution are
very similar to the unstable yellow solid (C). The observa¬
tion of some partial ' interaction ' of (C) with Nujol and the
additional bands at 1180 and 673 cm."1 in carbon disulphide
suggest that solvation effects are important in solution.

(d) There is no evidence for formation of a 1 : 2 complex.
Reaction of Triethylphosphine with Pd(S2PPh2)2.—Treat¬

ment of a suspension of (A) in benzene with a deficiency of
triethylphosphine (<1 mol.) gives an orange solution from
which orange crystals of [Pd(S2PPh2)2(PEt3)] can be iso¬
lated. The complex is diamagnetic, and very soluble in
diethyl ether, carbon disulphide, and benzene; it is non¬
conducting in the last-named solvent. Molecular-weight
measurements in benzene at 37° give a value of 756 : 723 re¬
quired for monomer. Mass-spectral studies show only
triethylphosphine and its fragmentation pattern. The
mull i.r. spectrum of the orange solid (Figure 5a) can be
readily analysed, assigning Vj, 652 cm.-1; v2, 538 cm."1; A,
114 cm."1. In carbon disulphide, the i.r. is again quite
different (Figure 5b). The triplet in the mull at 492, 484,
and 475 cm."1 is replaced by a broad singlet at 488 cm."1 and
the strong bands in the 780—660 cm."1 region are much
simpler. The relative intensities of the triplet at 602, 612,
and 621 cm."1 also change slightly and there is an extra
weak band at 674 cm."1. Again, an extra strong band occurs
at 1177 cm."1 which suggests some interaction between
carbon disulphide and the 1 ; 1 complex: on removal of
solvent, this band disappears. Evaporation of the solution
and addition of cold, light petroleum (b.p. 100—120°) gives
a pale yellow solid but, unfortunately, it has proved im¬
possible to obtain an i.r. spectrum of this solid since it
immediately turns orange when dried. As for the solutions
of the triphenylphosphine complex, variation of the
temperature produces similar reversible colour changes.
Again, i.r. studies (1500—450 cm."1) on the solutions at a
variety of temperatures show no apparent differences.

If an excess of triethylphosphine is added to either (A) or
the 1 : 1 complex in a minimum volume of benzene, the
solution turns lemon-yellow and when set aside deposits
pale yellow crystals of [Pd(S2PPh2)2(PEt3)2], A Nujol mull
(Figure 6a) shows vx, 650 cm."1; v2, 560 cm."1; A, 90 cm."1.
For reasons discussed earlier, this is strong support for the
formation of a sfir-co-ordinate complex containing sym¬
metrically co-ordinated Ph2PS2" groups. Comparison with
the 1 : 1 complex shows v2 has increased by 22 cm."1 whereas

is virtually unchanged. A possible reason for this may
be that since v2 involves in-phase and vx out-of-phase
vibrations of the PS2~ group, then any change in these P-S
bonds, due to the extra co-ordination of a triethylphosphine
molecule, should influence v2 more than vx. The mass
spectrum of the 1 : 2 complex at 190° contains good evidence
for [Pd(S2PPh2)2] (highest m/e 605) and triethylphosphine.

Although the 1 ; 2 complex is quite air-stable, in solution
(PhH, CS2) it rapidly turns orange and an immediate i.r.
spectrum indicates that substantial conversion into the 1; 1

I 11 1 I 1 » H 1 1 1 n I f 1 » t I 1 I M I I I I 1 I 1 I M t I I 1 I 1 I

BOO 700 600 600 100

v Icm.'l)
Figure 5 (a) Mull i.r. spectrum (800—450 cm."1) of

[Pd(S2PPh2)2(PEt3)] and (b) solution (CS2) i.r. spectrum
(800—450 cm."1) of [Pd(S2PPh2)2(PEt3)]

complex has occurred (Figure 6b). After 15 min., v2 of the
1 : 2 complex further decreases and after 30 min. it has
almost disappeared. Removal of the solvent and extrac¬
tion with diethyl ether then gives the orange 1 : 1 complex.
The 1 : 2 complex can, however, be partially stabilised in
solution in the presence of excess of triethylphosphine. It
then exists in equilibrium with the 1 ; 1 complex and free
triethylphosphine. When this solution is cooled, an in¬
crease in the intensity of the 560 cm."1 band with respect to
that at 538 cm."1 occurs, indicating that the formation of the
1 : 2 complex is favoured at lower temperatures; heat
reverses this trend. Because of these complicated equili¬
bria in solution, attempts to determine the isomeric form(s)
of this 1 ; 2 complex have so far been unsuccessful.

Reaction of Complex (A) with Dimethylphenylphosphine and
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Ethyldiphenylphosphine.—Neither of these reactions has
been as thoroughly studied as those with triphenyi- and
triethyl-phosphine. Reactions of (A) with these phosphines
have been examined mainly to see whether both 1 : 1 and 1 : 2
complexes are formed.

Reaction of (A) with a slight excess of dimethylphenyl-
phosphine gives an orange solution which upon removal of
the solvent gives an orange oil from which with some difficulty,
an orange-yellow solid can be isolated. This has an analysis
which is consistent with the formula [Pd(S2PPh2)2(PMe2-
Ph)2]; the mull i.r. spectrum (Figure 7a) is analogous to
that of the triethylphosphine complex with v2, 650 cm."1;
v2, 559 cm."1. A, 91 cm."1. A weak band at 540 cm."1
suggests the presence of a small amount of the 1 : 1 complex.
On dissolution of the complex in benzene, the band at 559
cm."1 rapidly decreases with the accompanying growth of
the band at 540 cm."1 (Figure 7b). Removal of the solvent
gives the 1 ; 1 complex with vx, 645 cm."1; v2, 540 cm."1; A,
105 cm."1 .

In contrast, reaction of (A) with an excess of ethyldi¬
phenylphosphine leads to the isolation of a yellow solid
which has an analysis consistent with the formula [Pd(S2-
PPh2)2(PEtPh2)]. From a Nujol mull, the following assign¬
ment can be made, vt, 646 cm."1; v2, 539 cm."1; A, 107 cm."1.
If an excess of ethyldiphenylphosphine is added to a

(a]
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Reaction of (A) with other Lewis Bases.—Attempts to pre¬
pare similar adducto with such Lewis bases as triphenyi
arsine, pyridine, and aa'-bipyridyl have been completely
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Figure 6. (a) Mull i.r. spectrum (800—450 cm."1) of
[Pd(S2PPh2)2(PEt2)2] and (b) solution (benzene) i.r. spectrum
(600—500 cm."1) of 1:2 complex; (i) immediately, (ii) after
15 min., (iii) after 30 min.

benzene solution of the 1 : 1 complex, no band appears in
the i.r. spectrum at ca. 560 cm."1, confirming that no prior
formation of the 1 : 2 complex occurs.

11 J. P. Fackler, jun., W. C. Seidel, and J. A. Fetchin, J.
Amer. Chem. Soc., 1968, 90, 2707; J. P. Fackler, jun., J. A.
Fetchin, and W. Seidel, ibid., 1969, 91, 1217; J. P. Fackler, jun.,
J. A. Fetchin, J. Mayhew, W. C. Seidel, T. J. Swift, and M.
Weeks, ibid., 1969, 91, 1941.

Figure 7 (a) Mull i.r. spectrum (800—450 cm."1) of
[Pd(S2PPh2)2(PMe2Ph)2] and (b) solution (benzene) i.r. spectrum
(600—450 cm."1) of 1 : 2 complex

unsuccessful. Also, treatment of either fraws-[PdCl2-
(AsPh3)2] or trans-[Pd(OAc)2(AsPh3)2] with a slight excess
of diphenylphosphinodithioic acid has produced only
Pd(S2PPh2)2. Addition of an excess of triphenyi phosphite
to (A) in benzene solution does, however, give an orange
solution. Removal of the solvent gives an orange oil but
on attempted solidification with diethyl ether, this de¬
composes to (A) and triphenyi phosphite.

DISCUSSION

All the evidence presented here is consistent with the
formation of five- and six-co-ordinate complexes of
palladium(u). This is supported by recent work by
Fackler et al.,11 in which 1 ; 1 adducts between methyl-
diphenylphosphine and platinum(n) and palladium(n)-
dithio-complexes have been characterized, mainly by
n.m.r. studies, although in some cases by the isolation of
solid products. A brief mention 11 is also made of the
precipitation from solution of what may be six-co-
ordinatc species when excess of mcthyldiphenylphosphine
is added to platinum(n) complexes of ring-substituted
dithiobenzoates, but no details are given.

In a recent paper by Facklcr and his co workers,12 it is
reported that both Pd(S2COCH2Ph)2 and Pd(S2P{OEt}2)2
give 1 : 1 adducts with methyldiphenylphosphine but,
on addition of an excess of phosphine, OO cleavage
occurs (promoted in some as yet unknown way by the
phosphine) to give the four-co-ordinate [Pd(S2CO)-
(PMePh2)2] and [Pd(S2POEt)(PMePh2)2] respectively.
Such cleavage reactions are, of course, impossible in
Pd(S2PPh2)2 but the ready formation of six-co-ordinate
adducts here docs suggest that this may be an important
prior step in elimination reactions of xanthate and phos¬
phate complexes.

12 J. P. Fackler, jun., and W. C. Seidel, Inorg. Chem., 1969, 8,
1631.
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Possible Structures of the 1 : 1 Complexes.—The poten¬

tial nonrigidity of five-co-ordinate complexes has been
extensively discussed 1 and many examples of five-co-
ordinate molecules in which positional changes occur as
relatively low-energy processes are known. The pre¬
ferred structure adopted for the ground state configura¬
tion of such complexes will depend on a variety of factors,
the relative importance of which is by no means under¬
stood. Blundell and Powell13 have listed some of
these factors. From their results and those of other
workers, these authors conclude that for fivc-co-ordinatc
palladium(n) and platinum(n) complexes, a square
pyramidal (SP) structure is favoured in the absence of
steric requirements of the ligands or strong multiple-
bonded metal-ligand bonds.

For [Pd(S2PPh2)2(PR3)], six structures (Figure 8) can
be drawn based on the idealized extremes of trigonal
bipyramidal (TBP) and SP geometries. However, in
the molecules themselves considerable distortions are

expected, either by twisting or bending of the Pd~S
bonds. Therefore, in view of these expected ready inter-
conversions and the range of structures possible, it is
unrealistic at present to attempt to assign any specific
structure in Figure 8 to either (B) or (C).

I ,--SN\
S—Pd

vjV
(EE) If,)

0*0
(El) lC2y)

Figure 8 Possible idealized geometries for [Pd(S2PPh2)3(PR3)]

However, it seems reasonable to use the conclusions of
Blundell and Powell, coupled with these experimental
observations, tentatively to infer approximate * struc
tures for these complexes. The steric requirements of
the ligands do not exclude any of the structures given in
Figure 8 although structure (IV) contains rather strained
PdS bonds. This is confirmed by building molecular
models based on undistorted TBP and SP geometries,
with various bond lengths taken from the literature.j
The large size of the ligands and the ability of both the
tertiary phosphine and tho diphcnylphosphinodithioato
groups to act as effective ir-acceptors should enhance
repulsive effects, both between bonding electron pairs
and the ligands themselves. The larger these repulsions,
the more a TBP structure should be favoured.13 Mole-

* By approximate, it is meant structures resembling idealised
TBP more than SP (or vice versa).

f Using framework molecular models, 1 inch = 1 A with
Pd-P, 2-3 A (2-34 (avg) A in [PdI2(PMesPh) J1); Pd-S,
2-2—4 A (calculated from covalent radii, 2-14 A; ca. 2-4 A in
[Ru(S2CNEt2)3]; 14 P—C, 1-80 A and remainder from A'-ray
analysis of [Ni(S2PPh2)2].'
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cular models show, in fact, that the TBP structures
(II)—(IV) are significantly less sterically crowded than
the SP ones (V)—(VII). Therefore, assuming that these
steric factors outweigh ligand-field stabilization effects in
this instance, it is tentatively concluded that the stable
isomer (B) has an approximate TBP geometry. X Ray
studies15 on [Pd(S2PPh2)2(PPh3)] arc now in progress to
test this hypothesis.

The close similarity of the i.r. spectrum of the unstable
isomer (C) to the species in solution, plus the evidence
indicating that the latter but not the former is probably
partially solvated, suggest that (C) has an approximate
SP structure. This can rapidly isomerize to a TBP
structure in the solid state but in solution such an

isomerisation is inhibited by solvent interaction (?).
Further support for solvation of the 1 : 1 adducts in
solution is obtained from the preparation and dissoci¬
ation of 1 : 2 complexes with certain phosphines. Thus,
addition of an excess of phosphine to the 1 : 1 complex
in solution gives the 1 : 2 complex which can then be
isolated. This is quite stable in the solid state but on
redissolution the 1 : 1 complex is rapidly reformed. A
good explanation of these observations is prior solvation
of the 1 : 1 complex, displacement of solvent by excess of
phosphine, and then displacement of phosphine by excess
solvent.

Molecular models of structures (V)—(VII) show that it
is relatively easy to add another PR3 molecule (PEt3 or
PMe2Ph) to form either cis- [(V) (VI)] or trans- (VII)
complexes, but it is impossible to predict from these
models which will be sterically more stable. With
PEtPh2 and PPh3 it is impossible to incorporate another
phosphine molecule into these structures. This indicates
that steric factors play an important role here, but the
inability to prepare similar adducts with arsenic and
nitrogen donors confirms that electronic factors are also
important.

The best explanation suggested by these results for the
reversible colour changes observed as a function of
temperature for the 1 : 1 complexes in solution is the
existence of a mixture of solvatcd approximate Sr
complexes (V)—(VII) the concentrations of which vary
rcvcrsibly with temperature. However, Facklcr ct alP
have a different explanation, based on n.m.r. changes of
the ethyl groups as a function of temperature for
[Pt{S2P(OEt)2}2(PMePh2)j. They suggest that a solu¬
tion equilibrium exists between TBP and solvated SP
complexes. In view of the negative n.m.r. evidence
obtained here (due to the complexity of the phenyl
region), it is difficult to disprove these conclusions but if
our explanation for the solid-state isomerisation of (C)
to (B) is correct (i.e. SP —>- TBP), then it seems sur¬
prising that similar changes are not observed in the
solution i.r. spectra if Fackler's explanation is correct.

However, although the authors strongly favour the
13 T. L. Blundell and H. M. Powell, J. Chem. Soc. (A), 1967,

1650.
14 A. Domenicano, A. Vaciago, L. Zambonelli, P. L. Loader,

and L. M. Venanzi, Chem. Comm., 1966, 476.
16 B. D. Faithful, unpublished work.
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conclusions reached in this section, it must be stressed
that these are speculative and that alternative explan¬
ations for the results obtained can be formulated.

EXPERIMENTAL

Microanalyses were by the Microanalytical Laboratory,
Imperial College, or A. Bernhardt, West Germany. Mole¬
cular weights were determined on a Mechrolab Vapour
Pressure osmometer (model 301A), calibrated with benzil.
I.r. spectra were recorded in the region 4000—400 cm."1 on
a Perkin-Elmer model 125 spectrometer. Conductivity
measurements were made on a Mullard conductivity bridge:
magnetic susceptibilities were determined by the Faraday
method. N.m.r. spectra were obtained on a Bruker Spectro-
spin HFX3 at 90 MHz and mass spectra were measured
on an AEI MS 9 mass spectrometer.

Materials.—Palladium(u) chloride (Johnson Matthey);
triphenylphosphine, triphenylarsine, dimethylphenylphos-
phine (B.D.H.); triethylphosphine (B. Newton Main).
Ethyldiphenylphosphine was prepared from chlorodi-
phenylphosphine and ethyl Grignard. Palladium(n) acetate
and its triphenyl-phosphine and -arsine complexes were
prepared as described previously.9 Diphenylphosphino-
dithioic acid was prepared by the method of ref. 16 from
reaction of benzene with P4S10 in the presence of aluminium
trichloride. The product was purified by low-temperature
recrystallisation ( — 60°) from diethyl ether (m.p. 52—54°;
lit.16 54—56°). The caesium salt was made by mixing
equimolar quantities of caesium carbonate and diphenyl-
phosphinodithioic acid in a 1 : 1 ethanol-water mixture and
evaporating the solution to dryness.

Bis(diphenylphosphinodithioato)palladium(n).— Pallad¬
ium^) acetate (1-30 g.) was dissolved in warm benzene
(45 ml.); the solution was cooled and then added slowly
to a stirred solution of diphenylphosphinodithioic acid
(2-80 g.) in benzene (35 ml.). The yellow-brown acetate
solution immediately turned deep cherry-red and after ca.
2 min. red crystals of the complex were deposited; these
were recrystallised from hot benzene, washed with diethyl
ether, and dried in vacuo (3-20 g., 90%), m.p. 332—333°
(Found: C, 47-9; H, 3-5; P, 10-4; S, 22-6%. C24H20-
P2PdS4 requires C, 47-6; H, 3-3; P, 10-2; S, 21-1%].

The compound is only soluble in hot benzene and di-
chloromethane.

Bis(diphenylphosphinodithioato) (triphenylphosphine)pal-
ladium(ii).—The complex (0-10 g.) (A) was suspended in
benzene (10 ml.) and an excess of triphenylphosphine (1-10
g.) was added to it. The suspension immediately dis¬
solved to give an orange solution. Light petroleum (b.p.
100—120°) was then added until the first signs of a yellow
precipitate appeared. Then, light petroleum (b.p. 60—
80°) was added to give a pale yellow flocculent precipitate
which, on trituration, was converted into a crystalline
orange precipitate which was filtered off, washed with diethyl
ether, and dried in vacuo at 40° for several hours (0-12 g.,
84%), m.p. 188—189° (Found: C, 58-1; H, 4-3; P, 11-2;
S, 15-6; Pd, 12-9%. C42H36P3PdS4 requires C, 58-1; H,
4-0; P, 10-7; S, 14-8, Pd, 12-3%].

The same compound (B) was obtained either by heating
under reflux solutions of equimolar quantities of (A) and
triphenylphosphine or by treatment of /raws-[PdCl2(PPh3)2]
or fraws-[Pd(OAc)2(PPh3)2] with an excess of diphenylphos¬
phinodithioic acid. The pale yellow solid (C) could be
stabilised by carrying out the precipitation at —60° and
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washing the product with cold, light petroleum (b.p. 100—
120°).

Molecular weight of (B).—(a) Osmometric in benzene at 37°.
For 0-032 g. of (B), found 889; for 0-058 g. found 913; for
0-0699 g., found 804.

(b) X-Aay method. Suitable crystals were obtained
from benzene-diethyl ether. The dimensions of the unit
cell were obtained from zero-layer precession photographs,
with zirconium-filtered Mo-Aa radiation. The cell chosen
was triclinic and possessed the d spacings: d100 =
9-65, d010 = 12-20, d001 = 16-95 A giving U = 1996 A3. Dc
(1-42) indicated that z — 2. This gave M = 854, compared
with the calculated monomeric value of 867.

Bis(diphenylphosphinodithioato)(triethylphosphine)pallad-
ium(u).—The complex Pd(S2PPh2)2 (0-20 g.) was suspended
in benzene (10 ml.) and triethylphosphine (0-06 ml.) was
added to give an orange solution. Unchanged (A) was
filtered off and the solvent was removed under reduced

pressure to give an orange oil. Diethyl ether (15 ml.) was
then added to the oil which was shaken thoroughly and.
filtered. Removal of the solvent under reduced pressure
followed by careful washing of the product with light
petroleum (b.p. 60—80°) gave an orange crystalline solid
which was dried in vacuo at 40° for several hours (0-20 g.,
83%), m.p. 138° (Found: C, 50-5; H, 5-1; P, 12-9; Pd,
15-2; S, 18-6. C30H35P3PdS4 requires C, 49-8; H, 4-8; P,
12-9; Pd, 14.8; S, 17-7%].

Osmometric molecular weight in benzene: for 0-0544 g.
of compound found, 756: monomer requires 723.

Bis(diphenylphosphinodithioato)bis(triethylphosphine)pal-
ladium(u).—The complex Pd(S2PPh2)2 (0-20 g.) was sus¬
pended in benzene (5 ml.) and a slight excess of triethyl¬
phosphine (ca. 0-20 ml.) was added to it to give a lemon-
yellow solution. When the mixture was set aside, pale
yellow crystals of the complex were rapidly deposited; these
were washed with with diethyl ether and dried in vacuo at
40° for several hours (0-19g., 71%), m.p. 114—115° (Found:
C, 51-1; H, 6-2; P, 14-8; S, 13-8. C36H60P4PdS4 requires C,
51-4; H, 6-0; P, 14-7; S, 15-2%). The same complex was
isolated upon addition of an excess of triethylphosphine
to a solution of the 1 : 1 adduct in benzene.

Although quite air-stable, the complex rapidly dissociates
in solution to form the 1 : 1 complex.

Bis(diphenylphosphinodithioato)bis(dimethylphenylphos-
phine)palladium(u).—As for the triethylphosphine complex,
Pd(S2PPh2)2 (0-20 g.), and methyldiphenylphosphine (ca.
0-25 ml.) in benzene (10 ml.) gave an orange solution.
Removal of the solvent under reduced pressure gave an oil
which was washed with a variety of ethers without success.
However, redissolution of the oil in acetone and immediate
removal of the solvent under reduced pressure gave an
orange-yellow crystalline solid, which was washed with
light petroleum (b.p. 60—80°) and dried in vacuo (0-15 g.,
55%), m.p. 62—65° (Found: C, 54-6; H, 5-2. C40H42-
P4PdS4 requires C, 54-5; H, 4-8%). Dissolution of the 1 : 2
complex in benzene and removal of the solvent gave a small
yield of orange-red crystals of the 1 : 1 complex (m.p.
48—52°) (Found: C, 52-1; H, 4-4. C32H31P3PdS4 requires
C, 51-7; H, 4-2%).

Bis(diphenylphosphinodithioato)ethyldiphenylphosphine)-
palladium(u).—As for the other complexes, Pd(S2PPh2)2
(0-20 g.) and ethyldiphenylphosphine (0-5 ml.) in benzene

16 W. A. Higgins, D. W. Vogel, and W. G. Craig, /. Amer.
Chem. Soc., 1955, 77, 1864.
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(10 ml.) gave an orange solution. Removal of the solvent
under reduced pressure gave an orange oil which was diffi¬
cult to solidify. However, addition of benzene (4 ml.)
followed by an excess of light petroleum (b.p. 100—120°)
(20 ml.) to it and storage at 0° for 24 hr. gave a yellow
precipitate which was washed with ether and dried in vacuo
(0-22 g., 81%), m.p. 65—70° [Found: C, 55-9; H, 4-8%;
C38H35P3PdS4 requires C, 55-7; H, 4-3%].

Reaction of (A) with other Lewis Bases.—When an excess
of triphenylphosphite was added to a suspension of (A) in
benzene, an orange solution was formed. Removal of the
solvent under reduced pressure gave an orange oil which

when washed with diethyl ether gave (A) and free tri-
phenyl phosphite.

With (A) and an excess of triphenylarsine, pyridine or
aa'-bipyridyl, reaction at room temperature or under reflux
in benzene produced no evidence for any adduct formation.
When fnms-[Pd(OAc)2(AsPh3)J or /ra«5-[PdCl2(AsPh3)2] in
benzene was treated with an excess of diphenylphosphino-
dithioic acid, red crystals of (A) were rapidly deposited.

We thank Johnson Matthey Ltd., for a loan of palladium-
(n) chloride.

[9/1639 Received, September 25th, 1969]
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Tertiary Phosphine Complexes of Bis(diphenylphosphinodithioato)palladium(lI).
A Correction

By (Miss) J. M. C. Alison and T. A. Stephenson*
[Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ)

Summary The 1 :1 and 1 :2 tertiary phosphine adducts of
Pd(S2PPh2)2, originally formulated as five- and six-co¬
ordinate complexes, respectively, are probably both
four-co-ordinate.

Recently evidence was reported for 1 :1 and 1 :2 tertiary
phosphine adducts of Pd(S2PPh2)2 which were tentatively
formulated as five- and six-co-ordinate complexes, respect¬
ively.1 Further work on these and the isomorphous
platinum(n) complexes has now indicated that this formula¬
tion is incorrect and that the "six-co-ordinate" complexes
are in fact four-co-ordinate ionic species (I) and the
"five-co-ordinate" complexes are probably the four-co¬
ordinate species (II).

RA AX/Ph2
r3p S

(I)

Ph2PS2"

(M = Pd,P»)

R 3 P\ A
A /Ph2

Ph2P—S S'
Ab

id

in conductivity consistent with the formation of 1 ; 1
electrolytes (Table 1).

(c) 1H n.m.r. data on 1:2 platinum(n) complexes of
MePh2P and Me2PhP in deuteriochloroform (Table 2)
indicate a eis-arrangement of tertiary phosphine groups
(no virtual coupling2).

(d) An A-ray structural analysis3 on [Pd(S2PPh2)2(PEt3)2]
is sufficiently advanced to verify the authenticity of struc¬
ture (I). The mull and solution i.r. spectra of these 1 :2
complexes are identical, suggesting the same species is
retained in solution, and this is supported by 1H n.m.r. and
conductimetric data.

The reformulation of the 1 :2 complexes as the ionic
species (I) and their ready interconversion with the 1 : 1
complexes casts doubt on the validity of the five-co¬
ordinate structure postulated earlier for the latter.1 No
direct evidence is yet available to support (II) (a crystal
structure of [Pd(S2PPh2)2(PPh3)] is in progress) but an
analogous structure has been postulated by Tebbe and
Muetterties4 for 1 : 1 tertiary phosphine complexes of
palladium(u) difluorodithiophosphate on the basis of i.r.
and 19F n.m.r. evidence.

The evidence for the revised structures is as follows:
(a) As discussed previously,1 the 1 :2 complexes rapidly

dissociate to 1 :1 complexes in benzene and carbon disul-
phide. However, in more polar solvents such as dichloro-
methane the 1 :2 complexes are stabilized and conductivity
measurements (Table 1) are consistent with those expected
for 1 : 1 electrolytes in this solvent.

Table 1

Equivalent conductivities (25°) of some 1 :1 and 1 :2 complexes in
CH2C12

A* (plus
Concn. excess of

Compound (10~4m) A* TR3)
Bu°4NC104 101 22-7
Pd(S1PPh,)2(PEt3)i .. 8-3 25
Pd(S2PPh2)2(PMe2Ph)2 12 24-4
Pd(S2PPh2)j(PMe2Ph) 13-7 2-5 26-4
Pt(S,PPh2)2(PPh3)2 .. 8-8 26-6 —

Pt(S2PPh2)2(PPh3) . . 9-4 0-72 32-35
Pt(S2PPh2)2(PMePh2)2 8-6 30-2 —

PtjS2PPh2)2(PMePh2) 8-1 1-18 29-77

» cm2 ohm_1mole_1.

(b) Addition of an excess of tertiary phosphine to the 1 :1
complexes (non-electrolytes) in CH2C12 produces an increase

Table 2

1H n.m.r. data (methyl region) for some platinum tertiary phosphine
complexes in CDC13

Compound
[Pt(S2PPh2)2(PMe2Ph)2]

[Pt(S2PPh2)2(PMePh2)2]

[Pt(S2PPh2)2(PMePh2)]

value" Multiplicity and /value (Hz)b
8-27 three doublets /(P-H) 12-6

/(Pt-H) 49
7-99 three doublets /(P-H) 13-2

/(Pt-H) 49-5
7-67 three doublets /(P-H) 11-3

/(Pt-H) 37-5
» ±0-01. » /(P-H) ± 0-2 Hz; /(Pt-Hl ± 0-5 Hz.

If (II) is correct, the best explanation for the "isomers"
of [Pd(S2PPh2)2PPh3]1 is probably different orientations of
the unidentate diphenylphosphinodithioato-group with
respect to the bulky triphenylphosphine ligand.

Finally, preliminary studies on tertiary phosphine
complexes of platinum (n) dithiocarbamates5 suggest that
1:1 and 1 :2 adducts with analogous structures to (I) and
(II) are formed.

We thank the Science Research Council for an award (to
J.M.C.A.) and Johnson-Matthey Limited for a loan of
palladium(u) chloride.

(Received, fune 22nd, 1970; Com. 984.)

1 T. A. Stephenson and B. D. Faithful, J. Chem. Soc. (A), 1970, 1504.
2 J. M. Jenkins and B. L. Shaw, /. Chem. Soc. (A), 1966, 770.
3 C. A. Beevers and A. Fraser, to be published.
4 F. N. Tebbe and E. L. Muetterties, Inorg. Chem., 1970, 9, 629.
6 J. P. Fackler, jun., J. A. Fetchin, and W. C. Seidel, /. Amer. Chem. Soc., 1969, 91, 1217 and references therein.
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Metal Complexes of Sulphur Ligands. Part II.12 Reaction of Bis(di-
phenylphosphinodithioato)-platinum(n) and -palladium(ii) with Ligands
Containing Group Vb Atoms
By (Miss) J. M. C. Alison. t. A. Stephenson," and (in part) R. O. Gould, Department of Chemistry, University

of Edinburgh, Edinburgh EH9 3JJ

Reaction of Pt(S2PPh2)2 with tertiary phosphines (PPh3, PMePh2, PMe2Ph) gives crystalline 1 :1 and 1 :2 adducts.
With triphenylarsine or triphenylstibine, only 1 :1 adducts can be isolated and with pyridine, i.r. evidence indicates
that the 1 :1 adduct is only stable in solution in the presence of an excess of pyridine. As reported earlier for the
analogous palladium compounds, the 1 :2 adducts rapidly dissociate to the 1 :1 compounds in non-polar solvents
(benzene or carbon disulphide); however, it is now found that they can be stabilised in more polar solvents (di-
chloromethane or nitromethane). Conductivity measurements in the latter suggests all these 1 :2 adducts have a
four-co-ordinate ionic structure and this is confirmed by an X-ray analysis of [Pd(S2PPh2)(PEt3)2]S2PPh2. An
X-ray analysis on [Pd(S2PPh2)2(PPh3)J suggests a four-co-ordinate monomeric structure for the 1 :1 compounds
with uni- and bi-dentate co-ordination of dithioacid ligands. Finally, an empirical i.r. method for distinguishing
unidentate, bidentate, and ionic modes of co-ordination of the diphenylphosphinodithioato-group to platinum and
palladium is discussed.

Recently, one of us reported2 that the compound
Pd(S2PPh2)2 reacted with tertiary phosphines to give
both 1 : 1 and 1 : 2 adducts. On the basis of i.r. studies,
interpreted by analogy with earlier studies on 1 : 1 and
1 : 2 Lewis base adducts with palladium carboxylates,3
these dithioacid complexes were tentatively formulated
as examples of five- and six-co-ordinate palladium (n)
respectively. The former was consistent with earlier
studies by Fackler et al,4 on the reactions of other
palladium (and platinum) dithioacid complexes M(S~S)2
[M = Pd or Pt; (S~S)" = RCS2", ROCS2", Et2NCS2-
and (EtO)2PS2~] with methyldiphenylphosphine, in which
1 : 1 adducts were characterised and formulated as

five-co-ordinate compounds on the basis of 'H n.m.r.
studies. A brief mention was also made of the pre¬
cipitation from solution of what may be six-co-ordinate
species when an excess of methyldiphenylphosphine
was added to platinum(n) compounds of ring sub¬
stituted dithiobenzoates, but no details were given.

Here, additional evidence is presented which shows
that the above interpretation is incorrect and that the
1 :1 and 1 : 2 tertiary phosphine adducts of Pd(S2-
PPh2)2 should be reformulated as the four-co-ordinate
compounds (I) and (II) respectively. In addition, the
results of a detailed investigation of the reaction of
ligands containing Group Vb atoms with the isomorphous
Pt(S2PPh2)2 are presented. These lend support to the
conclusions drawn from the palladium study. Analogous
structures have also recently been postulated by Tebbe
and Muetterties5 for tertiary phosphine complexes
of palladium(n) difluorodithiophosphate on the basis of
is. and 19F n.m.r. studies.

In Part III of this series,6 the results of a re-investig-
:ation of the reactions between tertiary phosphines and
■platinum(n) dithiocarbamates, xanthates, and dithio-
phosphates will be discussed. The evidence strongly

1 Preliminary communication: Miss J. M. C. Alison and T. A.
Stephenson, Chem. Comm., 1970, 1092.

2 Part I, T. A. Stephenson and B. D. Faithful, /. Chem. Soc.
(A), 1970, 1504.

3 T. A. Stephenson, S. M. Morehouse, A. R. Powell, J. P.
Hefier, and G. Wilkinson, J. Chem. Soc., 1965, 3632.

suggests that reactions of all platinum (and palladium)
dithioacid compounds with tertiary phosphines can be
rationalised in terms of the formation and, in the case
of xanthate and dithiophosphate, of the rearrangment
reactions of four-co-ordinate 1 : 1 and 1 : 2 adducts
of type (I) and (II) respectively.

R3P\ >Ph2
Ph2(S:)PS S

(I)

R3R\ /S\^PPh2
R3P S

results and discussion

s2pph2 mi

Reaction of either potassium tetrachloroplatinate(n)
or platinum(n) acetate with a six-fold excess of di-
phenylphosphinodithioic acid readily gives orange-
red crystals of Pt(S2PPh2)2. This compound is iso¬
morphous with the corresponding palladium and nickel
salts (X-ray structural analysis of the latter 7 confirms
the structure is a square planar monomer), the mass
spectrum at 150° shows the highest group of peaks
corresponds to Pt(S2PPh2)2+ and the i.r. spectra (800—
400 cm"1) of the three compounds are almost identical.
The compounds are non-conducting in dichloromethane.

Reaction of a suspension of Pt(S2PPh2)2 in benzene
with tertiary phosphines (1 : 1 molar ratios) rapidly
gives bright yellow solutions, from which lemon-yellow
compounds of stoicheiometry [Pt(S2PPh2)2PR3] (PR3 =
PPh3, PMePh2, and PMe2Ph) can be isolated, either by

* J. P- Fackler, jun., W. C. Seidel, and J. A. Fetchin, /. Amer.
Chem. Soc., 1968, 90, 2707; J. P. Fackler, jun., J. A. Fetchin,
and W. C. Seidel, ibid., 1969, 91, 1217; J. P. Fackler, jun., J. A.
Fetchin, J. Mayhew, W. C. Seidel, T. J. Swift, and M. Weeks,
ibid., p. 1941.

6 F. N. Tebbe and E. L. Muetterties, Inorg. Chem., 1970, 9,
629.

8 Miss J. M. C. Alison and T. A. Stephenson, to be published.
7 P. Porta, A. Sgamellotti, and N. Vinciguerra, Inorg. Chem.,

1908, 7. 2625.
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precipitation with light petroleum or by removal of
solvent under reduced pressure. Molecular weight
measurements in chloroform show them to be monomeric.
The n.m.r. spectra of [Pt(S2PPh2)2(PR3)] (PR3
= PMePh2 or PMe2Ph) (Table 1) in carbon disulphide
or deuteriochloroform consists, in the methyl region,
of a triplet of doublets which confirms direct co-ordin¬
ation of the tertiary phosphine to platinum, rather than
reaction with the dithio-ligand. For comparison, the
chemical shifts and coupling constants of methyldir
phenylphospliine adducts of other platinum dithio-
acids are given in Table 1. The close similarity of these

Table 1

*H N.m.r. data [methyl region (phos)] for some platinum
and palladium tertiary phosphine complexes at 301 K

Multiplicity and
Sol¬ T J values 4

Compound vent Value ■ /(P-H) /(Pt-H)
[Pt(S2PPh2)a(PMePh2)] cs2 7-69 11-4 38-0
[Pt(S2PPh2)2(PMePh2)] CDC1S 7-67 11-3 37-5
[Pt(S2CNEt2)2(PMePh2)]• CDC13 7-72 100 380
[Pt(S2COEt)2(PMePh2)]« CDCI3 7-80 110 410
[Pd(S2PPh2)2(PMePh2)] cs2 7-68 d 11-2
[Pt(S2PPh2)2(PMe2Ph)] CS2 8-08 11-3 380
[Pt(S2PPh2)(PMePh2)2]- CDCI3 7-99 13-2 49-5

S2PPh2
[Pt(S2PPh2)(PMe2Ph)2]- CDCI3 8-27 12-6 49-0

S2PPh2
[Pt(S2PPh2)(PMe2Ph)J- CDCI3 8-66 100 390

BPh,
" ±001. 4 Multiplicity: three doublets except where

stated otherwise, J(P—H) ± 0-2 Hz; /(Ptc-H) ± 0-5 Hz.
' From J. P. Fackler, jun., W. C. Seidel, and J. A. Fetchin,
J. Amer. Chem. Soc., 1968, 90, 2707. d One doublet.

with that of [Pt(S2PPh2)2(PMePh2)] is consistent with a
similar structure for all these 1 : 1 adducts.

With triphenylphosphine, a similar phenomenon is
observed to that found with Pd(S2PPh2)2.2 Precipit¬
ation of the triphenylphosphine complex at room
temperature gives a bright yellow crystalline solid.
However, precipitation at low temperature (ca. 200 K)
gives a pale yellow powder. The mull i.r. spectra and
m.p.s of these compounds are different but the solution
i.r. spectra (benzene or carbon disulphide) are identical.
Both compounds analyse for [Pt(S2PPh2)2(PPh3)] and
unlike the palladium system,2 the low temperature
form does not change to the bright yellow form in the
solid phase. However, this change does occur when
the former is dissolved in benzene and reprecipitated at
room temperature. Clearly, these observations are
consistent with the presence of isomers but speculation
on the structure of these isomers is deferred until the
section on i.r. studies.

Reaction of Pt(S2PPh2)2 with an excess of triphenyl-
arsine and triphenylstibine in benzene also gives the 1 ; 1
adducts [Pt(S2PPh2)2(LPh3)J (L = As or Sb), although
attempts to obtain a different low temperature form
have been unsuccessful. In contrast to the phosphine
complexes, which are stable in benzene, carbon di¬
sulphide, and dichloromethane (non-conducting in the
latter, see Table 2), the arsine complex, in solution,

slowly reverts to Pt(S2PPh2)2 and triphenylarsine
whereas, in the absence of an excess of triphenylstibine,
the stibine complex immediately dissociates in solution.
Reaction of Pt(S2PPh2)2 with an excess of pyridine in
carbon disulphide gives a lemon-yellow solution but
attempts to isolate a solid complex only resulted in
recovery of the starting material. However, on the
basis of solution i.r. studies (see later) there is probably
a 1:1 adduct present in solution. In contrast, there
is no reaction under any conditions between Pd(S2PPh2)2
and triphenylarsine, triphenylstibine, or pyridine. With
Ni(S2PPh2)2, an excess of pyridine readily gives the
green, crystalline 1 :2 adduct [Ni(S2PPh2)2(C5H5N)2].
A very recent X-ray structural analysis8 has shown
this to be an octahedral complex with a trans-arrange¬
ment of pyridine ligands and bidentate diphenylphos-
phinodithioato-groups.

If, however, a suspension of Pt(S2PPh2)2 in benzene
is shaken with an excess of any tertiary phosphine,
the initial yellow solution rapidly becomes colourless
and removal of solvent under reduced pressure gives
white powders of stoicheiometry [Pt(S2PPh2)2(PR3)2]
(PR3 = PPh3, PMePh2, or PMe2Ph). This is to be con¬
trasted with the behaviour of Pd^PPh^, which forms
1 : 2 adducts in benzene solution with PEt3, PMe2Ph,
and PMePh2 but not with PEtPh2 or PPh3.2 As
reported earlier for the palladium complexes,2 the
platinum 1 : 2 adducts are also unstable in non-polar
solvents such as benzene and carbon disulphide, readily
dissociating to the 1 : 1 complexes. This process can
be monitored by watching the growth in the i.r. spectrum
of a band characteristic of the 1 : 1 adduct {ca. 540 cm"1)
and the loss of one characteristic of the 1 : 2 compound
{ca. 560 cm"1). As in the case of the palladium com¬
plexes, only the addition of an excess of tertiary phos¬
phine can partially stabilise the 1 : 2 adducts in these
solvents.

However, in more polar solvents such as chloroform,
dichloromethane, and nitromethane, the platinum I : 2
adducts are stabilised. The mull and solution i.r.

spectra are identical, suggesting that the same species
is retained in these solvents and, on removal of solvent,
the 1 : 2 compound is recovered. Furthermore, con¬
ductivity measurements in dichloromethane and nitro¬
methane (Table 2), both on the 1 :2 compounds and on
the 1 : 1 compounds plus an excess of phosphine, are
consistent with those expected for 1:1 electrolytes.
In addition, a molecular weight determination of
[Pt(S2PPh2)(PMe2Ph)2]S2PPh2 in chloroform gives a
value of half that required for a monomeric complex,
indicating a 1 : 1 electrolyte in this solvent.

It is interesting to note that although no evidence
is found for the formation of [Pt(S2PPh2)(AsPh3)2]S2PPh2
in benzene solution, addition of an excess of triphenyl¬
arsine to a dichloromethane solution of [Pt(S2PPh2)2-
(AsPh3)] produces a lightening of colour and an ap¬
preciable increase in conductivity (Table £). The

8 P. Porta, A. Sgamellotti, and N. Vinciguerra, Inorg. Chem.,
1971, 10, 3.
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maximum value of found {ca. 11) would suggest
ca. 30—40% conversion into an ionic species in this
solvent. However, on removal of solvent, the i.r.
spectrum of the residue contains no band at ca. 560

Table 2

Equivalent conductivities (298 K) of some platinum
and palladium 1 : 1 and 1 : 2 complexes

A" plus
Concn.

Solvent

ch.c1,

Concn. excess

Compound (10-"m) A " of PR3
Ph,AsCl,HCl 9-8 55-3

Bun1NC101 101 22-7
3 1 32-1

Pt(S2PPh2)2 8-8 009

[Pt(S2PPh2)2(PPh3)] 9-4 0-72 32-3

[Pt(S2PPh2)2(PJVIePh2)] 81 1-2 29-8

[Pt(S2PPh2)2(PMe2Ph)] 121 0-63 230

[Pt(S2PPh2)2(AsPh3)] 8-6 0-21 10-94

[Pt(S2PPh2)(PPh3)2]S2PPh2 8-8 26-6

[Pt(S2PPh2)(PMePh2)2]- 8-6 30-2
S2PPh2

[Pt(S2PPh2)(PMe2Ph)2]- 120 33-2

S2PPh2
[Pt(S2PPh2)(PMe2Ph)2]BPh1 9-2 33-6

[Pt(S2PPh2) (PMe2Ph) JC1 8-4 41-9

[Pt(diphos) 2] (S2PPh2) 2 1-7 21-7

[Pt(diphos) 2] (BPh4) 2 1-4 31-2

[Pd(S2PPh2)2(PPh3)j 8-8 0-64 19-2

[Pd(S2PPh2)2(PEtPh2)] 15-7 1-8 200

[Pd(S2PPh2),(PMe,Ph)] 13-7 2-5 26-4

[Pd(S2PPh2)2(PMePh2)] 100 1-5 31-6

[Pd (S2PPh2) (PMe2Ph) J - 120 24-4

S2PPh2
[Pd(S2PPh2)(PMePh2)J- 5-5 16-8

S2PPh2
[Pd(S2PPh2)(PEt3)JS2PPh2 8-3 25-0

[Pd(diphos) J (SaPPhj) 2 41 36-8

[Ni(S2PPh2)2(C5HsN)2] 17-8 1-7

[Pt(diphos)2](S2PPh2)2 1-4 66-6

[Pd(diphos)2](S2PPh2)2 2-6 74-7

[Pd(S2PPh2)(PMePh2)2]- 4-8 420

S2PPh2
[Pd(S2PPh2)2(PMePh2)]' 11-4 8-3 530

ch2c12-
pyridine

ch.no,

» In S cm' mol"1. 4 Addition of excess AsPh3.

cm-1 and the compound on dissolution is non-conducting.
Clearly, the triphenylarsine 1 : 2 adduct is only partially
stabilised in fairly polar solvents.

The XH n.m.r. data for [Pt(S2PPh2)(PR3)2]S2PPh2
(PR3 = PMe2Ph or PMePh2) (Table 1) are very similar
to those of the 1 :1 compounds, although the coupling
constants are slightly larger and the methyl resonances
occur at a slightly higher field.

Similarly, conductivity measurements on the pallad¬
ium complexes (Table 2) confirm the ionic nature of
the 1 : 2 adducts. The palladium compounds (PEt3,
PMe2Ph, and PMePh2) are completely stabilised in nitro-
methane; in dichloromethane and chloroform they are
slightly dissociated, as shown by the presence of a weak
band at ca. 540 cm-1 (cf. the corresponding platinum
compounds, which are completely stabilised in these
solvents). Furthermore, although there is no evidence
for the formation of palladium 1 :2 complexes of
PPh3 or PEtPh2 in benzene solution,2 addition of an
excess of these phosphines to dichloromethane solutions

9 C. A. Beevers and A. Fraser, to be published.
10 Miss J. M. C. Alison and R. O. Gould, to be published.

of the corresponding 1 : 1 adducts produces a lightening
of colour and an increase in conductivity (Table 2).
The values of A found indicate an appreciable amount
of an ionic species is present. However, although the
solution i.r. spectra of these mixtures contain a weak
band at ca. 560 cm"1, all attempts to isolate an ionic
species gave only the 1 : 1 compounds.

Thus, the non-electrolyte six-co-ordinate structure
suggested earlier2 must be discarded and the 1 :2
adducts of both palladium and platinum reformulated
on the evidence given here as the four-co-ordinate ionic
compounds (II). Confirmation of the authenticity
of structure (II) has now been established by means of a
two-dimensional X-ray diffraction study on [Pd(S2PPh2)-
(PEt3)2]S2PPh2.9

The reformulation of the 1 :2 compounds as the
ionic species (II) and their ready interconversion with
the 1 : 1 complexes casts doubt on the validity of the
five-co-ordinate structure postulated earlier2 for the
latter. An X-ray structural analysis of [Pd(S2PPh2)2-
(PPh3)] is now sufficiently advanced10 to verify the
unusual structure (I) containing four-co-ordinate pal¬
ladium and bidentate and unidentate diphenylphos-
phinodithioato-groups. The Figure shows the square-
planar arrangement about the palladium atom and the
distinction between the unidentate and bidentate
ligands. The non-co-ordinating sulphur atom, S(4),
is 3-3 A below the plane, and more than 3-5 A from the
palladium atom.

The heavy atoms of bis(diphenylphosphinodithioato)triphenyl-
phosphinepalladium(n) projected into the best plane of Pd,
S(l), S(2), S(3), P(l), and P(3); bond lengths and angles are
shown

Infrared Spectra.—-In an earlier paper,2 the mode of
bonding of the diphenylphosphinodithioato-ligand to
palladium was inferred from the position and separation
of the asymmetric (vj) and symmetric (v2) PS2~ stretch¬
ing frequencies. At the time, it was considered that
this approach was valid and completely analogous to
the situation found in carboxylate complexes.3,11
However, such an approach is now considered un¬
suitable in view of the fact that, in the Ph2PS2~ group,

11 For references and discussion see K. Nakamoto, ' Infrared
Spectra of Inorganic and Co-ordination Compounds,' p. 222 el
seq., 2nd edn., Wiley. New York and London, 1969.
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the similar energies of v1 and v2 to the many other
vibrations of the same symmetry class will surely lead
to extensive coupling of these vibrations. This in
turn will invalidate any arguments based on the ex¬
pected shifts of uncoupled vPS2" vibrations with changes
in the mode of co-ordination.

Nevertheless, careful examination of the i.r. spectra
of these platinum and palladium complexes (these are
reproduced from 800 to 250 cm"1 in the Experimental
section) suggest that the presence of certain bands
appears to be diagnostic of unidentate, bidentate, and
ionic co-ordination of the diphenylphosphinodithioate
group to these metals. For the reason given above, no
attempt has been made to assign these characteristic
bands to any specific mode of vibration, although it is
suggested that they probably contain an appreciable
contribution from PS2~ stretching frequencies. In
Table 3, the two characteristic bands are given for each
mode of bonding. In addition, the Table contains a
number of examples taken from these studies, in order

Table 3

Characteristic bands for determining the mode of co¬
ordination of the diphenylphosphinodithioate group to
palladium (n) and platinum (ii) ions

Compound
[Pt(Pd) (S2PPh2)2(PMe2Ph)]
[Pt(S2PPh2)2(AsPh3)]
[Pt(S2PPh2)2(SbPh3)]
[Pt(S2PPh2)2(PPh3)] (bright

yellow)
[Pt(S2PPh2)2(PPh3)] (pale yellow)
[Pd(S2PPh2)(PEt3)2]S2PPh2
[Pt(Pd) (S2PPh2) (PMePh2) JS2PPh2
[Pt(Pd) (S2PPh2) (PMe2Ph) 2]S2PPh2
[Pt(S2PPh2) (PMe2Ph) 2]BPh4
[Pt(S2PPh2)(PMe2Ph)2]Cl
[Pt(Pd)(diphos)2](S2PPh2)2
[Pt(diphos)2] (BPhj) 2

- Cf. Ph2PS2H 638 and 540
and 567 cm"1. ' Cf. Cs(S2PPh2)

Uni¬
dentate '

Bi¬
dentate ' Ionic"

645, 539 603, 571
645, 539 603, 571
643, 539 603, 572
645, 539 603, 571

648, 540 603, 570
605, 573
603, 571
603, 570
603, 573
603, 573

650, 560
655, 562
656, 562

650, 563

Cf. Pt(S2PPh2)2 601
654 and 562 cm 1.

that the usefulness of these characteristic bands for
structure determination might be illustrated. A con¬
vincing test of the validity of these assignments is
provided by the syntheses of [Pt(S2PPh2)(PMe2Ph)JX
(X~ = CP, or BPh4"), where the i.r. spectra contain
' bidentate ' but not ' ionic ' bands (Table 3).

The product from reaction of M(S2PPh2)2 (M = Pt or
Pd) with excess l,2-bis(diphenylphosphino)ethane
(Ph2PCH2CH2PPh2 = diphos) provides an excellent
example of the use of these characteristic bands in
determining structural details. The white products
analyse for [M(S2PPh2)2(diphos)2] and the i.r. spectra
(Table 3) contain only ' ionic ' bands, suggesting the
compounds should be formulated as [M(diphos)2]-
(S2PPh2)2. This is confirmed by conductivity measure¬
ments (Table 2) and by synthesis of [Pt(diphos)2]-
(BPh4)2 with consequent disappearance of the ' ionic '
bands. Similarly, the solution i.r. spectrum of Pt-

11 D. J. Cole-Hamilton and T. A. Stephenson, unpublished
work.

(S2PPh2)2 and excess pyridine in carbon disulphidc
shows bands at 573 and 540 cm"1, indicating the presence
of a 1 : 1 complex of type (I).

Although the two isomers of [M(S2PPh2)2PPh3]
(M = Pd or Pt) have different mull i.r. spectra, the
differences stem from changes in the region ca. 500
and 700 cm"1 (see reference 2 for details of the palladium
compounds). The characteristic bands of ' bidentate '
and ' unidentate' co-ordination remain unchanged
(Table 3). Therefore, it is suggested that the best
explanation for the isomers of [M(S2PPh2)2PPh3] is
probably different orientations of the unidentate di-
phenylphosphinodithioate-group with respect to the
bulky triphenylphosphine ligand. This is expected to
produce changes in the i.r. spectra in regions associated
with phenyl vibrations of both tertiary phosphine and
dithio-ligand {ca. 500 and 700 cm"1) but little change
in the vibrations associated with the actual mode of
bonding. Clearly, there is no need to invoke a five-
co-ordinate low-temperature form to explain the spectral
changes. Unfortunately, the low-temperature platinum
isomer is not sufficiently crystalline for X-ray analysis
and therefore direct proof of this theory is not possible.

Dissolution of either isomer in carbon disulphide
gives identical i.r. solution spectra. These are very
similar to that of the mull spectrum of the low tempera¬
ture form, except for the additional weak band in the
former at 673 cm"1 (palladium 2) and 675 cm"1 (platinum),
the intensity of which increases with concentration.
A possible explanation for these observations is that
solvation of a common intermediate occurs in solution.
This intermediate is very similar in structure to the
low-temperature isomer which is formed on removal of
solvent. Apparently, the latter is kinetically inert
for platinum, but rapidly converts to the room-tempera¬
ture form for palladium.

Finally it should be noted that for [Ni(S2PPh2)2-
(C5H5N)2] the ' bidentate' bands occur at 632 and
570 cm"1. Similarly, preliminary studies on diphenyl-
phosphinodithioato-complexes of rhodium, ruthenium,
and osmium12 indicate, in certain instances, some
variation in the higher-energy band positions compared
to those given in Table 3. However, in all compounds
examined to date, the lower energy band positions are
very similar to those given in Table 3. By analogy
with carboxylate complexes, where v1 is much more
sensitive to changes in the metal than v2,u this might
suggest that the higher energy band possesses appreciable
v4 character and the lower v2 character.

In spite of these variations, it is hoped that this
diagnostic method will prove invaluable in future
studies, both for analysing the structure of diphenyl¬
phosphinodithioate complexes and for following the
structural interconversions which are a feature of the
dithioacid complexes so far considered.
EXPERIMENTAL

Microanalyses were by the Analytical Laboratory,
Edinburgh University, and by A. Bernhardt, West Germany.
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Molecular weights were determined in dry ethanol-free
chloroform at 37° on a Mechrolab Osmometer (model
301A), calibrated with benzil. I.r. spectra were recorded
in the region 4000—250 cm"1 on a Perkin-Elmer model
457 and 225 Spectrometer using Nujol mulls on caesium
iodide plates. Solution spectra were run in potassium
bromide cells. Spectra are listed for each compound
(800—250 cm"1). Conductivity measurements were made
on a model 310 Portland Electronics conductivity bridge.
N.m.r. spectra were obtained on a Perkin-Elmer model
RS10 60 MHz spectrometer and a Varian Associates
HA100 spectrometer. Mass spectra were measured on an
AEI MS20 spectrometer. M.p.s were determined with a
Kofler hot-stage microscope and are uncorrected.

Materials.—Palladium (n) chloride and potassium tetra-
chloroplatinate(n) (Johnson-Matthey); triphenylphosphine
and dimethylphenylphosphine (B.D.H.), triphenylarsine
(Emanuel), triphenylstibine (Koch-Light), triethylphos-
phine (B. Newton Main); ethyldiphenylphosphine and
methyldiphenylphosphine were prepared by the Grignard
method. Diphenylphosphinodithioic acid and its caesium
salt were prepared as described previously.2

Platinum Compounds
Bis{diphenylphosphinodithioate)platinum(ii).— Potassium

tetrachloroplatinate(n) (1-81 g, 4-4 mmol) in a minimum
volume of hot water (30 ml) was shaken for 72 h with an
excess of diphenylphosphinodithioic acid (5-70 g, 22-8
mmol) in ethanol (30 ml) to give a pale orange precipitate.
After washing with water and ethanol, this was recrystal-
lised from hot benzene (or dichloromethane) giving bright
orange crystals of the complex which were washed with
diethyl ether and dried in vacuo (2-5 g, 84%), m.p. 298—
300° (Found: C, 41-9; H, 2-9; P, 8-8; S, 20-0. C24H20-
P2PtS4 requires C, 41-6; H, 2-8; P, 8-9; S, 18-5%).

An alternative method of preparation * is by reaction
of platinum(n) acetate3 and excess diphenylphosphino¬
dithioic acid in warm benzene to give an immediate orange

precipitate, purified as above.
The compound is fairly soluble in dichloromethane,

chloroform, and hot benzene; sparingly soluble in acetone
and ethanol; insoluble in water, ethers, and hexane;
vmax (Nujol) 745s, 718w, 709s, 685s, 619w, 601m, 567s,
485m, 463w, 454w, 360m, 296s.

Bis(diphenylphosphinodithioato)(triphenylphosphine)-
platinum(ii).—(a) Bright yellow form. Pt(S2PPh2)2 (0-10 g,
0-15 mmol) was suspended in benzene (10 ml) and shaken
with triphenylphosphine (0-04 g, 0-15 mmol) for ca. 20 min
to give a lemon-yellow solution. Light petroleum (b.p.
100—120°) was then added to the solution giving a floc-
culent ofi-white precipitate which on trituration was rapidly
converted into a crystalline bright yellow product. This
was filtered off, washed with more petroleum (b.p. 60—80°),
and dried in vacuo at 40° for several hours (0-12 g, 93%),'
m.p. 122° (Found: C, 53-0; H, 3-8; P, 9-7; S, 13-5.
C42H35P3PtS4 requires C, 52-8; H, 3-7; P, 9-7; S, 13-4%);
vmax. (Nujol) 755sh, 750sh, 742m, 706s, 693sh, 687s, 645m,
628w, 612w, 603w, 571s, 539s, 531s, 512m, 500w, 485w,
475w, 450w, 435w, 350m, 319w, 304w, 270w, 260w.

(b) Pale yellow form. A solution of the above product
* Another method of synthesis (from H2PtCl6 and Ph2PS2H)

is also available: A. Muller, V. V. Krishna Rao, and G. Klinsiek,
Chem. Ber., 1971, 104, 1892.

in carbon disulphide was cooled to ca. 200 K and on addition
of an excess of light petroleum (b.p. 100—120°) a pale
yellow solid was obtained, washed with cold light petroleum
(b.p. 60—80°) and air-dried, m.p. 109—110° (Found:
C, 52-6; H, 3-6. C42H35P3PtS4 requires C, 52-8; H, 3-7%);

(Nujol) 745s, 706s, 690s, 648s, 621w, 612w, 603w,
570s, 540s, 531s, 512m, 495w, 490sh, 465m, 365sh, 360m,
320w, 305w, 280w; vlllax_ (CS2, pale and bright yellow
isomers) 742s, 706s, 690s, 675 (variable), 648s, 623w,
612w, 603w, 570s, 540s, 530s, 512m, 495w, 490w.

Both the bright and pale yellow compounds are soluble in
dichloromethane and chloroform; sparingly soluble in carbon
disulphide, benzene, and acetone and insoluble in ethanol
and xylene.

Bis{diphenylphosphinodithioato)triphenylarsine)platinum-
(ii).—A suspension of Pt(S2PPh2)2 (0-22 g, 0-31 mmol) in
benzene (15 ml) was treated with an excess of triphenyl¬
arsine (0-5 g, 1-60 mmol) and shaken for 1 h. Removal of
the solvent under vacuum and treatment of the resulting
oil with light petroleum (b.p. 60—80°) gave a bright
yellow precipitate which was washed carefully with light
petroleum to remove free triphenylarsine and then dried
in vacuo (0-29 g, 91%), m.p. 166° (Found: C, 50-7; H, 3-5.
C12H35AsP2PtS4 requires C, 50-5; H, 3-5%). Attempts to
obtain a pale yellow isomer by cooling carbon disulphide
or dichloromethane solutions of the above product were
unsuccessful; v[nal_ (Nujol) 750s, 740s, 706s, 689s, 645s,
628w, 612w, 603w, 571s, 539s, 485w, 475m, 468m, 445w,
440sh, 360sh, 342m, 335m, 330m, 315w, 305m, 275w.

Bis[diphenylphosphinodithioato)triphenylstibineplatinum-
(ix).—As above, shaking Pt(S2PPh2)2 (0-22 g, 0-31 mmol)
and a large excess of triphenylstibine (2-0 g, 5-7 mmol)
in benzene. Solvent removal under vacuum and treat¬
ment with dichloromethane and ethanol gave the product
as a bright yellow powder. Excess of triphenylstibine was
removed by repeated washing with light petroleum (b.p.
60—80°) (0-18 g, 55%), m.p. 130—132° (Found: C, 48-2;
H, 3-4. C42H35P2PtS4Sb requires C, 48-2; H, 3-4%);
vmax. (Nujol) 749w, 730s, 706s, 687s, 643m, 626w, 612w,
603w, 572s, 539s, 483m, 472m, 445m, 365w, 350m, 312w,
305w, 290w, 273s, 265s.

Bis(diphenylphosphinodithioato)(cLimethylphenylphos-
phine)platinum(n).—A suspension of Pt(S2PPh2)2 (0-23 g,
0-32 mmol) was shaken in benzene (20 ml) with dimethyl¬
phenylphosphine (0-05 ml, 0-30 mmol) under nitrogen for
2 h. After removal of any unreacted Pt(S2PPh2)2, solvent
was removed under vacuum and the residue treated with

light petroleum (b.p. 40—60°) to give a pale yellow product
(0-26 g, 95%), m.p. 156—158° [Found: C, 46-3; H, 3-7%;
M (Osmometric in CHC13), 790 (0-02 g ml"1), 953 (0-11
gml"1). C32H31P3PtS4requiresC, 46-2; H, 3-7%; AT, 831];
W (Nujol) 745s, 718w, 712s, 709s, 690s, 645m, 623w,
615w, 603w, 571s, 539s, 483s, 471sh, 460w, 443m, 368m,
360m, 325w, 305w, 285w, 265w.

Bis(diphenylphosphinodithioato) (methyldiphenylphos-
phine)platinum[\i).—Method as above, Pt(S2PPh2)2 (0-24 g,
0-32 mmol) and methyldiphenylphosphine (0 07 ml,
0-30 mmol) giving a pale yellow product (0-31 g, 98%),
m.p. 206—209° [Found: C, 49-9; H, 3-9%; M (Osmometric
inCHCl3), 767 (0 02gml_1), 964(0-04gml"1). C37H33P3PtS4
requires C, 49-7; H, 3-7%; M, 893]; vma!L (Nujol) 740s,
720m, 709s, 690s, 645m, 621w, 612w, 603w, 571s, 541s,
510s, 488m, 455m, 430w, 365w, 360m, 312w, 305sh, 260w.

(Diphenylphosphinodithioato)bis(triphenylphosphine)~
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platinum (n) Diphenylphosphinodithioate.—Pt(S2PPh2)2
(0-11 g, 0-16 mmol) in dichloromethane or benzene (20 ml)
on shaking for 15 rnin with excess triphenylphosphine
(0-20 g, 0-75 mmol) gave a colourless solution. Removal
of solvent under vacuum gave a semi-crystalline mass
which on trituration with light petroleum (b.p. 40—60°)
gave an off-white powder (0 09 g, 55%), m.p. 69—70°
(Found: C, 61-0; H, 4-3; P, 10-4; S, 10-7. C60H50P4PtS4
requires C, 60-7; H, 4-2; P, 10-4; S, 10-8%).

The compound is soluble in dichloromethane and chloro¬
form; largely dissociated to [Pt(S2PPh2)2PPh3] in benzene;
carbon disulphide, and insoluble in light petroleum;
(Nujol) 743s, 720w, 710sh, 695s, 655m, 615w, 603w, 573s,
563s, 545s, 528s, 513s, 497s, 487s, 445w, 423w, 361m,
310m, 290w, 275w.

(Diphenylphosphinodithioalo)bis{dimethylphenylphos-
phine)platinum(n) Diphenylphosphinodithioate.—Method as
above, except under nitrogen, Pt(S2PPh2)2 (0-23 g,
0-32 mmol) and excess dimethylphenylphosphine
(0-12 ml, 0-70 mmol) gave a white powder, m.p. 110°
[Found: C, 49-5; H, 4-4; P, 11-4; S, 12-8%; M (Osmo-
metric in CHC13), 577 (0-004 g ml""1), 430 (0-009 g ml-1).
C40H52P4PtS4 requires C, 49-5; H, 4-3; P, 12-7; S, 13-2%;
M (for 1 : 1 electrolyte), 485]; vnlax_ (Nujol) 745s, 720m,
710m, 698sh, 690s, 656s, 615w, 603w, 570s, 562s, 495sh,
485s, 470w, 450w, 432m, 365m, 312w, 305w.

(Diphenylphosphinodithioato)bis{methyldiphenylphos-
phine)platinum{n) Diphenylphosphinodithioate.—Method as
above, Pt(S2PPh2)2 (0-18 g, 0-25 mmol) and excess methyl-
diphenylphosphine (0-20 ml, 0-85 mmol) in dichloromethane
giving a white powder (0-22 g, 78%), m.p. 62—64° (Found:
C, 54-6; H, 3-9. C50H46P4PtS4 requires C, 54-9; H, 4-2%);
vmax. (Nujol) 740s, 720m, 710m, 690s, 655m, 615w, 603w,
571s, 562s, 521m, 509m, 487m, 450m, 430w, 365m, 310w.

(Diphenylphosphinodithioato)bis(dimethylphenylphos-
phine)platinum(n) Tetraphenylborate.—[Pt(S2PPh2)-
(PMe2Ph)2]S2PPh2 (0-10 g, 1-1 mmol) in a minimum volume
of acetone (3 ml) was treated with a concentrated aqueous
solution of sodium tetraphenylborate (1-0 g, 3-3 mmol).
The immediate white precipitate was filtered off, washed
thoroughly with distilled water, and then recrystallised
from dichloromethane-light petroleum (b.p. 60—80°),
m.p. 161—165° (Found: C, 60-5; H, 5-0. C52H62BP3PtS2
requires C, 60-1; H, 5-0%); (Nujol) 790m, 755w,
745s, 740s, 730s, 720s, 709s, 690sh, 685m, 625w, 615w,
603m, 573s, 490m, 480m, 450w, 435w, 370m, 310m, 290w.

(Diphenylphosphinodithioato)bis (dimethylphenylphos-
phine)plalinum{ii) Chloride.—- [Pt(S2PPh2)(PMe2Ph)2]-
S2PPh2 was shaken in dichloromethane with an excess
of Biorad anion exchange resin (AG-1-X10; 200—400
mesh; Cl~ form) for several hours. Filtration, removal
of solvent, and trituration with light petroleum (b.p.
60—80°) gave a white powder, m.p. 180—183° (decomp.)
(Found: C, 44-2; H, 4-2; CI, 4-6. C28Ff32ClP3PtS2 requires
C, 44-5; H, 4-2; CI, 4-7%); (Nujol) 745s, 725s, 715s,
710s, 700s, 690s, 615w, 603w, 573s, 495m, 485m, 460m,
440w, 370m, 310m, 280w.

Bis{ l-2-bis(diphenylphosphinoethane) }platinum(n)
Bis(diphenylphosphinodithioate).—Pt(S2PPh2)2 (0-20 g,
0-30 mmol) suspended in benzene with an excess of 1-2-
bis(diphenylphosphinoethane) (1-0 g, 2-5 mmol) gave an
immediate white precipitate, m.p. 245—248° (decomp.)
(Found: C, 50-6; H, 4-6. C76H72P6PtS4 requires C, 61-2;
H, 4-6%); (Nujol) 743s, 725m, 709sh, 695s, 675w,

650s, 612w, 563s, 530s, 510m, 487m, 480sh, 470w, 450w,
400w, 350m.

Bis{l-2-bis{diphenylphosphinoethane})platinum(n) Bis-
(tetraphenylborale).-—[Pt(diphos)2](S2PPh2)2 and an excess
of sodium tetraphenylborate were shaken for 24 h in
water-acetone. The white residue was washed with

water, acetone, and light petroleum (60—80°) and dried
in vacuo, m.p. 251—253° (decomp.) (Found: C, 73-3;
H, 5-6. C100H88B2P4Pt requires C, 73-7; H, 5-4%);
(Nujol) 790s, 765w, 750m, 745m, 738m, 730m, 709s, 690m,
679w, 62lw, 612s, 534s, 512m, 485sh, 480s, 440m, 340m.

Palladium Compounds
Pd(S2PPh2)2, [Pd(S2PPh2)2PR3] (PR3 = PPh3, PMe2Ph,

PEtPh2, and PEt3), and [Pd(S2PPh2)(PR3)2]S2PPh2 (PR3
= PMe2Ph or PEt3) were prepared as described previously.2

Bis(diphenylphosphinodithioato)(methyldiphenylphos-
phine)palladium{ii).—Method as for [Pt(S2PPh2)2(PMePh2)],
Pd(S2PPh2)2 (0-18 g, 0-25 mmol) and methyldiphenyl-
phosphine (0-07 ml, 0-30 mmol) giving an orange crystalline
product (0-18 g, 80%), m.p. 191—193° (Found: C, 55-2;
H, 4-2. C37H33P3PdS4 requires C, 55-2; H, 4-1%); vmaT
(Nujol) identical to platinum complex.

{Diphenylphosphinodithioato)bis (methyldiphenylphos-
phine)palladium{u) Diphenylphosphinodithioate.—As for
the corresponding platinum compound giving a pale
orange powder, m.p. 66—69° (Found: C, 59-5; H, 4-5.
C60H46P4PdS4 requires C, 59-7; H, 4-6%); (Nujol)
identical to platinum complex.

Bis{ \-2-bis{diphenylphosphinoethane) }palladium[u) Bis-
{diphenylphosphinodithioate).—As for the corresponding
platinum compound, giving an immediate white precipitate,
m.p. 211—212° (Found: C, 65-6; H, 5-6; P, 12-7; S, 8-7.
C76H72P6PdS4 requires C, 65-0; H, 4-9; P, 13-3; S, 9-3%);
vmax. (Nujol) identical to platinum complex.

Summary of X-Ray Structural Data.—(a) [Pd(S2PPh2)2-
PPh3] prepared as in reference 2 gave well-formed triclinic
needles from a nitromethane-ether mixture.

Crystal Data.—C42H35P3PdS4, M, 867, a — 9-62, b
= 18-65, c = 22-13 A, a = 90-5, (3 = 90-4, y = 92-5°,
Dm = 1-43, Dc = 1-45 g cm""3, Z — 4, space group Bl.

816 Independent reflections were obtained from pre¬
cession data (Cu-A'a radiation), giving about two-thirds of
the reciprocal lattice out to a resolution of 1-5 A. The
positions of the palladium, sulphur, and phosphorus atoms
were obtained by Patterson and Fourier syntheses, and the
phenyl rings, which are only partially resolved, have been
idealised and included in further refinement to give the
heavy atom framework shown in the Figure. Further
data is being collected to refine the structure fully.

(b) The following preliminary report has been provided
by Dr. C. A. Beevers and Mr. A. Fraser of the University
of Edinburgh.

' A crystal of [Pd(S2PPh2)2(PEt3)2]S2PPh2, prepared as in
reference 2 was mounted about its needle axis and X-ray
photographs taken by the Weissenberg method. From
these photographs, the following cell statistics were cal¬
culated: a = 33-42; 6 = 8-74; c = 32-02 A; (3 = 121-2°,
U = 7400 A3, Z — 8; space group C2/c. 208 hOl Reflections
were measured visually and a structure with a four-co¬
ordinate palladium atom refined in two dimensions to an
R factor of 0-20. All attempts to refine the structure on
the basis of a six-co-ordinate palladium atom were un¬
successful.'
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Nickel Compounds

Bis(diphenylphosphinodithioato)nickel(u) was prepared
as described elsewhere; 13 (Nujol) 740s, 709s, 685s,
619w, 601w, 573s, 485m, 463w, 454w, 342m.

Bis(diphenylphosphinodithioato)bis(pyridine)nickel(il).—-
Ni(S2PPh2)2 was suspended in chloroform and an excess
of dry pyridine added dropwise. Immediate reaction
occurred to give a deep yellow-green solution which on
standing for several minutes deposited the pale green
crystalline product. This was filtered, washed well with
diethyl ether, and air-dried m.p. 160° (decomp.) (Found:

C, 57-4; H, 4-2; N, 3-7. Calc. for C34H30N2NiP2S4:
C, 57-1; H, 4-2; N, 3-8%); vmax (Nujol) 760s, 750s, 745s,
720w, 705s, 700s, 690s, 645w, '632s, 612s, 570s, 488m,
480m, 460m, 450w, 366s, 308w.

We thank Johnson-Matthey Ltd., for a loan of palladium-
(ii) chloride and the S.R.C. for an award (to J. M. C. A.).

[1/1217 Received, July 15th, 1971]

13 W. Kuchen, J. Metten, and A. Jadat, Chem. Ber., 1964, 97,
2306.
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NOVEL CARBONYLATION PRODUCTS OF RUTHENIUM(II)

DITHIOACID COMPLEXES

D.J. Cole-Hamilton, P.W. Armit and T.A. Stephenson

Department of Chemistry, University of Edinburgh,

Edinburgh EH9 3JJ

(Received 20 June 1972)

Dialkyl(aryl)phosphinodithioato complexes of ruthenium of type

(Ru(S2PR2)2L2] (I) (R = Me, Et, Ph; L = PFh , PMePh2, PMe^h, F^IPhj^) can be
prepared by reaction of RuCl„ _ L_ . I (l,2,3) with the sodium salt oft 2 or 33 or 4J

the appropriate dithioacid. Unlike [ru(S2CNR2)2L2 J(R = Me, Et; L = PPhj(U),
PMe2Ph), shown to be unreactive to Lewis bases such as carbon monoxide and
pyridine (^), compounds I undergo various interesting reactions. These

include ligand exchange, giving mixed complexes such as [ru(S2PR2)2(PR'-
(PlOPhf^J carbonylation under mild conditions to give phosphine
carbohyls.
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For L = PMe^Ph, carbonylation (l atm.) of I in refluxing ethanolio
solution leads to two products [Ru(S2PR2)2(PMe2Ph)Co] 311(1
[ Ru(S2PR2)2(PMe2Ph)2C0j(III) which are readily separated by the new technique
of dry column chromatography (5). *H n.m.r. studies on II indicate, in

PMe2Ph

R,

R'
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, Ru
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every case, a cis arrangement of ligands (1* inequivalent R groups). (Table).

Analysis of the *H n.m.r. and infrared spectra of III suggests a six

co-ordinate structure with unidentate and bidentate dithio groups, and trans

PMe2Ph ligands. The H n.m.r. also indicates a dynamic structure at higher
temperatures(> 60°) with rapid "flipping" of dithio groups, although a

detailed study is made complicated by the slow dissociation of a PMegPh
ligand to give [Ru(S2PR2)2(PMe2Ph)Coj.

Low temperature carbonylation of ^Ru(S2PR2)2(PMe2Ph)2] gives a third
complex, also of formula [Ru(S2PR2)2(PMe2Ph)2Co] which readily converts in
solution to a mixture of II and III. The structure of this compound is

not easy to determine from spectroscopic data. The most likely formulation

is a six co-ordinate complex containing both unidentate and bidentate dithio

groups with cis PMe2Ph ligands but a seven co-ordinate ruthenium (II) complex
with two bidentate dithio groups cannot be ruled out on the evidence at

present available. Full confirmation of the structure of this complex

now awaits the results of an X-ray analysis. For L = PMePh2, PPh^ £££.•»
carbonylation of I, even under very mild conditions, gives only
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TABLE

Variable Temperature 'h n.m.r. Spectra of some

Ruthenium Dithio Compounds in CDCl^

Compound Temperature t Value (S„PMeJa t Value

(°C) (Me phosphine)

Ru(S2PMe2)2(PPh3)2 28 8.33C -

-20b 8.33d -

-60 7.69° 8.85° -

Ru(S2PMe2)2(PMePh2)2 60 8.39° 8.00e
ob 8.39d 8.01+

-60 7. 81+c 8.75° 8.0l+e

Ru(S2PMe2)2(PMe2Ph)2 65 8.01c 8.38s
28b 8.01d 8.38d

-1+0 7.69° 8. ll+c 8.30s 8.1+5®

Ru(S2PMe2)2(p|0Ph^)2 6ob 8.17d -

0 1.9bc 8.33° -

Ru(S2PMe2)2(PMe2Ph)C0 55 7.81+c ,7-97C ,8.06c ,8.1+0C 8.07f
-10b 7-83c,7.96c,8.0l+c,8.37C 8.07g
-30 7.81°,7.95°,8.03° ,8.35° 8.06f 8.09f

Ru(S2PMe2)2(PMe2Ph)2CO 28 8.11° 8.91° 7.86h 7-89h

a

JpH = 12.5 Hz 6 Second order spectrum (j) with JpH + JpHi = 8.5 Hz
13

coalescence temperature f Doublet, Jpp = 10.0 Hz
C fi"

Doublet Broadened doublet

d
Broad hump 11 1:2:1 triplet with virtual coupling constant

(T) = 3.5 Hz.

fRu(S PR ) LCO1 , a reflection, presumably, of the strong affinity of PMe Phl 2 2 2 -•

for ruthenium (II) (6).

Analysis of the room temperature n.m.r. spectra of I is inconclusive

in determining their stereochemistry since the methyl phosphine pattern could

be interpreted as indicating either cis phosphines with a large J or trans

phosphines with a low J (7). However, variable temperature 'H n.m.r.
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studies unequivocally confirm cis phosphines in every case (with restricted

rotation around the metal-phosphorus bond at low temperature) and that

scrambling of the R groups on the sulphur ligands occurs at higher temperature

(Table). The most likely explanation for this averaging process is a rapid

inversion of configuration between the two possible enantiomers of I, a

phenomenon well documented in other chelate complexes of transition metals(8),

although not previously reported for octahedral complexes of ruthenium(ll).

Preliminary results of a full kinetic line shape analysis suggest a solvent

assisted bond rupture mechanism for this inversion process. In the case of

compounds II, no inversion of configuration is found, even at 60°C.
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Metal Complexes of Sulphur Ligands. Part II!.1 Reaction of Platinum(n)
/V/V-Dialkyldithiocarbamates, O-Ethyl Dithiocarbonate (Xanthate), and
OO'-Diethyl Dithiophosphate with Tertiary Phosphines
By (Miss) J. M. C. Alison and T. A. Stephenson,* Department of Chemistry, University of Edinburgh, Edinburgh

EH9 3JJ

Evidence is presented to show that the reaction of all M(S-S)2 compounds [M = Pt, Pd; (S~S)~ = ~S2CNR2
(R = Me, Et), ~S2COR (R = Et, PhCH2), ~S2P(OEt)2. and ~S2PR2 (R = Me, Et, Ph)] with tertiary phosphines
occurs by stepwise cleavage of metal-sulphur bonds to generate four-co-ordinate compounds of formulae
[M (S~S)2PR'3] and [M(S~S)(PR'3)2](S~S) with unidentate/bidentate (III) and ionic/bidentate (IV) co-ordin-
tion respectively. All the ionic compounds readily revert to the [M(S-S)2PR'3] complexes in the presence of non-
polar solvents via nucleophilic attack by (S~S)~ on the metal. In addition, for (S~S)~ = ~S2COR. ~S2P(OEt)2,
nucleophilic attack can also occur on a co-ordinated alkoxy group to give the novel compounds [(R'3P)2MS2CO] (I)
and [(R'3P)2MS2P(0)0Et] (II) respectively.

For [M(S-S)(PR'3)2](S~S) compounds containing ~S2CNR2, the presence of excess PR'3 catalyses the reaction
between dithiocarbamate ion and dichloromethane, giving CH2(S2CNR2)2 and [M(S2CNR2)(PR'3)2]CI,H20.
These conclusions are based on extensive physico-chemical studies and, in particular, the use of variable tempera¬
ture XH n.m.r. spectroscopy.

Recently, it was reported 24 that the reaction of tertiary
phosphines with M(S~S)2 (1 : 1 molar ratio) [M = Pt, Pd;
(S-S)- ~S2CNEt2, "S2COR, -S2P(OEt)2, and ~S2CR]

structures of type (III) and (IV) respectively and these
structural assignments have been confirmed by X-ray

gave the complexes [M(S-S)2PR'3] which were formulated
as five-co-ordinate compounds on the basis of 1H n.m.r.
data. A brief mention was also made of the precipita¬
tion from solution of what may be six-co-ordinate
species when an excess of methyldiphenylphosphine was
added to platinum(n) compounds of ring-substituted
ditliiobenzoates 3 but no further details were given. It
was also stated2 that ' diethyldithiocarbamate com¬
plexes of palladium(n) and platinum(n) react onty
slowly (hours) with excess methyldiphenylphosphine to
produce what appears to be phosphine co-ordinated sub¬
stitution products' but a footnote added that ' these
reactions have not been characterised completely to
date When excess tertiary phosphine was added to
these xanthate and dithiophosphate adducts, further
reaction occurred to give the novel complexes [(R'3P)2-
MS2CO] (I) and [(R'3P)2PdS2P(0)0Et] (II) respectively,4
for which no convincing mechanism of formation was

suggested.
Other studies, however, on tertiary phosphine com¬

plexes of M(S2PR2)2 (M = Pd, Pt; R = Ph,1 Et,5 Me5)
and Pd(S2PF2)2 6 have suggested that the 1 : 1 and 1 : 2
adducts formed possess four-co-ordinate square planar

1 Part II, (Miss) J. M. C. Alison, T. A. Stephenson, and (in
part) R. O. Gould, J. Chem. Soc. (A), 1971, 3690.

2 J. P. Fackler, jun., W. C. Seidel, and J. A. Fetchin, ]. Amer.
Chem. Soc., 1968, 90, 2707.

3 J. P. Fackler, jun., J. A. Fetchin, and W. C. Seidel, J. Amer.
Chem. Soc., 1969, 91, 1217.

R'3PS S

R,3P/ XS/
( I )

r'3px A /
Pd P'

R'3P/ XS/ OEt

m)

analyses on [Pd(S2PPh2)2PPh3] 7 and [Pd(S2PPh2)-
(PEt3)2]S2PPh2.8

R'3Px /S.
M

,sx Ns)
(.

(ini

R'3PX /S
M

R' 3PX XS

(TY)

(S—S) "

In view of these latter results, it was therefore of some

interest to re-examine and extend some of the work re¬

ported in publications 2—4; the results of this investiga¬
tion are presented in this paper.

results and discussion

Complexes of Stoicheiometry [Pt(S2CNR2)2PR'3].—Re¬
action of Pt(S2CNEt2)2 with either PPh3or PMePh2 (1 : 1

1 J. P. Facklcr, jun., and W. C. Seidel, Inorg. Chem., I960,
8, 1631.

5 Part IV, D. F. Steele and T. A. Stephenson, to be published.
6 F. N. Tebbe and E. L. Muetterties, Inorg. Chem., 1970, 9,

629.
7 Miss J. M. C. Alison and R. O. Gould, to be published.
8 C. A. Beevers and A. Fraser, to be published.
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molar ratio) in carbon disulphide gives deep lemon-
yellow solutions immediately from which crystalline
yellow solids of stoicheiometry [Pt(S2CNEt2)2PR'3] can
be readily isolated. These are non-conducting, dia-
magnetic, and quite stable both in solid and solution
state. For PR'3 = PMePh2, the XH n.m.r. at 301 K is
identical to that reported earlier by Fackler et al.2
(Table 1). In a further note,3 these authors state that
' the p.m.r. behaviour of methyldiphenylphosphinebis-
(AW-diethyldithiocarbamato)platinum(n) is essentially

(a)

6-32 6 41 6-58
r —

i.e. a single methyl resonance at room temperature,
broadening and splitting into two equivalent resonances
at lower temperature (Table 1).

All these observations are analogous to those observed
for the variable-temperature 1H n.m.r. spectra exhibited
by [Pt{S2P(OEt)2}2PMePh2]3, [Pt(S2PMe2)2PR'3] (PR'3 =
PPh3, PMePh2, etc.)5 and the variable-temperature
19F n.m.r. spectrum of [Pd(S2PF„)2P(MeC6H4)3].6 In all
cases, the temperature dependence is completely revers¬
ible, indicating that no gross chemical change has
occurred. Furthermore, the close similarity of the
activation energies for the temperature-dependent re¬
action manifested by these 1 : 1 adducts of "S2P(OFt)2,

S2PMe2, and "S2CNR2 (estimated from the coalescence
temperature by standard methods) 9 (Table 2) is indica¬
tive of a common mechanism to produce averaging of
the protons attached to the dithioacid ligands. This
strongly suggests that for (S~S)~ = ~S2CNR2, the ob¬
served temperature dependence is not due to restricted
rotation about the ON bond as found, for example, in
dithiocarbamate esters 10 (Table 2). A full line-shape
analysis for all compounds of type [M(S-S)2(FR'3)]
(E = P, As, Sb) is at present in progress to ascertain
accurate rate data and will be published later.

The observation of magnetically inequivalent alkyl
groups at low temperature for [Pt(S2C.NR2)2PR'3] is
inconsistent with the square pyramidal structure (V)

Figure 1 Variable temperature 'H n.m.r. spectrum of
[Pt(S2CNEt2)2PPh3l in CDC13-CS2 (for CH, quartet and CH3
triplet) at (a) 301 K, (b) 243 K, (c) 233 K, and (d) 203 K

independent of temperature from room temperature to
—70 °C in CS2 '. However, we find that the room-
temperature n.m.r. spectrum in CDC13 or CS2 is decep¬
tively simple, since on cooling, the CH2 quartet at x 6-2(5
starts to broaden at ca. 253 K, coalesces at ca. 240 K, and,
at 213 K, exhibits a limiting spectrum of two broadened
signals (with some unresolved fine structure) centred at
r 6-37 and 6-17 (separation 20 Hz). Likewise, the
single CH3 triplet resonance (x 8-80) starts to broaden at
ca. 230 K and, at 213 K consists of an overlapping
doublet of triplets centred at x 8-82 and 8-76 (separation
6 Hz) * (Table 1).

Similarly, [Pt(S2CNEt2)2PPh3] (Figure 1) exhibits a
single CH2 quartet (t 6-41) and CH3 triplet (t 8-89) at
301 K; at 203 K it has two broadened quartets at x 6-58
and 6-32 (separation 26 Hz) and an overlapping doublet
of triplets at x 8-96 and 8-88 (separation 8 Hz). A study
of the reaction between Pt(S2CNMe2)2 and PMePh2 (1 : 1
molar ratios) was also made. Although a pure, solid
product could not be isolated by this method, solution
studies were consistent with the results discussed above,

* The discrepancy between this behaviour and that reported
in ref. 3 may be due to the smaller limiting separation observable
on a 60 MHz instrument (3-6 Hz for the CH3 resonance) in
addition to the failure to observe the temperature dependence
of the CH2 quartet in the earlier study.

PMePh 2

R2N~C: Pt f)c-NR2
V V

(Y)

PMePh2

CNR2-Srrrr.j
y/\ II

sr^- ---s

W.J
r2nt (YTI

postulated earlier for the low-temperature form,3 since
the alkyl groups in (V) will be magnetically equivalent,
even allowing for restricted rotation about the C~N
bond. Although the low-temperature spectrum is not
incompatible with the five-co-ordinate trigonal-bipyra-
midal structure (VI), we suggest that a better explanation
for the temperature-dependent n.m.r. spectra of all the
compounds of formula (M(S-S)2(ER'3)] is the presence
of an equilibrium of type (1) between two n.m.r. equiva¬
lent four-co-ordinate complexes. At higher tempera¬
tures, rapid interchange of bidentate and unidentate

'

3 E SJ
\ /

M

s/ xs)
r-

R'3EX /s
M

s' xs
(1 )

dithio-ligands produces an averaging of the magnetic
nuclei attached to the dithio-ligands whereas at lower
temperatures, intramolecular rearrangement becomes

9 J. A. Pople, W. G. Schneider, and H. J. Bernstein, in ' High
Resolution Nuclear Magnetic Resonance,' McGraw-Hill, New-
York, 1959, p. 223.

10 C. E. Holloway and M. II. Gitlitz, Canad. /. Chem., 1967, 45.
2659.
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Compound

Ph3(PhCH2)PS2CNEt2

Pt(S2CNEt2)2
Pt(S2CNEt2)2PPh3

Table 1

'H N.m.r. data for various sulphur compounds

Solvent 7"/ K

CDC1, 301

CDC13 301
CDC13- 301

CS,

t Value 0

Dithio-ligand
CH,1 CH,»

CH3(PR'3

i-86(3)

8-70(3)
8-89(12)

1 (2)

6-40(2)
6-41(8)

Others '

Ph, 2-0—3-0(10)
CH2, 4-58(1) (d)

Jchs-p 14-0 d

Ph, 2-2—2-8(15)

Jph * Jnu'

Pt (S2CNEt2) 2(PMePh2) CDC1, 301
203 8-96(6); 8-88(4) 6-58(4); 6-32(4)

■80(12) 6-26(8) 10-0 38-0

[Pt (S2CNEt2) (PMePh2) 2] S2CNEt2 CDC13

Pt(S2CNMe2)2(PMePh2 CDC13-
cs.

213
301

213
301

7-72(3)
1-82(6); 8-76(6) 6-37(4); 6-17(4)

6-26[4] ' 6-09 8-16(3) (s) (br)

—6-37(2); 5-77(2) 8-09(3)8-80(6)
6-64(12) (s)

[Pt(S2CNMe2)(PMePh2)2]S2CNMe2 CDC13
193 6-81(6) (s); 6-46(6) (s)
301 6-71 (s) [6]' 6-53 (s)

7-69(3)

8-30(3) (s)

Ph, 2-2—2-6(10)

Ph, 2-4r—2-6(10)

Ph, 2-6(10)

9-0>
10-7

34-0
35-0

/ N

/' \ Ph, 2-6(10)

[Pt(S2CNEt2)(PPh3)2]Cl,H20
213 —6-65(3) (s); 6-39(3) (s) 8-10(3) 9-5 > 35-0

CDC13 301 8-78(3) 6-40(2) Ph, 2-6(15)
HaO, 7-8(1) k

[Pt(S2CNEt2)(PPh3)2]PF6 cdci3 301 8-75(3) 6-42(2) Ph, 2-6(15)
[Pt(S2CNEt2)(PPh3)2)BPh4 CDCI3 301 8-94(3) 6-68(2) Ph, 2-5—3-2(25)
[Pt (S2CNEt2) (PMePh2) 2] CI, H 20 CDC13 301 8-73(3) 6-36(2) 8-06(3) Ph, 2-6(10) 10-01 34-0

H20, 7-20(1) *

[Pt(S2CNEt2)(PMePh2)2]PF„
253 8-73(3) 6-36(2) 8-06(3) H20, 7-00(1) k

cdci3 301 8-72(3) 6-38(2) 8-06(3) Ph, 2-5(10) 10-01 35-0
[Pt(S2CNEt2)(PMePh2)2]BPh4 cdci3 301 8-84(3) 6-56(2) 8-30(3) Ph, 2-5—3-2(20) 10-01 35-0
[Pt (S2CNEt2) (PMe2Ph) 2]C1, H20 cdci3 301 8-62(3) 6-22(2) 8-20(6) Ph, 2-6(5), 10-01 35-0

H20, 8-10(1) "
[Pt(S2CNEt2) (PMe2Ph) 2]BPh4 cdci3 301 8-74(3) 6-40(2) 8-60(6) Ph, 2-5—3-2(15) 10-01 34-0
[Pt(S2CNMe2)(PPh3)2]Cl,H20 cdci3 301 6-70(3) (s) Ph, 2-6—2-7(15)

H20, 7-9(1) k
[Pt(S2CNMe2) (PPh3) 2]BPh4 cdci3 301 7-40(3) (s) Ph, 2-6—3-2(25)
[Pt(S2CNMe2) (PMePh2) 2] CI, H20 cdci3 301 6-73(3) (s) 8-10(3) H20, 7-50(1) k 10-01 36-0

Ph, 2-6(10)

[Pt(S2CNMe2) (PMePh2) 2] BPh4
243 6-73(3) (s) 8-10(3) H20, 7-10(1) k

cdci3 301 7-25(3) (s) 8-35(3) Ph, 2-6—3-2(25) 10-01 35-0
[Pt(S2CNMe2)(PMe2Ph)2]Cl,2H20 cdci3 301 6-55(3) (s) 8-10(6) Ph, 2-5(5);

H20, 7-70(2) k 10-01 35-0
[Pd (S2CNMe2) (PMe2Ph) 2] CI, 2 HsO cdci3 301 6-60(3) (s) 8-35(6) (s) Ph, 2-6(5);

[Pt(S2CNMe2) (PMe2Ph),] BPh.
H20, 7-80(2) "

cdci3 301 7-05(3) (s) 8-65(6) Ph, 2-6—3-2(15) 10-01 37-0
CH2(S2CNEt2)2 cdci3 301 8-83(6) 6-28(2); 5-96(2) CH2, 4-60(1) (s)

CH2(S2CNMe2)2
313 8-83(6) 6-12(4) (s)

cdci3 301 6-66(3) (s); 6-45(3) (s) CH2, 4-04(1) (s)

[Pt2{S2P(OEt)2}2PPh3j
313 6-57(6) (s)

CDC13 301 8-70(12) 5-90(8) ' Ph, 2-6(15)

[Pt{S2(OEt2}2AsPh3] »
213 8-74(6); 8-66(6) 5-90(8)•

CDC13 301 8-69(12) 6-00(8) ' Ph"

[Pt{S2P(OEt)2(PPh3)}2] BPh4
223 8-71(6); 8-62(6)- 6-00(8) '

cdci3 301 8-66(3) 5-88(2) ' Ph, 2-5—3-2(25)
Pt(S2P(0)OEt) (PPh3)2 cdci3 301 8-80(3) 6-05(2) » Ph, 2-5—2-8(30)
Pt(S2COEt)2PPh3 CDC!3 301 8-62(6) 5-46(4) Ph, 2-5(15)

[Pt(S2COEt)(PPh3)2]BPh4
cs2 183 8-62(6) (s) (br) 5-46(4) (s) (br)
CDC13 301 8-66(3) 5-58(2) Ph, 2-5—3-2(50)

s(singlet); d(doublet); br(broad).
° ±0-01. b Triplet of doublets unless otherwise stated. ' Phenyl resonance; complex multiplet. d ±0-2 Hz. ' d;0-5 Hz.

f Triplet unless otherwise stated (/ch,chs 7-0 Hz). > Quartet unless otherwise stated (/ohjCh3 7-0 Hz). h Numbers in parentheses
indicate normalised integrated intensities. ' Two resonances of total intensity [ ] 1 Since H„PP'H„' type spectrum, coupling
constant is |/ph + /ph-|- k t Value is concentration dependent. ' Complex multiplet. m Pt{S2P(OEt)2}2 + excess AsPh3
in situ. " Not recorded since an excess of AsPh3 present. 0 Overlapping doublet of quartets with /ch4chs 7-0 Hz; /ch^p
9-4 Hz.
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sufficiently slow for the
to be observed.*

frozen-out' n.m.r. spectrum

It should be noted that for (S~S) = S2CNR2, the

limiting low-temperature spectra are not completely
consistent with those expected for the frozen-out struc¬
ture (VII). Even assuming that rotation about the
Pt~S and C~N bonds of the unidentate dithio-group is
sufficiently rapid to average R1 and R2, R3 and R4 are
magnetically inequivalent and three resonances of
intensity ratio 1:1:2 are theoretically expected,
whereas only two resonances are observed.

Table 2

Free-energy of activation and coalescence temperature
(T0/K) obtained from JH n.m.r. spectra for various
sulphur compounds

Compound
Pt{S2P(OEt)2}2PPh3
Pt(S2PMe2)2PPh3
Pt(S2CNEt2)2PPh3

Pt(S2CNEt2)2PMePh2

Pt(S2CNMe2)2PMePh2
[Pt(S2CNEt2)(PMePh2)2]S2CNEt2
[Pt(S2CNMe2)(PMePh2) 2]S,CNMe,
CH2(S2CNEt2)2
CH2(S2CNMe2)2

" 1 K. 4 T TO kj mol"1. c Measured on CH3 triplets.
d .Measured on CH2 quartets. ' Cf. EtSCSNEt210 AG*298 k
63-8 kj mol"1. / Cf. MeSCSNMe210 AC*298 K 61-8 kj mol"1.

However, the atoms (S and P) inducing the magnetic
inequivalence in R3 and R1 are well removed (six bonds)
from these groups, so that the separation between the
R3 and R4 resonances may well be too small to be resolved,
particularly at 213 K where machine line-broadening is
also appreciable. A similar inconsistency is found for
the square-planar compounds [Ni(S2C.NR2)Cl(PR'3)] 12

T0/K « AG*rc"
238 ' 52-3
263 55-5
243 4 50-8
233 ' 51-2
238 * 50-2
228 « 49-6
213 43-8
253 " 51-2
223 46-5
233 65-7'
243 64-41

Pt V C — N

R1 NSX XR4
Nc(

p2 AR s (YH)

R'3PX A /R
Ni :C—N

c/ A XR
(YTEL)

(VIII) (one R resonance at 213 K) 13 and even in com¬
pounds such as Me2NCOS(SiH3) where the magnetic
inequivalence is produced by atoms (S and O), four
bonds removed from the methyl protons, the separation
at 301 K of the two methyl groups is only 12 Hz.14

* A similar conclusion has recently been reached by Powell
and Chan11'1 for these compounds on the basis of detailed variable-
temperature XH n.m.r. studies on the related complexes [it-allyl
Pd(PMe2Ph) (X—Y)] (X—Y = ~S2CNMe2, ~S2COMe). In addition
Davis et al.llb invoke a similar mechanism for interconversion
processes in molybdenum dialkyldithiocarbamates.

t As pointed out by a referee, we have assumed that the
essential feature of the solid-state structure (viz. the unidentate-
bidentate co-ordination) is retained in solution, but this assump¬
tion is strongly supported by both the characteristic chemical
shifts of the two CH2 quartets for the dithiocarbamate compounds
and by the characteristic i.r. bands for the dithiophosphinate
compounds.

J Note added in proof: An X-ray structural analysis of
rPt(S2CNEt,)2PMePh2] by J. M. C. Aliso'n and R. O. Gould is
now sufficiently advanced to show unequivocally that the
structure in the solid state is also of type III.

Although we are unable to rule out unequivocally the
presence of a five-co-ordinate trigonal bipyramidal
structure to explain the low-temperature 4H n.m.r.
data, there is a substantial amount of evidence which
supports the interpretation given in equation (1). This
is as follows, (i) There is a very close similarity of
chemical shifts and coupling constants (for the methyl
phosphine 4H n.m.r. resonance at 301 K) for all the
dithio-compounds [Pt(S-S)2(PMePh2)],1>2'5 which is in¬
dicative of a similar structure and the A'-ray analysis
of [Pd(S2PPh2)2PPh3] 7 (isomorphous with the corre¬
sponding platinum complex) shows this to be of type
(III).•]"J Furthermore, for [Pt(S2CNEt2)2PMePh2], the
position of the low-field CH2 quartet (t 6-17) is inter¬
mediate between those found for ionic [t 5-86 in
Ph3(PhCH2)PS2CNEt2] and bidentate [t 6-40 in Pt-
(S2CNEt2)2] diethyldithiocarbamate groups, suggesting
that it probably arises from a unidentate group.

(ii) For the ~S2PPh2 compounds reported earlier,1 both
room- and low-temperature isomeric forms of [M-
(S2PPh2)2PPh3] (M = Pt, Pd) can be isolated. How¬
ever, the characteristic i.r. bands of ' bidentate ' and
' unidentate ' dithiophosphinate co-ordination 1 remain
unchanged which suggests that a structure of type (III)
persists at all temperatures.

(iii) Reaction of either Pt(S~S)2 or [Pt(S-S)2PR'3] with
an excess of tertiary phosphine gives ionic species con¬
taining the [Pt(S-S)(PR'3)2]+ cation (see later) which is
indicative of stepwise cleavage of metal-sulphur bonds
by tertiary phosphine.

Therefore, all this evidence suggests (to us) that a
structure of type (III) is more feasible than a five-co-
ordinate formulation; however, as in all interpretations,
utilising ' sporting ' methods, a degree of uncertainty
naturally remains.

Platinum(ii) NN-Dialkyldithiocarbamates with an Ex¬
cess of Tertiary Phosphine.—If a suspension of Pt(S2-
CNEt2)2 in acetone is treated with an excess of PMcPh2, a
pale yellow solution is formed from which pale yellow
crystals are rapidly deposited. This compound has an
analysis consistent with the formula [Pt(S2CNEt2)-
(PMePh2)2]S2CNEt2; the ionic formulation is confirmed
by the presence of additional i.r. bands corresponding to
those found in NaS2CNEt2,3H20 (but not in co-ordinated
dithiocarbamate groups) and the ready synthesis of
[Pt(S2CNEt2)(PMePh2)2]BPh4. As noted earlier1 for the
ionic PR'3 complexes of Pt(S2PPh2)2, this complex also
readily dissociates to [Pt(S2CNEt2)2(PMePh2)] in the
presence of nonpolar solvents. In this instance, the
increased nucleophilicity of "S2CNEt2 compared to
~S2PPh215 enhances this tendency. Thus, although the

1972
F. G
994.
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1968,

(a) J. Powell and A. W. L. Chan, /. Organometallic Chem.,
, 35, 203; (6) R. Davis, M. N. S. Hill, C. E. Hollowav, B.

. Johnson, and K. H. Al-Obaidi, J. Chem. Soc. (A), 1971,
P. L. Maxfield, Inorg. Nuclear Chem. Letters, 1970, 6. 693.
J. A. McCleverty, personal communication.
C. Glidewell and D. W. H. Rankin, J. Chem. Soc. (A), 1970,

P. Porta, A. Sgamellotti, and N. Yinciguerra, Inorg. Chem.,
7, 2625.
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ionic complex is insoluble in benzene, a yellow solution
slowly forms with time and [Pt(S2CNEt2)2(PMePh2)] is
isolated. Even in diethyl ether, a suspension of the
ionic complex turns deep yellow (24 h) and the neutral
compound is recovered.

The JH n.m.r. spectrum of the ionic compound in
CDClg is of some interest (Figure 2). At room tempera¬
ture, a deep yellow solution is formed and although the
integration of ~S2CNEt2 to PMePh2 protons is correct for
[Pt(S2CNEt2)(PMePh2)2]S2CNEt2, the equilibrium lies
well to the right-hand side of equation (2). This is
evident since the position of the CH2 quartet (t 6-26)
[Pt(S2CNR2)(PMePh2)2]S2CNR2 =5=*=

[Pt(S2CNR2)2PMePh2] + PMePh2 (2)
is identical to that found for [Pt(S2CNEt2)2PMePh2] at

!ej

|f) J \ / \
I 1 I I

5-77 6-09 6-26 6-37
t —-

Figure 2 Variable-temperature 'h n.m.r. spectrum of
[Pt(S2CNEt2)(PMePh2)2]S2CNEt2 in CDC13 (CH2 quartet)
at (a) 301 K, (b) 283 K, (c) 263 K, (d) 256 K, (e) 223 K, and
(f) 213 K

of lower intensity centred at t 6-09, which we attribute
to the ionic complex. In addition, the methyl phosphine
resonance is a broad singlet at x 8-16 {cf. for [Pt(S2-
CNEt2)2PMePh2], a triplet of doublets centred at x 7-72},2
indicative of rapid exchange between free and bound
phosphine.

However, on cooling, the solution becomes progres¬
sively paler and the HI n.m.r. shows the growth of the
quartet at x 6-09, accompanied by a decrease in intensity
of the quartet at t 6-26. At 273 K, the two quartets
are of comparable intensity but at 263 K, the low-field
quartet starts to broaden, whilst the one at high-field
remains sharp. At 253 K, a single broad resonance is
observed and further lowering of temperature to 213 K
produces two quartets at x 6-37 (bidentate) and 5-77
(ionic) (separation 60 Hz). In addition, the methyl

phosphine resonance sharpens such that at 213 K, a
strong doublet, centred at x 8-09 with weak 195Pt satellites
is observed {cf. [Pt(S2PPh2)(PMePh2)2]S2PPh2 1 with a
triplet of doublets at x 7-99}. Raising of the temperature
to 301 K shows the process is reversible, the pale yellow
solution once more becoming deep yellow.

Thus, down to ca. 265 K, the JH n.m.r. changes signify
a shift to the left-hand side of equation (2). A similar
observation was made earlier 16 for [Pd(S2PPh2)(PEt3)2]-
S2PPh2 where the intensity of the 560 cm'1 i.r. band
(characteristic of a 1 : 2 compound) increased with respect
to the 540 cm'1 band (characteristic of a 1 : 1 compound)
as the temperature was lowered. In this instance, an
estimate of the equilibrium constant for (2) can be
computed from the JH n.m.r. data. This gives K300 k
0-33 mol l"1, AH 60 kj mol'1, AS 191 J K'1moT1. Below
265 K, the JH n.m.r. changes are interpreted as a slowing
down of the exchange between ionic and bidentate
dithioearbamate groups such that at 213 K, the spec¬
trum corresponds to that expected for a ' frozen-out '
ionic structure of type (IV) [{cf. [Pd(S2PF2)(PPh3)2]-
S2PF26}. The absence at 213 K of a quartet at x 6-17
shows that the equilibrium lies completely to the left-
hand side of (2) at this temperature. From the coales¬
cence temperature (ca. 250 K), an estimate of the activa¬
tion energy for the interchange of ionic and bidentate
groups can be obtained (Table 2).

Similarly, reaction of Pt(S2CNMe2)2 and an excess of
PMePh2 in acetone gives a crystalline sample of [Pt-
(S2CNMe2)(PMePh2)2]S2CNMe2. Detailed XH n.m.r.
studies in CDC13 show the same phenomenon as above,
namely, a methyl (~S2CNMe2) resonance (x 6-71) at
301 K, corresponding to [Pt(S2CNMe2)2(PMePh2)J and
when the temperature is lowered, the growth of a peak
at x 6-53 (1 : 2 complex), followed by broadening (ca.
220 K) and splitting into two equivalent resonances at x
6-65 and 6-39 (213 K). Analysis of the higher-tempera¬
ture region gives Ksgo K 0-22 mol T1, AH 69 kj mol'1,
AS 218 JK'1 mol1 and, from the coalescence tempera¬
ture, an estimate of the activation energy for ionic-
bidentate ligand exchange can be obtained (Table 2).
All attempts to synthesise [Pt(S2CNEt2)(PPh3)2]S2-
CNEt2 have been unsuccessful, the only product isolated
being [Pt(S2CNEt2)2PPh3] [cf. the Pd(S2PPh2)2-PPh3
system].1'16

If the reactions between Pt(S2CNEt2)2 and an excess
of PR'3 are carried out in dichloromethane solution, the
initial pale yellow solutions slowly decolourise during
several hours, the qualitative rate of decolouration being
PMe2Ph ~ PMePh2 > PPh3. This phenomenon is ac¬
companied by a steady rise in conductivity, the value
finally corresponding to that expected for a 1 : 1 electro¬
lyte. Concentration of the solution and addition
of diethyl ether gives white microcrystalline solids (A).
The JH n.m.r. of these compounds are similar to those
expected for [Pt(S2CNR2)(PR'3)2]S2CNR2 (with averaging
of ionic and bidentate dithiocarbamate groups) (Table 1)

16 T. A. Stephenson and B. D. Faithful, J. Chem. Soc. (A),
1970, 1504.
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except that integration of all these compounds shows
that there are insufficient dithiocarbamate protons for
this formulation. In fact, the 1H n.m.r. spectra are
consistent with the formulation [Pt(S2CNEt2)(PR'3)2]X
(where X is an anion not containing protons), except for
the presence of an additional weak resonance in the
region t 6—8. The position of this resonance depends
on solvent, solute concentration, and temperature;
lowering the temperature or increasing the concentration
or the solvent polarity shifts the peak to lower field,
phenomena indicative of the presence of a hydrogen-
bonded species. The dithiocarbamate ethyl resonance
is temperature independent and has a chemical shift
compatible with bidentate co-ordination. We suggest
that the species arising from prolonged reaction of
Pt(S2CNEt2)2 and an excess of PR'3 in dichloromethane
are the compounds [Pt(S2CNEt2)(PR'3)2]Cl*H20 (A);
we have amassed considerable evidence to support this
rather surprising conclusion.

The solid (A) reacts with NaBPfq or NH4PF6 in
acetone-methanol solution to give the compounds
[Pt(S2CNEt2)(PR'3)2]Y (Y = BPh„-, PF6") which have
been fully characterised by 1H n.m.r., analyses, and
conductivity measurements (Tables 1, 4, and 3 respec¬
tively). An interesting feature of the 1H n.m.r. of
these compounds is the upfield shift (ca. 0-2 p.p.m.)
of both ~S2CNEt2 and PR'3 resonances in the BPh4~,
compared to the PF6~ and CP compounds. Similar
observations have been made for the [Pt(S2PMe2)-
(PR'3)2]Y series 5 and we suggest that this is a conse¬
quence of a ring-current effect in the BPh4"~ complex
which is, of course, absent in the other compounds.
Evidence for a water molecule is based on the appearance
of very weak OH stretches and bends in the mull i.r.
spectra of compounds (A), the presence of oxygen
(established by direct analysis and ESCA measure¬
ments *), and the similarity of the position of the
hydrogen-bonded resonance to that recently reported for
Co(CO)2(PPh3)2(H20)Clj (t 7-4).17 We suggest that the

water molecule is hydrogen-bonded to the cation since
addition of chloride ion produces no change in its
resonance position. The presence of chloride ion is con¬
firmed by direct analysis, ESCA * measurements, and
the fact that after treating (A) with a chloride anion-
exchange resin for several days, the HI n.m.r., i.r.
spectra, and m.p. are unchanged.

The chloride ion can only arise, of course, from the
dichloromethane used in this reaction. A careful
examination of the ethereal filtrate results in the isola¬
tion of an organothio-compound, shown by elemental
analysis, mass, and JH n.m.r. spectroscopy to be CH2-
(S2CNEt2)2 (B). This compound has been recently
prepared in high yield by refluxing sodium diethyl-
dithiocarbamate with anhydrous dichloromethane.18
We find that, unless both solvent and sodium salt are

scrupulously dried, only very small amounts of (B) can
be isolated. However, a more convenient method of

* We thank Dr. M. Barber and Mr. P. Swift of A.E.I. Scientific
Apparatus Ltd. for these measurements.
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preparation is by shaking a mixture of NaS2CNEt23H20,
CH2C12 (solvent grade), and any tertiary phosphine for
12 h. The reason why the addition of PR'3 facilitates
the formation of (B) is not at present clear. The JH

Table 3

Equivalent conductivities (298 K) in CHX12 of some
platinum dithio-compounds containing tertiary phosphines

Cone.

Compound (10~4M) A «

Ph4AsCl,HCl 9-8 55-3

BujNClO, 10-1 22-7
31 32-1

Pt(S2CNMe2)2 9-2 30

Pt(S2CNEt2)2 9-4 0-2

Pt(S2CNEt2)2PPh3 16-5 0-7

Pt(S2CNEt2)2PMePh2 17-3 4-3

[Pt(S2CNMe2)(PPh3)2]Cl,H20 12-5 34-2

[Pt (S2CNMe2) (PPh3) 2] BPh4 90 40-9

[Pt(S2CNMe2)(PMePh2)2]Cl,H2G 11-2 36-6
[Pt(S2CNMe2)(PMePh2)2]BPh4 2-4 50-1

[Pt(S2CNMe2)(PMe2Ph)2]Cl,2H20 14-7 38-6

[Pt(S2CNMe2)(I'Me2Ph)2]BPh4 8-8 43-8

[Pt(S2CNMe2) (PEtPh2) 2]BPh4 0-4 36-4

[Pt(S2CNEt2)(PPh3)2]Cl,H20 6-9 57-5

[Pt(S2CNEt2)(PPh3)2JBPh4 2-5 51-6

[Pt(S2CNEt2) (PMePh2) 2]C1, HzO 6-4 57-5

[Pt (S2CNE t2) (PMePh2) 2] BPh4 10-2 42-2

[Pt(S2CNEt2)(PMe2Ph)2]Cl,H20 7-9 50-1

[Pt(S2CNEt„) (PMe2Ph) 2]BPh4 5-9 42-7

[Pt{S2P(OEt)2}(PPh3)2]BPh4 9-4 27-7

[Pt(S2COEt) (PPh3)2] BPh4 10-2 21-6

Pt(S2P(OEt}2)2 + excess PPh3 100 310
" In n 1 cm2 mol"1.

n.m.r. spectrum of (B) is of interest in that at room
temperature there are two CH2 quartets. At a higher
temperature these coalesce and the estimated free energy
of activation for the barrier to free rotation about the
ON bond compares favourably with the value obtained
earlier 10 for EtSCSNEt2 (Table 2). Rather surprisingly,
this temperature dependence of (B) was not noted in the
original preparation.18

The mechanism of formation of (A) is most likely via
prior formation of [Pt(S2CNEt2)(PMePh2)2]S2CNEt2.
Support for this hypothesis comes from a study of the
behaviour of [Pt(S2CNEt2)(PMePh2)2]S2CNEt2 in CH2C12.
The initial deep yellow solution, containing a mixture
of 1:2, 1:1 compounds, and free PMePh2, slowly de¬
colourises, a change accompanied by a steady rise in
conductivity (Table 5). Removal of the solvent and
addition of diethyl ether gives a precipitate of [Pt-
(S2CNEt2)(PMePh2)2]ClH20 and the ethereal filtrate
contains CH2(S2CNEt2)2. Similarly, in CHC13 (plus
ethanol stabiliser) the solution also decolourises and (A)
is formed. In this instance, the nature of the organic
side-products has not been investigated. This is to
be contrasted with the behaviour of (Pt(S2CNEt2)-
(PMePh2)2]S2CNEt2 in ethanol-free CHC13 and CDC13
(see earlier), where only nucleophilic attack of ~S2CNEt2
on the platinum ion occurs. At this juncture, it is not
obvious (to us) why ethanol has such a profound effect
on the course of the reaction.

17 J. A. Bowden and R. Colton, Austral. J. Chan., 1968, 21,
891.

18 P. R. Heckley, D. G. Holah, A. N. Hughes, and F. Leh,
Canad. J. Chan.. 1970, 48, 3827.
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Finally, prolonged reaction of Pt(S2CNMe2)2 and an
excess of PR'3 in CH2C12, followed by precipitation with
diethyl ether gives a mixture of [Pt(S2CNMe2)(PR'3)2]-
C1,H20 and CH2(S2CNMe2)2. The latter, which can be
extracted with benzene, is best prepared by shaking a
mixture of NaS2CNMe2, CH2C12, and a tertiary phosphine
(PPh3, PMePh2, and PMe2Ph were successfully used).
Without the phosphine, the only product is tetra-
methylthiuram disulphide. Again, the room-tempera-

J.C.S. Dalton
formulated as five-co-ordinate species.2-3 We suggest
that these should be reformulated as four-co-ordinate

compounds of type (III) on the basis of the detailed
arguments given above for the related dithiocarbamate
complexes. For comparison, we have made the tri-
phenylphosphine and triphenylarsine analogues of these
compounds and variable-temperature 4H n.m.r. studies
for ~S2P{OEt}2 parallel those reported earlier for the
PMePh2 derivative3 (Tables 1 and 2). For [Pt-

ture 1H n.m.r. shows two CH3 resonances, which coalesce (S2COEt)2PPh3] in CS2, coalescence of the CH3 triplet

Table 4

Analytical data for some platinum(n) dithio-compounds
Found(%) Required (%)

Compound M.p. (°C)
i—

c H N Others C H N Others

Pt(S2CNEt2)2PPh3 150—-152 44-9 4-6 40 44-6 4-6 3-7
Pt(S2CNEt2) 2PMePh2 163—-165 40-2 4-7 4-4 39-9 4-8 4-1

[Pt(S2CNMe2)(PMePh2)2]S2CNMe2 135—-138 44-6 4-3 3-4 46-0 4-6 3-3

[Pt(S2CNEt2)(PMePh2)2]S2CNEt2 132—-133 48-5 5-2 3-5 S, 14 2 48-5 5-2 3-2 S, 14-4
[Pt(S2CNMe2)(PPh3)2]Cl,H20 196—-197 51-8 4-2 2-4 52-4 4-3 1-6

[Pt(S2CNMe2) (PPh3)2]BPh4 223—-226 65-7 4-9 1-3 65-3 4-8 1-2

[Pt(S2CNMe2)(PMePh2)2]Cl,H20 120—-124 45-3 4-3 2-3 CI, 4-4 45-3 4-4 1-8 CI, 4-6
[Pt (S2CNMe2) (PMePh2) 2] BPh4 198—-203 61-5 5-0 1-5 61-5 50 1-4

[Pt(S2CNMe2)(PMe2Ph)2]Cl,2H20 109—-111 34-7 4-6 2-5 CI, 5-7 35 4 4-6 2-2 CI, 5-5
[Pt(S2CNMe2) (PMe2Ph)2] BPh4 144—148 57-3 5-3 1-9 56-7 5-3 1-5

[Pt(S2CNEt2)(PPh3)2]Cl,H20 174—175 531 4-4 1-7 53-4 4-6 1-5

[Pt(S2CNEt2) (PPh3) 2]BPh4 94—97 66-2 5 1 1-4 65-8 51 1-2

[Pt(S2CNEt2)(PMePh2)2]Cl,H20 210—-212 47-6 4-5 1-6 C.l, 4-5 « 46-8 4-5 1-8 CI, 4-5 »
[Pt(S2CNEt2)(PMePh2)2]BPh4 169—-171 62-4 5-2 1-3 62-2 5-3 1-3
[Pt(S2CNEt2) (PMe2Ph)2]Cl,H20 99—-100 38-9 5-2 2-2 CI, 5-3 37-5 51 2-1 CI, 5-3
Pt{S2P(OEt)2}2PPh3 97— 101 38-1 4-2 37-7 4 2
Pt(S2P(0)0Et)(PPh3)2 227—-230 51-2 4-0 52-1 40

[Pt{S2P(OEt)2}(PPh3)2]BPh4 84—86 6T9 4-8 62-1 5-0
Pt(S2COEt) 2PPh3 164—-169 42-5 3-4 41-4 3-6
[Pt(S2COEt)(PPh3)2]BPh4 86—-90 65-4 50 65-2 4-8

a Found, O, T 1. Required, 2-0%.

at a higher temperature (Table 2). Similarly Pd(S2-
CNMe2)2 and an excess of PMeaPh in CH2C12 give
[Pd(S2CNMe2)(PMe2Ph)2]C12H20.

1H N.m.r. for all these compounds are given in Table 1,
conductivities in Tables 3 and 5, and some analyses in
Table 4.

Table 5

Variation of equivalent conductivity with time for some
platinum(n) dithio-compounds

[Pt(S2CNMe2)(PMePh2)2]S2CNMe2 (7-1-10"4m) in CH2C12
Time (min) 0 TO 3 0 5 0 15-0 30 0 oo "
A' 10-4e 13-5 22-3 27-1 36-9 41-8 50 1 •>

[Pt(S2CNEt2)(PMePh2)2]S2CNEt2 (10-7-1 0"4m) in CH2C12
Time (min) 0 15-0 oo °
A 4 16-4 ' 42-2 * 45-0

Pt(S2COEt)2(10T0"4M) + excess PPh3 in CH2C12
Time (min) 0 0-25 0-5 1 0 3-0 15-0
A4 15-7 13-7 13-2 12-5 9-2 7-0

Pt(S2COEt)2 (30-0-10*4m) + excess PPh3 in CH3N02
Time (min) 0 3 0 6 0 10 0 26-0 35-0 60
A» 90 80 71 61 50 33 19
" 24 Hours. b In fl"1 cm2 moT1. ' Yellow solution of

[Pt(S2CNR2)(PMePh2)2]S2CNR2, Pt(S2CNR2)2(PMePh2), and
PMePh2. d Decolourised solution containing [Pt(S2CNR)2-
(PMePh2)2]Cl,H20 and CH2(S2CNR2)2.

Xanthates and. Dithiophosphates.—Reaction of Pt-
(S2P{OEt}2)2 or Pt(S2COEt)2 with PMePh2 (1 : 1 molar
ratio) gives the compounds [Pt(S-S)2PMePh2], originally

occurs at 188 K, but even at 173 K, the limiting spec¬
trum has not been reached.

The reaction of either M(S~S)2 or [M(S-S)2PR'3j
[M = Pt, Pd; (S-S)" = 'S2COEt, 'S2COCH2Ph,
~S2P(OEt)2] with an excess of PR'3 is of considerable
interest. Fackler and Seidel 4 have studied the former
in some detail and have convincingly demonstrated that
the final products are the novel compounds [(R'3P)2MS2-
CO] (I) and [(R'3P)2PdS2P(0)0Et] (II) respectively and
that for the xanthate reaction, xanthate esters are also
formed. At that time, neither the detailed mechanism
nor the role played by tertiary phosphines in these
rearrangement reactions were understood. In this
final section, we would therefore like to present evidence
which rationalises these rearrangement reactions within
the context of the overall mechanistic framework

developed in this paper and in earlier work x-6 for the
reaction of platnum and palladium dithioacid com¬
plexes with tertiary phosphines.

We suggest that the reaction of platinum (or pallad¬
ium) xanthates with PR'3 is as given by the Scheme
below, namely stepwise cleavage of metal-sulphur bonds
to give the ionic 1 : 2 complex, followed by nucleophilic
attack of the xanthate anion on the alkoxy-group of the
co-ordinated xanthate to give the neutral dithiocarb-
onate complex and a xanthate ester. A similar scheme
involving the ionic intermediate [M(S2P{OEt}2)(PR'3)2j-
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(S2P{OEt}2) would explain the formation of [(R'3P)2MS2-
P(0)(0Et)]. This mechanism accounts for all the
experimental observations made by Fackler and Seidel.4
For example, the observation that platinum compounds
undergo the rearrangement more readily than palladium
and that carbon disulphide inhibits the reaction relative

S S
/ \ / \ROC' Pt COR

R'3PX ,s
PtN ,c=o

r'3p'' V

+ rs2cor
Scheme Proposed mechanism for reaction of [Pt(S2COR)J

[R = Et, PhCH2) with an excess of PR'3

to chloroform is readily explicable in terms of the
tendency of platinum to form the ionic 1 : 2 adducts
more easily than palladium (cf. earlier S2PPh2 studies 4)
and the requirement of a fairly polar solvent to promote
both the formation and stabilisation of the ionic inter¬
mediate. The fact that the ethyl group is eliminated less
readily than the benzyl group is consistent with the
greater stability of the benzylcarbonium ion generated
in the transition state.

However, it is also possible to give more direct experi¬
mental proof for such a reaction scheme. On reaction of
Pt(S2COEt)2 and an excess of PPh3 in CH2C12, immediate
decolouration, accompanied by a rapid increase in con¬
ductivity occurs (with a maximum value corresponding
to ca. two-thirds of that expected for a 1 : 1 electrolyte).
This is followed by a steady decrease and the isolation
of (I) (Table 5). In nitromethane, the maximum value
corresponds closely to thai expected foi a 1 . 1 electro¬
lyte but again the readings decrease steadily with time
(Table 5) and attempts to isolate the ionic species have
been unsuccessful. For example, addition of an excess
of light petroleum (b.p. 40—60 °C) within 20 s of mixing,
give a precipitate of !Pt(S2COEt)2PPh3] together with a
small amount of ["(PPh3)2PtS2CO]. This clearly demon¬
strates that both nucleophilic attack of ~S2COEt on a
platinum-phosphorus bond and on a co-ordinated
alkoxy-group are ready reactions. Presumably, lower¬
ing the polarity of the solution by addition of light
petroleum facilitates attack on the metal. Although
the ionic intermediate with xanthate as counter anion
is too labile to be isolated, addition of NaBPh4 to an
acetone-methanol solution of Pt(S2COEt)2 and an excess
of PPh3 (within 30 s of mixing) gives a precipitate of
rPt(S2COEt)(PPh3)2lBPh4, which has been fully charac¬
terised by n.m.r., analysis, and conductivity measure¬
ments (Tables 1, 3, and 4).

K

Similarly, reaction of Pt{S2P(OEt)2}2 with an excess
of PPh3 in CH2C12 produces rapid decolouration and the
conductivity of the final solution corresponds to that of
a 1 : 1 electrolyte (Table 3). Although in this instance,
the conductivity readings are quite steady with time, all
attempts to isolate the ionic species either by rapid
removal of solvent or precipitation with diethyl ether
have given only the rearranged product [(PPh3)2Pt-
S2P(0)0Et)] together, in the latter case, with some
[Pt(S2P{OEt}2)2PPh3], However, it is possible to
isolate and characterise IPt(S2P{OEt}2)(PPh3)2]BPh4
(Tables 1, 3, and 4) by addition of an excess of NaBPh4
to an acetone methanol mixture of the same rcactantc.

It should be noted that for xanlhate and dilhiophos-
phate, there is no evidence here, or elsewhere,18 for side-
reactions with chlorinated solvents.

Conclusion.—Reaction of platinum (and palladium)
dithioacid compounds with tertiary phosphines occurs
by stepwise cleavage of metal sulphur bonds to generate
four-co-ordinate adducts of type (III) and (IV). For
(S_S)~ = "S2PR2 (R = Me, Et, Ph, and probably F), the
ionic 1 : 2 compounds readily revert to the 1 : 1 com¬
pounds in nonpolar solvents by means of nucleophilic
attack by "S2PR2 on the metal. Similar processes occur
for ~S2P(OEt)2, "S2COR, and "S2CNR2 but, in addition,
competing nucleophilic attacks on a co-ordinated alkoxy-
group occur with the first two anions and on chlorinated
solvents (catalysed by free PR'3) for the latter anion.

Although we have not investigated the dithiocarb-
oxylate adducts reported earlier 2-3 the very recent brief
mention of ' essentially planar PtS3P co-ordination for
|Pt(S2CC6H4-iPr)2PPh3] with the dangling sulphur atom
3-58 A from the platinum(n) ion ' 19 [cf. in Pd(S2PPh2)2-
PPh3] >3-5 A away] 7 suggests these compounds also
conform to the general pattern.

EXPERIMENTAL

Microanalyses were by the National Physical Laboratory,
Teddington, A. Bernhardt, West Germany, and the Uni¬
versity of Edinburgh Chemistry Department. Analytical
data for many of the new compounds are given in Tablo 4.
I.r. spectra were recorded in the region 4000—200 cm"1 on
a Perkin-Elmer 225 Grating Spectrometer, using Nujol
mulls on caesium iodide plates. Solution spectra were run
in potassium bromide cells. N.m.r. spectra were ob¬
tained on a Varian Associates HA-100 spectrometer
equipped with a variable-temperature probe. Mass spectra
were measured on an A.E.I. MS9 mass spectrometer and
conductivity measurements on a model 310 Portland Elec¬
tronics conductivity bridge. Melting points were deter¬
mined with a Kofler hot-stage microscope and are un¬
corrected .

Materials.—Potassium tetrachloroplatinate(n) and pal-
ladium(n) chloride (Johnson Matthey); triphenylphos-
phine, dimethvlphenylphosphine, sodium diethyldithio-
carbamate (B.D.H.); sodium dimethyldithiocarbamate
(Ralph Emanuel). The other tertiary phosphines were
prepared by standard literature methods.

19 D. R. Swift, Ph.D. Thesis, Case Western Reserve University
1970, cited in J. P. Fackler, jun., /. A met. Che.m. Soc., 1972, 94,
1009.
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NN-Dialkyldithiocarbamate Complexes.—Bis(H'N-di-

methyldithiocarbamate)platinum(u). Potassium tetrachloro-
platinatc(n) in a minimum volume of hot water was mixed
with an ethanolio solution of an excess of sodium NN di

methyldithiocarbamate and shaken for 24 h. The yellow
product was washed with water and cthanol and air dried,
m.p, 305—308° (Found: C, 16-8; H, 2-9; N, 6-3. Calc. for
C6H12N2PtS4: C, 16-6; H, 2-8; N, 6-4%). Bis(NN-di-
ethyldithiocarbamate)platinum{\i) 20 (m.p. 245—250 °C) was
prepared in the same way using K2PtCl4 and NaS2CNEt2-
3H20.

Bis(NN-dimethyldithiocarbamate)palladium (II).20 Pal-
ladium(n) acetate21 was dissolved in benzene-dichloro-
methane and shaken for several hours with an ethanolic
solution containing an excess of NaS2CNMe2,2H20. The
yellow precipitate was filtered off, washed with water and
ethanol, and air-dried (Found: C, 20-3; H, 3-3; N, 7-5.
Calc. for C6H12N2PdS4: C, 20-8; H, 3-5; N, 8-1%).

Bis{NN-diethyldithiocarbamato)triphenylphosphineplati-
num(n). Bis(AbY-diethyldithiocarbamato)platinum(ii) was
sucpondod in carbon diculphide and treated with triphenyl
phosphine (<1:1 molar ratio). An orange-yellow solution
was immediately formed, together with unchanged Pt-
(S2CNEt2)2; the later was removed by filtration. Partial
removal of the solvent followed by cooling (200 K) gave
the yellow crystalline product; this was washed with
diethyl ether and dried in vacuo. Bis(NN-diethyldithio-
carbamato)methyldiphenylphosphine platinum(n) was pre¬
pared in the same way, using a deficiency of PMePh2 under
nitrogen. Preparation of the PMe2Ph compound was
complicated by the side-reaction between the phosphine
and CS2.22 These products are soluble in chloroform, di-
chloromethane, carbon disulphide, and benzene; and
insoluble in cthanol, acetone, and dimethyl sulphoxidc.

(NN-Diethyldithiocarbam.ato)bis(methyldiphenylphosphine)-
platinum(u) NN-Diethyldithiocarbamate. Pt(S2CNEt2)2
(0-90 mmol) in acetone (5 ml) was treated with an excess of
methyldiphenylphosphine (1-0 ml, 4-0 mmol) to give an
immediate yellow solution from which yellow crystals of the
product rapidly separated. These were washed with light
petroleum (b.p. 40—00°) and dried in vacuo (40 °C). (NN-
Dimethyldithiocarbamato)bis(methyldiphenvlphosphine)plati-
num(u) NN-dimethyldithiocarbamate was made by the same
method. These compounds are very unstable, readily
rearranging to form [Pt(S2CNR2)2(PMePh2)] and free
PMcPh2 on prolonged exposure to benzene, diethyl ether,
or acetone. Attempts to make the corresponding triphenyl-
phosphinc and dimothylphonylphosphinc ionic species were
unsuccessful. The former gave only [Pt(S2CNEt2)2PPh3]
and the latter an intractable oil.

CSN-Diethyldithiocarbaniato)bis(methyldiphenylphosphine)-
platinum(u) chloride monohydrate. Method (A).
Pt(S2CNEt2)2 in dichloromethane (dried over MgS04)
was treated with a three-fold excess of PMePh2 under
nitrogen. The initial yellow solution slowdy became
colourless (ca. 1—2 h) and concentration in vacuo followed
by addition of an excess of diethyl ether gave a white
microcrystalline precipitate of the product. This was
washed with diethyl ether and dried in vacuo (40 °C).

Method (B). The same compound was also made by
prolonged exposure of [Pt(S2CNEt2)(PMePh2)2]S2CNEt2 to
dichloromethane. The initial deep yellow solution slowly
became colourless (ca. 2 h) and concentration of the solution
followed by addition of an excess of diethyl ether gave the
product. In addition, solvent removal from the ethereal

filtrates in methods (A) or (B) gave an oil which, on tritura¬
tion with light petroleum (b.p. 60—80°), gave a white
crystalline solid characterised as methylene 6w(NN diotkyldi
thiocarbamatc), m.p. 70 71 °C [Found: C, 42 6; II, 7 2;
N, 9-0. Calc. for CnH22N2S4: C, 42-6; H, 71; N, 9-0%].
Another method of preparation is to shake a mixture of
NaS2CNEt23H20, dichloromethane (not scrupulously dried),
and a tertiary phosphine (PPh3, PMePh2, or PMe2Ph) for
24 h. Solvent removal and trituration of the resulting oil
with light petroleum (b.p. 00—80°) gave the product
characterised by m.p. and mass 18 and 1H n.m.r. spectro¬
scopy. The same compound was also formed (but in lower
yield) when the reaction was carried out in the absence of
PR'3. Complexes [Pt(S2CNEt2)(PK'3)2lCl,H20 (PR'3 =

PPh3, PMePh2) were also made by the procedure outlined
in method (A), together with some CII2(S2CNEt2)2.

(KN-Dimethyldithiocarbamato)bis(methyldiphenylpho$-
phine)platinum(n) chloride monohydrate. Method A. The
method used was exactly as for the preparation of [Pt-
(S2CNEt2) (PMePh2)2]ClH,0, using a suspension of Pt-
(S2CNMe2)2 in dichloromethane and a three fold excess of
PMePh2. Precipitation with either diethyl ether or light
petroleum (b.p. 60—80 °C) gave a mixture of [Pt(S2CNMe2)-
(PMePh2)2]Cl,H20 and CH2(S2CNMe2)2. The latter was
removed by careful washing with benzene, and the re¬
maining crystalline product was washed with diethyl ether
and dried in vacuo (40 °C). From the benzene washings,
methylenebis(NN-dimethyldithiocarbamate) was isolated (m.p.
93 96°) [Found: C, 33-7; H, 5-3; N, 10-9. CVH14N2S4
requires C, 33-1; H, 5-1; X, 11-0%]. The compound was
also made by shaking a mixture of NaS2CN"Me2, CH2C12, and
tertiary phosphine (PPh3, PMePlu, or PMe2Ph); mass
spectrum: 254 [CH2(S2CNMe2)2+], "l66 [Me.,NCS2CH2S+l,
and 88 [Me2NCS+] (cf. ref. 18).

In the absence of tertiary phosphine, only tetramethyl-
thiuram disulphide (Found: C, 31-3; IT, 5-2; XT, 11-9.
Calc. for C6HI2Xt2S4: C, 30-0; H, 5-0; N, 11-7%) and
NaS2CXTMe2 were detected.

Method (B). From [Pt(S2CNMe2)(PMePh2)2]S2CNMe2
dissolved in CH2C12, the deep yellow solution slowly be¬
coming colourless. Precipitation with diethyl ether and
extraction of CH2(S2CNMe2)2 with benzene gave the white
product.

[Pt(S2CNMe2) (PR'3) j]CI, H20 (PIC3 = PPh3, PMe2Ph,
PEtPhj and [Pd(S2CNMe2)(PMe2Ph)2]Cl,2H20 were also
made by the procoduro outlinod in mothod (A), together
with some CH2(S2CX"Me2)2.

(NN~Diethyldithiocarbamato)bis(methyldiphenylphos-
phine)platinum(u) tetraphenylborate. [Pt(S2CNEt2)-
(PMePh2)2]Cl,H20 was dissolved in methanol and treated
with a concentrated acetone solution of X"aBPh4. The
white precipitate of the product was washed with water
and light petroleum (b.p. 60—80 °C) and dried in vacuo
(40 °C). The same compound was also obtained by re¬
action between [Pt(S2CNEt2)(PMePh.2)2]S2CNEt2 and
NaBPh4 in ethanol.

Similarly, the complexes [Pt(S2CNR2)(PR'3)2]BPh4 (R =
Me, Et; PR'3 = PPh3, PMe2Ph, PEtPh2) were prepared
from [Pt(S2CXR2)(PR'3)2]Cl,H20 and an excess of NaBPli4.

(NN-Diethyldithiocarbamato)bis(methyldiphenylphosphine)-
platinum(u) hexafluorophosphate. [Pt(S2CNEt2)(PMePh2)2J-

20 C. Iv. Jorgensen, J. Inorg. Nuclear Chem., 1962, 24, 1571.
21 T. A. Stephenson, S, M. Morehouse, A. R. Powell, J. P.

Heffer, and G. Wilkinson, J. Chem. Soc., 1965, 3632.
22 See L. Maier in Progr. Inorg. Chem., 1963, 5, 129.
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C1,H20 in acetone-methanol was added to an aqueous
solution of ammonium hexafluorophosphate to give a white
colloidal precipitate. Partial removal of solvent in vacuo
gave a white powder which was washed with water and light
petroleum (b.p. 60—80°) and dried in vacuo (40 °C). [Pt-
(SjjCNMe.) (PMoPh2)2]PF„ and [Pt(S2CNEt2)(PPh3)2]PF6
were also prepared by this method.

OO'-Diethyl Dithiophosphate Complexes.—Bis[00'-diethyl
dithiophosphate)platinum(u) was prepared as described
earlier (m.p. 124 °C) 20 (Found: C, 17-2; H, 3-5. Calc. for
C8H20O4P2PtS4: C, 17-0; H, 3-6%).

Bis(00'-diethyl dithiophosphate) (triphenylphosphine)plati-
num{u). Pt[S2P(OEt)2]2 was shaken with triphenylphos-
phine (1:1 molar ratio) in dichlorometbane to give a lemon-
yellow solution. Slow evaporation of the solvent in the
presence of an excess of light petroleum (b.p. 40—60°)
gave yellow crystals of the product. [Pt{S2P(OEt)2}2-
AsPhJ was prepared in situ by reaction of Pt{S2P(OEt)2}2
and an excess of AsPh3 in CDC13.

O Ethyl dith.iophosphatohis(triphcnylphosphinc)platinum
(n). Pt{S2P(OEt)2}2 and PPh3 (ca. 1 : 3 molar ratios) were
refluxed in CHC13 for ca. 3 h during which time the initial
yellow solution slowly became colourless. Removal of
solvent and addition of diethyl ether gave a white product.
Reaction of Pt{S2P(OEt)2}2 and an excess of PPh3 in CH2C12
rapidly gave a colourless conducting solution, presumably
containing the ionic [Pt{S2P(OEt)2}(PPh3)2]S2P(OEt)2, but
removal of solvent by a stream of nitrogen and washing with
light petroleum (b.p. 40—60 °C) was sufficient to cause re¬
arrangement to [(PPh3)2Pt(S2P(0)0Et)].

{OO'-Diethyl dithiophosphate)bis(triphenylphosphine)plati-
num(n) tetraphenylborate. [Pt{S2P(OEt)2}2] in methanol
was treated with an excess of triphenylphosphine in a
minimum volume of acetone, followed by addition of an
aqueous solution of NaBPh4. The white precipitate was
well washed with water and diethyl ether and dried in
vacuo (40 °C).
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O-Ethyl Dithiocarbonate Complexes.—Bis(0-ethyl dithio-
carbonato)triphenylphosphineplatinum{u). Pt(S2COEt)2 23
and PPh3 (1:1 molar ratio) were shaken in a minimum
volume of CHC13 to give a lemon-yellow solution. Tritura¬
tion with an excess of light petroleum (b.p. 40—60 °C)
gave a pale yellow crystalline procipitatc which was washed
with diethyl ether and dried in vacuo (40 °C). The same
product (contaminated with a small amount of [Pt(S2CO)-
(PPh3)J) was also obtained by reaction of Pt(S2COEt)2
with an excess of PPh3 in CH2C12 followed by immediate
addition of an excess of light petroleum (b.p. 40—60 °C).

(Dithiocarbonate)bis(triphenylphosphine)platinum{u)-
chloroform. Pt(S2COEt)2 was shaken with an excess of
PPh3 in dichloromethane to give a colourless conducting
solution. Partial removal of solvent and addition of

light petroleum (b.p. 60—80 °C) gave a white product,
which was non-conducting when redissolved in CH2C12
(m.p. 256 °C) [Found: C, 49-2; H, 3-3. Calc. for C38H31-
Cl3OP2PtS2: C, 491; H, 3-3%].

O Ethyl dithiocarbonatobis{triphen.ylphosphinc)platinum{\\)
tetraphenylborate. Pt(S2COEt)2 in acetone-methanol was
treated with an excess of PPh3 in a minimum volume of
acetone, followed immediately by addition of an aqueous
solution of NaBPh4. The resulting white precipitate was
well washed with water and diethyl ether and dried in
vacuo (40 °C).

We thank Johnson-Matthey Ltd. for loans of potassium
tetrachloroplatinate(n) and palladium(n) chloride, the
S.R.C. for an award (to J. M. C. A.), Professor J. I. G.
Cadogan, Dr. R. O. Gould, and Dr. D. Leaver for helpful
discussions, and Mrs. M. Groves and Mr. J. Miller for obtain¬
ing the variable-temperature 3H n.m.r. spectra.

[2/1443 Received, 21st June, 1972]

23 C. W. Watt and B. J. McCormick, J. Inorg. Nuclear Chem.,
1965, 27, 898.
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Although a number of papers have appeared in recent years on the

synthesis of dialkyldithiocarbamates, dialkyldithiophosphates, difluorodithio-

phosphinates and alkyldithiocarbonates (xanthates) of molybdenum, most of

the reported compounds contain the molybdenum ion in formal oxidation states

IV, V or VI, e.g.[MoO(S2P foEt|2)2],[Mo203(S2COEt)4J and

[Mo02(S2CNEt2)2] (1). Only a few examples of low-valent dithioacid
molybdenum compounds are known, e.g. [Mo(NO)2(S2CNR2)2J (2),
[Mo(CO)n(S2CNR2)2] (n = 2,3) (3) and [Mo(CO)2(PPh3)(S2CNR2)2] (4). A
versatile method of synthesis of low-valent, binuclear molybdenum'halides

4-3-
e.g. Mo CL , Mo CI is by direct replacement of acetate ion by halide2 o 2 o

ion in molybdenum (II) acetate (5). In this preliminary communication, we

wish to report the results of a study of the reactions of molybdenum (II)

acetate with a number of dithioacid anions.

a) O-ethyldithiocarbonate:- Treatment of molybdenum (II) acetate (6)

with potassium ethylxanthate in degassed methanol leads to the precipitation

of a red crystalline solid analysing closely for [MofS^COEt)^ (A) [Found:-
C, 21. O; H, 2.8; S, 37.5, Mwt (acetone) 671 ; Required:- C, 21.2; H, 2.9;

S, 37.6% Mwt(dimer) 680]. Although analytical data is not sufficient to

unequivocally distinguish this formulation from oxy species such as

[M02°3 (E^COEt^j (B) [Required:- C, 19.9; H, 2. 8; S, 35.4/0j, a careful
777



TABLE

Spectralparametersforvariousmolybdenumxanthatecomplexes [Mo2(S2COEt)4]

[Mo203(S2COEt)4]a
fMo2^S2COEt^4Py2^

[MoO(S2COEt)2py]a

Colour

red

b

darkgreen

red

lightbrown

i.r.spectra

1260m,1200vs,1150s
1284vs,1242vs,

1295m,1225m,

1220vs,1120s,

(1300-700cm"1)
lllOvs,1045vs,1030s lOOOs,865m,720mC
1120s,1047vs,1032s 999m,954s,862m
1219m,1180vs,1145vs 1120s,1090m,1060vs
1065m,1040m,1015m 945vs,750m,725m 690wd

814w,730md

1035m,1005m,lOOOm 868m,860m,820w
750m,725w,700mC

electronicspectra
inacetone

inchloroform

inchloroform

solidstatereflectance

(40-15)xlO^cm
27.5®(ll.OOO)f

31.7®(lO.OOO)f
34.3e(10,000)f

37.4®

23.4(6,500)

29.4(7,OOO)
27.O(12,OOO)

35.O

17.9(7OO)

19.7(9,OOO)
23.5(5,OOO)

29.8

17.9sh(1000)

17.7(600)

25.O 18.7

^ n.m.r.

indeuteroace-tone
indeuterobenzene
indeuterochloroform
indeuteropyridine

8.52T(CH)

9.17T(CH3)

8.54T(CH3)

8.70T(CH)

5.33T(CH)

5.97T(CH,)

5.30T(CH) 1.64T,2.36T,2.80T (c5h5n)

6.lOT(CH)
1.15T,2.5'Tr(CchcN)

55

a AllspectraldatatakenfromR.N.JowittandP.C.H.Mitchell,J.Chem.Soc.(A),1702(1970). FromF.W.MooreandM.L.Larson,Inorg.
Chem.6998(1967)

^ _l

Q

Nujolmulls.

Bandenergymaximum(10cm)

^ KBrdiscs

1 Maximummolarextinctioncoefficents fmnl"\
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comparison of the colour, i.r., 'H n. m.r. and electronic spectra of A and B

(Table) confirms that they are quite different compounds. Furthermore,

A reacts readily with various donor ligands L (L = pyridine,4-picoline,

triethylarsine etc) giving dimeric red-brown compounds of formula

[Mo^^COEt^L]^ with similar n.m.r. and electronic spectral parameters
to A. In contrast, B reacts with pyridine to give the light brown

[MoO(S^COEt)^ (py) ] with different spectral properties from the pyridine
adduct of A (Table).

Therefore, all the evidence suggests compound A has the "acetate-type"

structure (7) shown below , although, unlike the acetate (6) but like the

recently reported trifluoroacetate dimer (8), the xanthate dimer is relatively

stable in solution and readily forms stable base adducts.

S ^
i S " s'
/ I / ,S "S.\

Mo Mo a ( — >COEt

CI —/I
s s

ks s

b b

e = J- -CNR2
S s'

b) Monothiobenzoate:- Reaction of molybdenum (II) acetate with

ammonium monothiobenzoate in degassed methanol gives a red precipitate

of [Mo(SOCPh)2J2. (C)
[Found:- C, 45.1; H, 2.7; S, 17.4; Mo, 25.7; R equired:- C, 45.2;

H, 2.7; S, 17.2; Mo, 26. 3%J shown to be dimeric by mass spectral analysis.

A recent reference in a paper by J.M. Burke and J. P. Fackler Jr. Inorg.
Chem. , _1_L> 3000 (1972) reveals that L Ricard (as reported at the XlVth
International Conference on Co-ordination Chemistry, Toronto, Canada, 1972)
has independently synthesised Mo2(S^ COEt)^ and confirmed the acetate-type
structure (with a Mo-Mo distance of

2 12&).4
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As for the xanthate complex, reaction occurs readily in solution with various

donor ligands but removal of solvent only regenerates starting material.

Comparison of the i. r. spectrum of C with other monothiobenzoate complexes

(9) suggests substantial interaction of the metal with both oxygen and sulphur

(v 1465cm S v 960cm which is consistent with either of the
U U Uu

structures shown below (cf the structure of [N^PhCOS^J^EtOH (lO) with

vco 1508cm \ vcs 958cm 1 (9) ).

C

(c) N, N -Dialkyldithiocarbamates:- Reaction of molybdenum (II) acetate

in a degassed minimum volume of methanol with excess NaS^CNR^
(R = Et, 1Pr) gives immediate crystalline green precipitates which analyse

closely for [Mo(S^CNR^)^J (D). Unfortunately, it was impossible to obtain
molecular weights because of the very rapid oxidation to purple

[Mo^02(S2CNR2)^j. However, if the same starting materials are reacted
in either ethanol solution or left for extended periods in very dilute methanol

solution, green solids also of formula [Mo^^CNR^)^] (E) are obtained but
these have a more complicated n.m.r. spectra than compounds D. In

fact, n.m.r. studies confirm that in carefully degassed solvents,

compound D slowly converts to compound E at room temperature. Furthermore,

compound E is then more stable towards oxidation than compound D. A

recent note by Weiss et al (11) reporting an X-ray analysis on the product

from the reaction of molybdenum (II) acetate with ammonium di-n-
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propyldithiocarbamate in ethanol reveals that the product is a dimeric

molybdenum (IV) complex with bridging sulphido groups and a "carbene"

ligand. We therefore suggest that compound E (R = Et, lPr) also possesses

this structure whereas the labile intermediate D has an acetate-type structure!

C

C'Mo MO

L
N° N —R

R
\ /
R

R

E_

Further work is now in progress in attempts to analyse the n.m.r. spectra

and the detailed mechanism of this interesting reaction.

(d) Diphenylphosphinodithioate: - The reactions of this ligand with

molybdenum (II) acetate are also very sensitive to the reaction conditions.

Preliminary studies indicate that with Mo^(OCOCH^)^ and excess NH^S^PPh^
in ethanol, incomplete substitution of acetate occurs giving a very insoluble

orange precipitate of composition [Mo^COCH^S^PPh.,)^ (F). However,
if [Mo^OCOCH^)^] is reacted with diphenylphosphinodithioic acid in
benzene or F is treated with HS^PPh^ in benzene, a very insoluble green

compound of formula [Mo(S_,PPh ) ] is formed. Neither of these compounds2 2 2 n

appear to exhibit vMo = O or vMo-O-Mo vibrations in their i.r. spectra

although such bands slowly appear on prolonged exposure of the compounds

to air.

Clearly,reactions of molybdenum (II) acetate with dithioacid ligands

exhibit a diversity of behaviour comparable to that found with halogen acids.

Work is now in progress to determine the precise nature of the products
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formed, particularly as a function of such variables as solvent, temperature,

time of reaction etc.
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Metal Complexes of Sulphur Ligands. Part IV.1 Reaction of Bis(dialkyl-
phosphinodithioato)-platinum(n) and -palladium(n) with Ligands Con¬
taining Group Vb Atoms
By David F. Steele and t. Anthony Stephenson," Department of Chemistry, University of Edinburgh, Edinburgh

EH9 3JJ

Reaction of the complexes [Pt(S2PR2)2] (R = Me or Et) with tertiary phosphines gives four co-ordinate complexes
[Pt(S2PR2)2PR3'] and [Pt(S2PR2) (PR3')2]S2PR2. Variable-temperature 1H n.m.r. studies of the neutral complexes
indicate rapid unidentate-bidentate exchange at ambient temperatures and a full line-shape analysis of this process
for complexes of general type [Pt(S-S)2ER3'] [(S-S)~ = ~S2CNEt2, ~S2P(OEt)2, or -S2PMe2; E = P or As] suggests
a concerted mechanism in which both bond-breaking and bond-making steps are important. For the complex
[Pd(S2PMe2)2], the ionic complexes are too unstable to be isolated in pure form because of facile rearrangement
to the neutral complexes. Flowever, addition of either NaBPh4 or NaPF6 to solutions containing the ionic species
provides a general method of synthesising the complexes [M(S2PR2)(PR3')2]X (M = Pt or Pd; R = Me or Ph;
X = BPh4~ or PF(-). For M = Pt and X = BPh4, these complexes readily react with Ph4AsY (Y = CI. Br, or I)
giving Ph4AsBPh4 and [Pt(S2PMe2)(PR3')2]Y. Flowever, for the complexes [Pd(S2PR2)(PPh3)2]BPh4 (R = Me
or Ph) dissolution in CH2Y2-EtOH,CFIY3-EtOFf (Y = CI or Br), or in acetone containing added halide ion produces
rapid rearrangement to give [Pd(S2PR2)Y(PPh3)j. This rearrangement does not occur for X = PF6~ and a tentative
mechanism involving a labile n- or cr-bonded phenyl group is suggested. Finally, an empirical i.r. method for
distinguishing unidentate, bidentate, and ionic modes of co-ordination of the dimethylphosphinodithioato-group
to platinum and palladium is briefly discussed.

In Parts II 2 and III1 of this series it was shown that the
reaction of the complexes [M(S~S)2] [M = Pt or Pd;
(S-S)- = -S2PPh2, ~S2CNR2, -S2COR, or -S2P(OEt)2]
with tertiary phosphines occurs by stepwise cleavage of
metal-sulphur bonds to generate four-co-ordinate adducts
[M(S-S)2PR3'J and [M(S-S)(PR3')2](S-S) with uniden¬
tate-bidentate and bidentate-ionic dithio-ligand co¬
ordination respectively. {Similar results were briefly
reported by Tebbe and Muetterties 3 for the complex
[Pd(S2PF2)2].} It has also been demonstrated that the
ionic complexes readily reverted to [M(S~S)2PR3'] when
dissolved in non-polar solvents via nucleophilic attack by
(S-S)- on the metal.1,2 Furthermore, variable-tempera¬
ture 1H n.m.r. studies on the platinum 1 : 1 adducts of the
dithiocarbamato- and dithiophosphato-complexes in¬
dicated rapid interchange of the uni- and bi-dentate

1 Part III, (Miss) J. M. C. Alison and T. A. Stephenson,
J.C.S. Dalton, 1973, 254.

dithio-ligands at ambient temperature, whereas at lower
temperatures, intramolecular rearrangement became
sufficiently slow for the ' frozen-out' n.m.r. spectrum to
be observed.1 Activation energies for these processes
were estimated from the coalescence temperatures by a
standard method (see table 2, ref. 1).

However no activation energies could be obtained for
the [M(S2PPh2)2ER3'] complexes 2 since phenyl groups
are not amenable to such XH n.m.r. temperature studies.
Therefore, in order to rectify this deficiency, and also to
investigate the effect on complex reactivity of varying the
substituent R, we have carried out a study of the reac¬
tions of the complexes [M(S2PR2)2] (M = Pt or Pd;
R = Me or Et) with ligands containing Group Vb atoms
and the results are reported below.

2 Part II, (Miss) J. M. C. Alison, T. A. Stephenson, and (in
part) R. O. Gould, J. Chem. Soc. (A), 1971, 3690.

3 F. N. Tebbe and E. L. Muetterties, Inorg. Chem., 1970, 9,
629.
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results and discussion

Complexes of Stoicheiometry [M(S2PR2)2ER3'].—Reac¬
tion of the complex [Pt(S2PMe2)2] * with tertiary phos-
phines (1 : 1 molar ratio) in benzene or chloroform gave
immediate yellow solutions from which complexes of
stoicheiometry [Pt(S2PMe2)2PR3'] were readily isolated
by concentration and precipitation with pentane. These
complexes are diamagnetic (sharp JH n.m.r. signals) and
non-conducting in dichloromethane. For the complex

This process is reversible and is in accordance with the
facile unidentate-bidentate exchange process suggested
earlier 1 [equation (1)].

Although the activation energy at a coalescence
temperature of 263 K has already been quoted in table 2
(ref. 1) for the complex [Pt(S2PMe2)2PPh3], a full line-
shape analysis has now been performed on the complexes
[Pt(S2PMe2)2ER3'] (ERS' = PPh3, PPh2C6F6, or AsPh3)
as well as [Pt(S2CNEt2)2PPh3] and [Pt{S2P(OEt)2}2PPh3]

Table 1

'H N.m.r. data for various sulphur complexes a
r Value 4

Complex
[Pt(S2PMe2)a]
[Pt(SsPMea) 2PPhs]

[Pt(S2PMe2)2(PPh2C0F5)]

[Pt(S,PMe,),(AsPh,)]

[Pt(S,PMe,)2(PMePha)]
[Pt(S2PMe2)2(PMe2Ph)]
[Pd(S2PMe2)2(PPh3)l
[Pd(SaPMe2)2(PMePh2)]
[Pd(S2PMe2)2(PMe2Ph)]
[Pt(S,PMe1)(PPhs)2]S1PMe,

[Pt(S,PMe2)(PPh,)a]PF,
[Pt(S2PMc2)(PPh3)2]BPh4
[Pt(S2PMea) (PMePh2)2]PF„
[Pt(SaPMe,) (PMePh2)2]BPh4
[Pt(S2PMe2) (AsPh,),]PF,
[Pt (S aPMe2) (AsPh 3) a] BPh4
[Pd(S2PMe2)(PPh3)2]PF„
[Pd (SaPMea) (PPh8) J BPh4
[Pd(S2PMc2)(Cl)PPh3]

"At 301 K unless otherwise stated. 4 ±0-01. "All doublets with /ph 13-0 Hz. i Triplet of doublets (platinum), /pm 38-0,
/ph 11-3 Hz; doublet (palladium) /Ph IPO Hz. 'Phenyl resonance; complex multiplet. /Numbers in parentheses indicate
normalised integrated intensities. ' Measured at 223 K. 4 Resonances too close to integrate separately. ' Two resonances of
total intensity [ ]. > From the complex [Pt(S2PMe2)(PPh3)2]S2PMe2 with rapid bidentate-ionic exchange. 1 From the complex

Solvent CH3(dithio-ligand) ' CH3(PR3') " Others«

ch2c12 7-99
ch2ci2 8-09(4) /

7-98(2); 8-19(2)«
Ph 2-5(5)

cdci3 7-91(6)
/ \ Ph 2-2—2-5(5)

7-79(3); 8-03(3)'
ch2ci2 8-08(4)

7-99(2); 8-19(2) '
Ph 2-7(5)

ch2ci2 7-98 4 [3] < 7-63 4 Ph 2-6(2)
cdci3 7-95 4 [18]' 8-04" Ph 2-6(5)
ch2ci2 8-06(4) Ph 2-6(5)
cdci3 7-94 4 (3] < 7-67 4 Ph 2-7(2)
cdci3 7-92 4 [18] ' 8-06 4 Ph 2-6(5)
ch2ci2 7-99/ [2]' 8-09 *

7-93(1); '8-14(1) >
Ph 2-7(5)

ch2ci2 7-95(1) Ph 2-7(5)
cdci3 8-41(3) Ph 2-7—3-3(25)
cdci3 7-99 4 [3] ' 8-14 4-« Ph 2-6(5)
cdci3 8-40 4 [3]' 8-20 4-< Ph 2-7—3-3(10)
cdci3 7-89(1) Ph 2-7(5)
cdci3 8-43(3) Ph 2-8—3-3(25)
cdci3 7-91(1) Ph 2-6(5)
cdci3 8-41(3) Ph 2-7—3-3(25)
cdci3 8-00(2) Ph 2-6(5)

[Pt(S2PMe2)2PPh3] with rapid unidentate-bidentate exchange.
/ph'| = 9-5 Hz.

1 Since H„PP'Hn' type spectrum, the coupling constant is |/ph +

[Pd(S2PMe2)a], an excess of tertiary phosphine was re
quired in order to obtain the 1 ; 1 adducts free of starting
material. Similar conditions are necessary to isolate a
pure sample of [Pt(S2PMe2)2AsPh3], However, with
PEt3 and AsEt3 (for M = Pt) the products are too soluble
to be satisfactorily isolated and, although treatment with
ammonia and pyridine indicated some reaction in solu¬
tion, attempts to isolate a solid complex only resulted in
recovery of the starting material. In contrast, the
palladium complex does not react with arsenic- or nitro¬
gen-donor ligands {cf. [Pd(S2PPh2)2]}.2

Like the analogous complexes [M(S-S)2ER3'],1 these
1 ; 1 adducts apparently undergo a rapid intramolecular-
rearrangement reaction, since, at ambient temperatures,
all the complexes exhibited a single doublet for the di-
methylphosphinodithioate methyl protons (with /PH —

13-0 Hz), whereas, at lower temperatures, coalescence
occurred, followed (in some instances) by the growth of
two pairs of doublets of intensity ratio 1 : 1 (Table 1).

in order to obtain more accurate activation energies, and
also the enthalpies and entropies of activation for these

R3'E S
\ /

M
in

rearrangement processes. These data are given in
Table 2. For the complexes [Pt(S2PMe2)2PR3'] (PR3' =
PMePh2 or PMe2Ph) and all the palladium 1 : 1 adducts,
the rate of rearrangement was too rapid to obtain any
kinetic parameters (single doublet even at 200 K). This

* Whilst this work was in progress, complete characterisation
of the complexes [M(S2PR2)2] (M = Ni, Pel, or Pt; R — Me, Ph,
F, CF3, or OEt) was reported (R. G. Cavell, W. Byers, E. D. Day,
and P. M. Watkins, Jnorg. Chem., 1972, 11, 17598), although no
reactions of the complexes were discussed.
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latter observation is in accordance with the increased
lability of palladium substitution reactions compared to
those of platinum.4

A comparison of Table 2 with the activation energies
derived from coalescence-temperature measurements
(table 2, ref. 1) shows reasonable agreement. For all
the 1 : 1 complexes studied, the rate of rearrangement was
concentration independent, indicating a wholly intra¬
molecular process, and for the complex [Pt{S2P(OEt)2}2-
PPh3], activation parameters obtained in CH2C12 and
CH2C12-CS2 (1:1) were very similar, indicating the
absence of a solvent-assisted bond-rupture mechanism.
However, examination of the data for (S~S)~ = "S2PMe2
reveals that the rate of rearrangement is dependent on
the ligand ER3'. The relative rates are in the order
PMe2Ph ■

■ PMePh2 PPh2C6F5 ~ PPh3 > AsPh3

platinum(ii) substitution reactions to occur by associa¬
tive mechanisms.4

For completion, the complexes [Pt(S2PEt2)2] and
[Pt(S2PEt2)2PPh3] were also prepared. The XH n.m.r.
spectra of both complexes consist of a doublet of quartets
(CH2) and a doublet of triplets (CH3) (see Experimental
section), indicating rapid unidentate-bidentate exchange
in the latter complex at room temperature which is still
fast even at 203 K.

Complexes of Stoicheiometry [M(S2PMe2)(ER3')2]X.—
Reaction of the complex [Pt(S2PMe2)2] with an excess of
PR3' (PR3' = PPh3 or PMePh2) in methanol followed by
light petroleum addition gave the pale yellow complexes
[Pt(S2PMe2)(PR3')2]S2PMe2. The stability of these com¬
plexes with respect to rearrangement to [Pt(S2PMe2)2-
PR3'], by means of nucleophilic attack by ~S2PMe2 on the

clearly indicating that cleavage of the metal-sulphur platinum-phosphorus bond, depends on the PR3' group,
bond trans to ER3' is an important factor in the rate- For PR3' = PPh3, even recrystallisation from a polar
determining step. However, another important observ¬
ation is that, although for ER3' = PPh3 free energies of
activation for complexes with different dithio-ligands are

solvent such as acetone gave only the 1 : 1 adduct,
whereas for PR3' = PMePh2, the complex could be re-
crystallised from chloroform or even benzene without any

Table 2

Activation parameters obtained by line-shape analysis for some [Pt(S-S)2ER3'] complexes

Complex
[Pt(S2PMe2)2AsPh3]
[Pt(S2PMe2)2PPh3]
[Pt(S2PMe2)2PPh2C6F5]
[Pt{S2P(OEt)2}2PPh3]

[Pt(S2CNEt2)2PPh3]

Solvent

CH,C12
CH2C12
CH2C12
CH2C12

CH2C12-CS2
(50 : 50 v/v)

CHXL

/hate (298) A H»298 AShgs AG*29s
s"1 kj mol"1 kj mol"1 J K"1 mol"1 kj mol"1
114 57-8 ± 1 55-3 ± 1 -19 ± 4 611 ± 2

1 098 56-9 ± 1 54-5 -4- 1 -4 ± 3 55-7 ± 2
1 518 46-0 ± 3 43-5 ± 3 -38 ± 11 54-9 ± 7

020 31-7 ± 3 29-2 ± 3 -94 ± 10 57-1 ± 3
1 209 34-0 ± 3 31-3 ± 3 -81 ± 30 55-4 ± 9

2 068 35-1 ± 3 32-6 ± 3 -72 ± 36 54-1 ± 14

quite similar (54—57 kj mol"1), the enthalpies of activ¬
ation for the ~S2CNEt2 and ~S2P(OEt2)2 complexes (29
and 33 kj moP1 respectively) are much lower than that
for the ~S2PMe2 complex (54 kj mol"1). This is com¬
pensated for by the more unfavourable entropy terms in
the first two complexes, although the large error limits
incurred in determining AS* mean that such small
differences must be treated with some caution. Since
other studies indicate that the order of ligand-field
strengths for these dithio-ligands is ~S2CNEt2 >
~S2P(OEt)2 > ""S2PR2,5 then the lower enthalpy values
for the stronger nucleophiles suggest that the bond-
making process is also involved in the rate-determining
step. A concerted mechanism involving a transition
state such as (I) is also favoured by the small negative

r3'e\ /s
M

/ ' ^
s ; vs
o

in

entropy values (a dissociative mechanism would give rise
to a positive entropy term) 6 and the tendency for

4 See F. A. Cotton and G. Wilkinson, ' Advanced Inorganic
Chemistry,' 3rd edn., Interscience, London, 1972, p. 665.

rearrangement. This clearly indicates the lower nucleo-
philicity of ~S2PMe2 compared to "S2CNR2 (cf. ref. 1).
For the PPh3 complex, variable-temperature 4H n.m.r.
studies (in CH2C12) showed the same phenomenon as
observed earlier 1 for [Pt(S2CNR2)(PMePh2)2]S2CNR2, i.e.
stabilisation of the ionic species at lower temperature
(Table 1). However, in this instance, the complexity of
the spectrum prevented attempts to estimate the equilib¬
rium constant for this process from the 4H n.m.r. data.

Reaction of the complex [Pd(S2PMe2)2] with an excess
of PR3' in methanol also gave some ionic products (con¬
ductivity evidence) but, on attempted isolation, these
rapidly reverted to the 1 : 1 complexes. This is to be
compared with the successful isolation of the pure ionic
~S2PPh2 palladium complexes 2 (except for PPh3 and
PEtPh2), a fact which may reflect the stronger nucleo-
philicity of ~S2PMe2 compared to "S2PPh2. For
PR3' = PPh3, reaction either in very concentrated
methanol solution or with a large excess of phosphine led
to precipitation of the complex [Pd(PPh3)4], a reaction
not observed with [Pd(S2PMe2)2] and PMePh2 or with
[Pt(S2PMe2)2] and any phosphine.

5 P. Porta, A. Sgamellotti, and N. Vinciguerra, Inorg. Chem.,
1968, 7, 2625; A. Muller, V. V. Krishna Rao, and G. Klinksiek,
Chem. Ber., 1971, 104, 1892; A. T. Casey, D. J. Mackey, and
R. L. Martin, Austral. J. Chem., 1971, 24, 1587.

6 See A. Y. Girgis and R. C. Fay, J. Amer. Chem. Soc., 1970,
92, 7061.
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However, when the reaction of the complexes
[M(S2PMe2)2] and an excess of PR3' (ca. 1 : 3 mole ratio)
in dilute methanol solution was followed by immediate
addition of either sodium tetraphenylborate or hexa-
fluorophosphate, precipitation of the ionic complexes
[M(S2PMe2)(PR3)2]X (X = BPh4~ or PF6~) occurred.
A similar reaction between the complex [Pd(S2PPh2)2]
and PPh3 also resulted in formation of the previously
unisolable [Pd(S2PPh2)(PPh3)2]+ cation 2 as its BPh4~
(or PF6") salt. An interesting characteristic of the XH
n.m.r. spectra of the BPh4" salts is that the resonances
of both the ~S2PMe2 and PR3' protons"were shifted r ca.
0-2—0-4 upheld with respect to the corresponding PF6"
salts (Table 1). We suggest that this is a consequence of
a ring-current effect in the BPh4~ complexes which
produces additional shielding of these methyl protons {cf.
the [Pt(S2CNR2)(PR3')2]X (X = BPh4" or PF6") series}.1
Reaction of the platinum triphenylphosphine tetra¬
phenylborate complexes with Ph4AsY (Y = CI, Br, or I)
in chloroform led to immediate precipitation of the very
insoluble Ph4AsBPh4 and the isolation of [Pt(S2PMe2)-
(PPh3)2]Y from the filtrate. These complexes are quite
stable in solution, exhibiting no tendency to rearrange to
neutral 1 : 1 adducts.

The corresponding complexes [Pd(S2PR2)(PPh3)2]BPh4
(R = Me or Ph) behave in a different manner. Dis¬
solution in chlorinated solvents such as CH2C12 or CHC13
(containing ethanol stabiliser) produced a rapid decrease
in the conductivity of the solutions which turned orange-
vellow and, after concentration and pentane addition,
gave the neutral complexes [Pd(S2PR2)(Cl)PPh3], The
corresponding bromo-complexes were obtained if the
BPh4" salts were dissolved in CHBr3 or CH2Br2 contain¬
ing ca. 2% ethanol. In the absence of ethanol, the
BPh4~ salt was recovered unchanged, whereas addition
of a few drops of alcoholic potassium hydroxide solution
enhanced the rate of formation of the neutral complex.
It would thus appear that the function of ethanol in this
and similar rearrangement reactions 1 is to provide traces
of base in order to facilitate formation of halide ion from
the solvent. Rearrangement of the BPh4~ complex
also occurs in acetone solution containing added halide
ion.

Plowever, the presence of BPh4" ion also appears
essential for facile rearrangement to occur since, when the
complex [Pd(S2PR2)(PPh3)2]PF6 was dissolved in halo-
genated solvents or in acetone with an excess of halide
present, the ionic species was recovered unchanged. The
rearrangement is also confined to the PPh3 complexes,
since we found no evidence of rearrangement for
[Pd(S2PMe2)(PMePh2)2]BPh4 when dissolved in chloro¬
form. For the ionic platinum phosphine complexes,
irrespective of the nature of the counter-anion, no re¬

arrangement occurred, even after heating under reflux in
chloroform-ethanol for 3 days. The arsine complex
[Pt(S2PMe2)(AsPh3)2]BPh4 did, however, react with

halogenated solvents (as indicated by a decrease in
conductivity), but no pure product could be isolated.
This difference in behaviour between the platinum and
palladium complexes is readily explicable in terms of the
greater lability of palladium (n) complexes 4 coupled with
the lower stability of these ionic palladium (n) species, as
established in earlier studies.1'2 Earlier work 2 has also
revealed that the ionic platinum triphenylarsine complex
is only stabilised by the presence of a large anion.

The role of the BPh4~ ion and the reason why only this
ion promotes the rearrangement reaction is not really
understood. However, evidence exists in the literature
both for formation of re-bonded BPh4~ complexes by dis¬
placement of tertiary phosphines or phosphites 7 and for

BPh.

(Ila) (lib)

formation of metal-phenyl c-bonds via fission of a boron-
carbon bond.8 Therefore it is not unreasonable to postu¬
late that a similar process might occur here, giving a
labile re- or a-bonded phenyl intermediate such as (Ila)
or (lib) followed by displacement by a stronger nucleo-
phile such as halide ion. At present, insufficient evidence
is available to distinguish between these two possibilities.

I.r. Studies.—In earlier work with diphenylphosphino-
dithioates,2 an empirical correlation was established
between the mode of co-ordination of the dithio-group
and the presence of certain i.r. bands. Thus, bidentate

Table 3

Characteristic bands (650—550 cm"1) for determining the
mode of co-ordination of the dimetliylphosphino-
dithioato-group to palladium(n) and platinum(n) ions

Complex Unidentate Bidentate Ionic
[Pt(S2PMe2)2]
[Pt(S2PMe2)2PPh3]
[Pt(S2PMe2) 2AsPh3]
[Pd(S2PMe"2)2PMePh2]
[Pd(S2PMe2)2PMe2Ph]
[Pd(S2PMe2)2]
[Pt(S2PMe2) (PPh3)2]S2PMe2
[Pt(S,PMe2)(PMePht)2]S2PMe2
[Pt(S2PMe2)(PPh3)2]BPh4 ■
[Pt(S2PMe2)(PPh3)2]PF6 4
[Pd(S2PMe2)(PMePh2).]PF6 4
[Pd (S 2PMe2) (PPh3) 2]BPh , "
[Pt(SsPMel)(PPh,)JCl
[Pd(S2PMe2)Cl(PPh3)]

" Ionic region masked by BPh.," vibrations at 605s, 612m,
and 625w cm"1. 4 PFe" Vibrations at 612vw and 560vs cm"1.

co-ordination was characterised by bands at 603, 570 cm"1,
unidentate 645, 540 cm"1, and ionic at 650, 560 cm"1.

Unidentate Bidentate
572s

598s 576w
600s 572w
600s 580w
599s 582w

575s
573w 610s
572w 610s
575w
572w,sh
579w
579w
570w
576m

7 R. R. Schrock and J. A. Osborn, Inorg. Ghem., 1970, 9, 2339;
I.. M. Haines, ibid., 1971, 10. 1685; J. J. Hough and E. Singleton,
J.C.S. Chem. Comm., 1972, 371.

8 H. C. Clark and K. R. Dixon, J. Amer. Chem. Soc., 1969,
91. 596; H. C. Clark and J. D. Ruddick, Inorg. Chem., 1970, 9,
1226; R. J. Haines and A. L. du Preez, J.C.S. Dalton, 1972, 944.
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These diagnostic band positions were then used to infer
the types of bonding in other ~S2PPh2 complexes.
Similarly for the "S2PMe2 complexes, careful examination
of the region 650—550 cm-1 also reveals that certain
bands appear diagnostic of the different types of co¬
ordination (Table 3). For the reason discussed earlier,2
i.e. extensive coupling of vibrations in these low-
symmetry complexes, no attempt has been made to
assign these bands to any specific mode of vibration,
although they probably contain an appreciable contribu¬
tion from PS2~ stretching frequencies. There appears to

cm"1 on a Perkin-Elmer 225 grating spectrometer using
Nujol mulls on caesium iodide plates. JH N.m.r. spectra
were obtained on a Varian Associates HA-100 spectrometer
equipped with a variable-temperature probe. Mass spectra
were obtained on an AEI MS9 mass spectrometer and con¬
ductivity measurements on a model 310 Portland Elec¬
tronics conductivity bridge. M.p.s were determined with a
Kofler hot-stage microscope and are uncorrected.

Materials.—Potassium tetrachloroplatinate(u) and pal¬
ladium^) chloride (Johnson Matthey); triphenylphosphine,
dimethylphenylphosphine (B.D.H.); triphenylarsine (Ralph
Emanuel). Triphenylphosphine and triphenylarsine were

Table 4

Analytical data for some platinum(u) and palladium(u) dithio-complexcs
Found (%) Calc. (%;)

Complex M.p.(//°C)
r "

C H Others C H Others A'

[Pt(S2PMe2)2PPh3] 211—214 37-0 3-7 37-4 3-8
[Pt(SaPMe,)2PMePh2] 94 31-5 3-9 31-6 3-9 0-60

[Pt(S2PMe2)2PMe2Ph] 190 24-3 3-9 590 s 24-8 4-0 583 •

[Pt(S2PMe2)2PPh2C,F6] 156—157 329 2-7 748 s 331 2-8 797 5 0-48

[Pt(S2PMe2)2AsPh3] 144—147 34-9 3-6 529 s 35-2 3-6 751 c

[Pd(S2PMe2)2PPh3] 175 (decomp.) 42-8 4-4 507 s 42-9 4-4 618 c

[Pd(S2PMe2)2PMePh2] 135 37-0 4-2 36-3 4-5

[Pd(S2PMe2)2PMe2Ph] 196 294 4-6 550 s 29-2 4-7 494'
[Pt(S2PEt2)2PPh3] 175—177 40-9 4-7 761 s 40'9 4-6 735•
[Pt(S2PMe2) (PPh3)2]S2PMe2' 156—158 48-1 4-2 49-6 4'3 48-7

[Pt(S2PMe2)(PMePh2)2]S2PMe2 200—203 42'7 3-9 42-6 3-6 22-3

[Pt(SaPMe2)(PPh3)2]PF6 264—267 46-1 31 46-1 3-6 56-9

[Pt(S2PMe2)(PPh3)2]BPh4 225—227 63-4 4-8 63-9 4-8 48-2

[Pt(S2PMe2)(PPh3)2]Cl 162—165 51-9 4-0 CI, 4-6 51-8 41 CI, 4 0 62-8

[Pt(S2PMe2)(PPh3)2]Br 199—201 5F6 4-2 49-4 3-9 47-5

(Pt(S2PMe2) (PPh3) 2] I 242 46-3 38 I, 12-7 47-0 3-7 I, 130
[Pt(S2PMe2) (PMePh2) 2]PF6 258 381 3-6 38-8 3-7 54-8

[Pt(S2PMe2)(PMePh3)2]BPh4 98 57-9 4-6 60-0 5-1 430

[Pt(S2PMe2)(AsPh3)2]BPh4 108—112 58-9 5'0 59-4 4-5 34-2

[Pt(S2PMe2)(AsPh3)2]PF6 199—202 42-1 33 42'4 3-8 50-4

[Pd(S2PMe2)(PPh3)2]BPh4 182 (decomp.) 69-6 6-0 69-2 5-2 32-2 «

[Pd(S2PMe2)(PPh3)2]PF„ 211 (decomp.) 50-6 3-9 50-7 4-0 57-9

[Pd(S2PMe2)(PMePh2)2]PF6 202—204 (decomp.) 42-9 4-1 43'2 4'2 52-6

[Pd(S2PPh2)(PPh3)2]BPh4 89 68-4 5-3 69-2 5-3

[Pd(S2PPh2)(PPh3)2]PFe 235 (decomp.) 55-4 3-7 56-3 3-9 57-4

[Pd(S2PMe2) (PMe2Ph) 2] BPh, 165 65-9 5-5 65-7 5'5 38-5
[Pd(S2PMe2)Cl(PPh3)] 191 45-8 4-0 CI, 6-5 45-4 4-0 CI, 6-7

539 s 529«

[Pd(S2PMe2)Br(PPh3)] 215—218 (decomp.) 42-2 3-7 Br, 140 41-9 4-0 Br, 14-3
[Pd(S2PPh,)Cl(PPh3)] 226—228 (decomp.) 54-5 4-0 CI, 5-4 55-2 3-8 CI, 5-6
" In II"1 cm2 mol-1; measured in CH2C12 (10~3m) at 298 K

d Contaminated with a small amount of the complex [Pt(S
Experimental molecular weight

PMe2)2PPh3]. * Immediate reading;
(acetone). c Calc. molecular weight,
after 45 min, A = 3-2 CP1 cm2 mob1.

be only one characteristic band in this region and com¬
parison of the direction of shift of this band on change in
co-ordination mode with those found earlier for "S2PPh2
complexes 2 suggests that this is the higher-energy band.
A band at 505 cm-1 in the complex [Pt(S2PMe2)2] can be
assigned to the lower-energy band (corresponding to the
570 cm"1 band in ~S2PPh2 complexes). Unfortunately
in all the adducts reported here, any change in the posi¬
tion of this latter band was masked by strong ligand
vibrations.

EXPERIMENTAL

Microanalyses were carried out by the National Physical
Laboratory, Teddington, A. Bernhardt, West Germany, and
the University of Edinburgh Chemistry Department.
Molecular weights were measured in dry acetone at 37 °C on
a Perkin-Elmer-Hitachi osmometer calibrated with benzil.
Analytical data for all the new complexes are given in
Table 4. I.r. spectra were recorded in the region 4 000—200

recrystallised from ethanol before use. Methyldiphenyl-
phosphine was made by the Grignard method from chloro-
diphenylphosphine. Sodium dimethyl- and diethyl-phos-
phinodithioates were made by standard methods.9 Tri-
ethylarsine and pentafluorophenyl(diphenyl)phosphine were
kindly supplied by Dr. D. I. Nichols. Operations involving
free tertiary phosphines (other than PPh3) were carried out
under an atmosphere of nitrogen.

SH N.m.r. Variable-temperature Studies.—The variable-
temperature unit on the HA 100 spectrometer was used with
methanol as a calibrant. Spectra were run at 5 K intervals
in the range 313—200 K. Spectra were simulated using a
computer program based on that of Nakagawa.10 The
exchange process was considered for the purpose of comput¬
ation as consisting of n two-site exchanges, where n is the
multiplicity of the resonance being monitored. The single-

9 W. Kuchen, W. Strolenberg, and J. Metten, Chem. Bcr.,
1963, 96, 1733; R. G. Cavell, W. Byers, and E. D. Day, hwrg.
Chem.. 1971, 10, 2710.

10 T. Nakagawa, Bull. Chem. Soc. Japan, 1966, 39, 1006.
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line simulated spectra were then superimposed with suitable
weighting for intensities and the results plotted out on the
line printer; e.g., a doublet was considered as two two-site
exchanges of intensity ratio 1:1.

Experimental spectra were fitted to the computed spectra
by finding the best fit between the ratio of maximum to
minimum heights in the multiplet and the life-times so
obtained were used to construct Arrhenius plots in which
straight lines were fitted by the least-squares method.
Broadening of the lines due to effects other than exchange
(e.g. increased viscosity and lower solubility at lower
temperatures) had to be taken into account, otherwise
values of the life-times particularly at lower temperatures
were artificially enhanced. This was accomplished by
measuring the natural linewidth at both the high- and low-
temperature limits and then using these different values in
the regions near these limits. A similar technique hac boon
used elsewhere.11 Final activation parameters, obtained by
the usual methods, are shown in Table 2 along with assessed
error limits.

Bis(dimethylphosphinodithioato)platinum( ii).— Potassium
tctrachloroplatinato(ii) (5-00 g, 12-0 mmol) in a minimum
volume of hot water was shaken with an exoess of sudiuiu

dimethylphosphinoditliioate dihydrate (4-40 g, 24-0 mmol)
for several minutes. The immediate yellow-orange pre¬
cipitate which formed was filtered off, washed with water,
methanol, and diethyl ether and rccrystalliscd from chloro¬
form (Yield 4-25 g, 80%) (Found: C, 10-7; H, 2-6. Calc.
for C4H12P2PtS4• r, 10-8; IT, 2-7%). The same complex
was prepared independently by Cavell et all2 and tho
electronic, i r.( and mass spectra, a.re thoroughly discussed in
their paper.

Bis(dimethylpkosphinoditkioato) (triphenylphosphine)plat-
inum(n).—The complex [Pt(S2PMe2)2] was suspended in
benzene or chloroform and treated with a 1 : 1 mole ratio of

triphenylphosphine. On warming gently, a yellow solution
was formed which was filtered, concentrated, and tho
product precipitated by addition of pentane. The yellow
complex was rccrystallised from chloroform pentane. In a
similar manner, bis(dimethylphosphinodithioato) (methyldi-
phenylphosphine)platinum(\\), bis(dimethylphosphinodithio-
ato)(dimethylphenylphosphine)platinum(u), and bis(dimethyl-
phosphinodithioato)[pentafluorophenyl(diphenyl)phosphine]-
platinum(n) were prepared.

Bis(dimethylphosphinodithioato) (triphenylarsine)plat-
iytum(n).—A suspension of [Pt(S2PMe2)2] in bonzono or
chloroform was treated with an excess of triphenylarsine.
On concentration and addition of pentane, the complex was
precipitated as a yellow powder which was filtered off,
washed with light petroleum, and air-dried. The products
with trietliylarsine and triethylphosphine were too soluble
to isolate and with pyridine and ammonia only starting
material was isolated on removal of the solvent

Bis(diethylphosphinodithioato)platinum(n) was prepared
as for the complex [Pt(S2PMe2)2] using K2PtCl4 and
NaS2PEt2,2H20 (Found: C, 19-4; II, 4 1. Calc. for
CgH21)P2PtS4: C, 19-3; H, 4-0%). 'H N.m.r. spectrum: r
8-00 (CH2, doublet of quartets, 7 0 IIz; Je-uil,
fhO Hz) an 8-61 (CH3, doublet of triplets, /p_UHs 21 0 IIz).
I.r. spectrum (050—500 cm-1): 580w,sh, 570s, and 500m
cm"1.

Bis(diethylphosphinodithioato) (triphenylphosphine)plat-
11 R. C. Fay and R. N. Lowry, Inorg. Chem., 1907, 6, 1512.
12 R. G. Cavell, W. Byers, E. D. Day, and P. M. Watkins,

Inorg. Chem., 1972, 11, 1598.

inum(u) was prepared as for the complex [Pt(S2PMe2)2PPh3],
3H N.m.r. spectrum (301 K): t 2-60 (phenyl multiplet);
8-06 (CH2, /P-ch, 11-0 Hz) i and 8-82 (CH3, /CH.-CH, 7'° Hz>
/p-oh, 21-0 Hz). On cooling, some broadening of the
-CH2 and ~CH3 resonances at 203 K occurred indicating still
rapid unidentate-bidentate exchange at this temperature.
I.r. spectrum (650—550 cm-1): 590s and 572w,sh cm-1.

Bis(dimethylphosphinodithioato)palladium(ii).—• Method
(A). Palladium(u) acetate 13 was dissolved in benzene-
acetone and heated under roflux for 2 h with a slight excess
of sodium dimothylphosphinodithioato dihydratc in moth
anol. On cooling, the dark red-brown crystalline powder
was filtered off and washed with water, methanol, and
diethyl ether (Found: C, 13-9; H, 3-4. Calc. for
C4H12P2PdS4: C, 13-5; H, 3-4%).

Method (B). Palladium(n) chloride was suspended in
acetone and hcatod under roflux for 3 h with an excoss of

NaS2PMe2,2H20. The resulting orange-red solution was
filtered hot and, on cooling, deposited the orange-red
crystalline product which was purified as before.

Although the products formed by these methods are
different in colour they had the same i.r. and mass spectra
and behaved in the same way with Lertiary phosphines.
Spectral parameters are reported elsewhere.12

Bis(dimethylphosphinodithioato)(triphenylphosphine)pal-
ladium(n).—A suspension of the complex [Pd(S2PMe2)2] in
benzene was treated with an excess of triphenylphosphine
(ca. 1 : 2 mole ratio). On warming gently, a dark red solu¬
tion wac obtainod which, on addition of pontano, procipi
tatod tho orange-yellow product which wan recryatalliocd
from chloroform. A oimilar method wao unod to mako tho

complexes [Pd(S2PMe2)2PMePh2] and [Pd(S2PMe2)2PMe2Ph],
(Di.ni.ethylfdio.iphinodithioato)hi.$(ti i.phenylphosphine)plcit-

inum(n) Dimethylphosphinodithioate.—A suspension of the
complex [Pt(S2IJMe2)2] in a small amount of methanol was
treated with triphenylphosphine (1:4 mole ratio). The
mixture was boilod for 2 min, filtered, and then an excess of
diethyl ether was added. The resulting yellow-buff
precipitate was filtered off, washed with light petroleum, and
dried in vacuo (40 °C). (Dimethylphosphinodithioato)bis-
(methyldiphenylphosphine)platinum(i\) dimethylphosphino¬
dithioate was prepared in a similar manner. The
ionic triphenylphosphine complex readily reverted to
[Pt(S2PMe2)2PPh3] on attempted recrystallisation; in con¬
trast, the ionic methyldiphenylphosphine complex was
unchanged, even on rccryotallication from ouch non polar
solvents as benzene or chloroform. Attempts to prepare
pure samples of the corresponding palladium complexes
proved unsuccessful; only mixtures of 1:1 and 1 : 2
adducts were formed which rapidly reverted to the pure 1 : 1
complexes even in acetone.

(Dimethylphosphinodithioato)bis(triphenylphosphLne)plul-
inum(n) Tetraphenylborate.—A suspension of the complex
[Pt(S2PMe2)2] in methanol was gently warmed with excess of
triphenylphosphine (ca. 1 : 3 mole ratio), then filtered, and
a concentrated methanolic solution of sodium tetraphenyl-
boratc added, giving an immediate pale yellow precipitate.
Rccrystallisation from acetone gave the crystalline product.
The same method was used to prepare all the complexes
[M(S2PMe2)(PR3)2]X (X = BPh4", or PF6"; M = Pt or Pd)
listed in Table 4, and also [Pt(S2PMe2) (AsPh3)2]BPh4 and
[Pd(S2PPh2)(PPh3)2]BPh4. However, for M = Pd and
PR3 = PPh3, reaction in very concentrated methanolic

13 T. A. Stephenson, S. M. Morehouse, A. R. Powell, J. P.
Heffer, and G. Wilkinson, J. Chem. Soc., 1965, 3632.
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solution using a large excess of triphenylphosphine gave in¬
stead a yellow crystallino precipitate of tetrakis(triphonyl
phosphine)palladium[0), m.p. 103—105 °C (lit.,14 100—105
°C) (Found: C, 74-7; H, 51. Calc. for C72H60P4Pd: C,
75-1; H, 5-2%).

(Dimethylphosphinodithioato) bis (triphenylphosphine) -

platinum(n) Chloride.—-The complex [Pt(S2PMe2)(PPh3)2]-
BPh4 (0-20 g) was dissolved in chloroform (10 cm3) and
treated with Ph4AsCl,HCl (0-07 g) (1:1 mole ratio) in
chloroform (5 cm3). The mixture was stirred for 10 min, the
precipitate of Ph4AsBPh4 filtered off, the solution concen¬
trated, and diethyl ether-pentane added to precipitate the
complex as a white powder, which was recrystallised from
chloroform-pentane. The complexes [Pt(S2PMe2) (PPh3)2]Y
(Y = Br" or I"") were made in similar manner.

Chloro (dimethylphosphinodithioato) triphenylphosphine-
palladium(ii).—The complex [Pd(S2PMe2)(PPh3)2]BPh4 was
dissolved in chloroform (containing ethanol stabiliser),
warmed briefly, and then set aside (ca. 5—10 min) until the

conductivity of the solution was very low [ca. 0-6 |afl_1).
Precipitation with pontano then gave the orange yellow
product, which was recrystallised from benzene-pentane.
The same complex was obtained much more slowly from di-
chloromethane solution.

Bromo[dimethylphosphinodithioato)triphenylphosphinepal-
ladium(u) was prepared in analogous fashion using CHBr3
or CH2Br2 plus ethanol (ca. 2%) as solvent, the reaction
taking ca. 30 min for completion. The complex
[Pd(S2PPh2)(Cl)PPh3] was similarly prepared from
[Pd(S2PPh2)(PPh3)2]BPh4 and chloroform.

We thank Johnson Matthey Ltd. for loans of potassium
chloroplatinate(n) and palladium(n) chloride, the S.R.C.
for an award (to D. F. S.), and the Atlas Computer Labora¬
tory for a copy of their Shape Function program.

[3/539 Received, l"Sth March, 1973]
14 L. Malatesta and M. Angoletta, J. Chem. Soc., 1961, 1186.
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Metal Complexes of Sulphur Ligands. Part V.12 Dialkyl-, Diaryl-phos-
phinodithioato-and /V/V-Dialkyldithiocarbamato-complexes of Ruthen-
ium(n)
By David J. Cole-Hamilton and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh,

Edinburgh EH9 3JJ

Complexes of general formula [Ru(S-S)2L2] [(S-S)~ = ~S2PR2 (R = Me, Et, Ph), ~S2CNMe2; L = PPh3,
PMe2Ph. PMePh2, P(0Ph)3 ere.] have been synthesised by the reaction of various ruthenium(n) and (ill) tertiary
phosphine and phosphite complexes with Na(S—S). For (S-S) ~ = ~S2PR2, these compounds are readily carbonyl-
ated to give the monocarbonyls [Ru(S2PR2)2L(CO)]. However, the dicarbonyls can be synthesised directly, from
ruthenium carbonyl halides and NaS2PR2. Although the corresponding dithiocarbamates are resistant to carbonyl-
ation, all these compounds undergo ligand exchange reactions with ligands of greater basicity (L') to give either
[Ru(S-S)aLL'] and/or [Ru(S-S)2L'2]. All these compounds have been thoroughly examined by i.r„ mass, and
'H n.m.r. spectroscopy and the latter indicates a c/s-configuration. Most of these compounds also showtemperature
variable 1FI n.m.r. spectra, attributable to facile interconversion of optical enantiomers (for the -S2PR2 compounds),
restricted rotation about the -CN bond (for the "S2CNMe2 compounds), and. in some cases, hindered rotation
about the ruthenium-phosphorus bonds.

Finally, for [Ru(S2PR2)2(PMe2Ph)2], carbonylation gives, in addition to [Ru(S2PR2)2(PMe2Ph)CO], two
isomers of formula [Ru(S2PR2)2(PMe2Ph)2CO], The structures of these compounds have been established by
JH. 31P n.m.r.. and double resonance studies and a general mechanism of carbonylation for these compounds
is proposed.

In Parts I—IV of this series, the results of a thorough
investigation of the reactions of the square-planar
[M(S-S)2] compounds [M = Pt, Pd; (S-S)~ = ~S2PR2
(R = Me, Et, Ph), -S2CNR2 (R = Me, Et), "S2COEt,
and ~S2P(OEt)2] with ligands containing Group Vb
donor atoms (L) have been presented.1,3 A detailed
analysis, utilising X-ray diffraction, spectroscopic,
and chemical techniques, revealed that reaction occurs
by stepwise cleavage of the metal-sulphur bonds of
one dithio-ligand, giving the compounds [M(S-S)2L]
and [M(S~S)L2] (S-S) with unidentate-bidentate and
bidentate-ionic co-ordination respectively. In addi¬
tion, these compounds were shown to exhibit several
different types of intra- and inter-molecular rearrange-

1 Part TV, D. F. Steele and T. A. Stephenson, J.C.S. Dalton,
1973, 2124.

2 Preliminary communication: D. J. Cole-Hamilton, P. W.
Armit, and T. A. Stephenson, Inorg. Nuclear Chem. Letters, 1972,
8, 917.

ment reactions, depending on the nature of the dithio-
ligand, the solvent, and the temperature at which
the reactions were studied.1,3

In view of these unusual results, it was decided to
extend the investigation to a study of other platinum
metal dithioacid complexes and in this and the following
papers,4 we wish to report the full results of our recent
ruthenium-sulphur studies. Later papers5 will dis¬
cuss related investigations into rhodium- and osmium-
sulphur chemistry.

3 (a) T. A. Stephenson and B. D. Faithful, J. Chem. Soc. (A),
1970, 1504; (6) (Miss) J. M. C. Alison, T. A. Stephenson, and (in
part) R. O. Gould, J. Chem. Soc. (A), 1971, 3690; (c) (Miss)
J. M. C. Alison and T. A. Stephenson, J.C.S. Dalton, 1973, 254.

* (a) D. J. Cole-Hamilton and T. A. Stephenson, Part VI,
following paper; (b) J. D. Owen, T. A. Stephenson, and (in
part) D. J. Cole-Hamilton, Part VII, J.C.S. Dalton, submitted
for publication.

6 D. J. Cole-Hamilton and T. A. Stephenson, to be published.
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RESULTS AND DISCUSSION

Although there has recently been an increasing
interest in the chemistry of ruthenium as well as in the
chemistry of complexes of sulphur-containing ligands
with various metals, research into ruthenium complexes
containing dithioacid ligands has been confined to
relatively few papers and most of these have been con¬
cerned with complexes containing JVTV-dialkyldithio-
carbamato-groups. Thus, complexes such as [Ru-
(S2CNRR')3] (R = R' = Me, Et, Bun; 6 R = Me, R' =
PhCH2 7), [Ru(S2CN{PhCH2}2)2(CO)2]Cl,8 [Ru(S2CNR2)2-
CO] (R = Me, Et),8 [Ru(S2CNR2)2(CO)2] (R = Me,
PhCH,),8 [Ru(S2CNR2)2(PPh3)2] (R = Me, Et, Ph),9
[Ru(S2CNEt2)2(Me2SO)2] ,10 [Ru(S2CNRR')2(S2C2{CF3}2)]
(R = R' = Me, Et; R = Me, R' = Ph),11 and [RuNO-
(S2CNR2)3] (R = Me, Et) 12 have been reported but
the last is the only example to date of a ruthenium
compound containing a dangling dithioacid group.
Related 1,2-dithiolene complexes of ruthenium of type
[Ru(S2C2{CF3}2)(CO)„(ER3)3-„] (» = 1, 0; E = P, As)
have also been recently reported.13

In contrast, apart from brief references to the syn¬
thesis of [Ru(S2PR2)3] (R = Et,14 Ph15), no investigation
of ruthenium dialkyl (or diaryl)phosphinodithioates
has been made.

By analogy with our earlier palladium and platinum
studies,1'3 our first attempts to synthesise a range of
ruthenium dithioacid compounds were made either by
reacting tertiary phosphines directly with [Ru(S2PR2)3]
or by refluxing an ethanolic solution of RuC13,mH20,
NaS2PR2, and PMe2Ph. In both cases, the main
product was [Ru(S2PR2)3], which provides an effective
demonstration of the substitutional inertness of the
ruthenium(ni) (dS) co-ordination sphere in this instance.
Therefore, we tried another method, which has been
successfully used to prepare other metal dithioacid
complexes; namely, direct reaction between metal
halogeno-complexes and an alkali metal salt of the
appropriate dithioacid.
e.g.8 (h5 - C5H5)Fe(CO)2Cl + NaS2CNMe2 —

(,h5 - C5H5)Fe(CO)2S2CNMe2 + NaCl
Thus, when [RuCl2(PPh3)3 or 4],16 [RuCl3(PPh3)2-

MeNOJ,17 [RuCl2(PEtPh2)3],18a [Ru2Cl3(PMePh2)6]Cl,19
* Shorter reaction times with stoicheiometric amounts of

NaSjPR2 give paramagnetic species which have not been com¬
pletely characterised to date.

• L. Malatesta, Gazzetta, 1938, 68, 195; L. Cambi and L.
Malatesta, Chem. Ber., 1937, 70, 2067.

7 L. H. Pignolet, D. J. Duffy, and L. Que, jun., J. Amer. Chem.
Soc., 1973, 95, 295.

8 J. V. Kingston and G. Wilkinson, J. Inorg. Nuclear Chem.,
1966, 28, 2709.

8 C. O'Connor, J. D. Gilbert, and G. Wilkinson, J. Chem. Soc.
{A), 1969, 84.

10 I. P. Evans, A. Spencer, and G. Wilkinson, J.C.S. Dalton,
1973, 204.

11 L. H. Pignolet, R. A. Lewis, and R. H. Holm, J. Amer. Chem.
Soc., 1971, 93, 360.

12 L. Cambi and L. Malatesta, Rend. 1st. Lombardo Sci., 1938,
71, 118 {Chem. Abs., 1940, 34, 3201-1); A. Domenicano, A.
Vaciago, L. Zambonelli, P. L. Loader, and L. M. Venanzi, Chem.
Comm., 1966, 476; R. Davis, M. N. S. Hill, C. E. Holloway, B. F. G.
Johnson, and K. H. Al-Obaidi, J. Chem. Soc. (A), 1971, 994.

or mer-[RuCl3(PMe2Ph)3]20 are gently refiuxed in
ethanol with an excess of NaS2PR2 (R = Me, Et, Ph)
for ca. two hours orange solutions are formed. On
cooling these solutions and after filtering off any pre¬
cipitate of sodium chloride red or orange crystals of
composition [Ru^PR^gLJ (A) (L = tertiary phos-
phine) are deposited in high yield.* Similar products
are formed using acetone or methanol as solvent, except
for [Ru2Cl3(PMePh2)6]Cl in methanol when a red solid,
believed to be of composition [Ru2Cl3(PMePh2)5(S2PR2)]
is also precipitated. Similar compounds can be ob¬
tained by pyrolysis of [Ru2Cl3(PR3)6]S2PR2 (cf. the
pyrolysis of [Ru2Cl3(PEt2Ph)6]Cl giving [Ru2Cl4(PEt2-
Ph)5] 21) and these will be discussed in more detail in a
later publication.185 In this instance, the dimer is
readily separated from [Ru(S2PR2)2(PMePh2)2] by the
technique of dry column chromatography.22 For
[RuCl2(PPh3)3] and NaS2PPh2, [Ru(S2PPh2)2(PPh3)2]
is only obtained in pure form in the presence of an
excess of triphenylphosphine; with no added tri-
phenylphosphine, analytical and molecular weight
data (see Experimental section) indicate that a mixture
of [Ru (S2PPh2) 2 (PPh3) 2] and [Ru(S2PPh2)2PPh3] is
probably formed. (Cf. the formation of mono- and
bis-carbonyldithiocarbamato-ruthenium complexes8 and
[RuCl2(PPh3)n] (n = 3 or 4)16 by slight changes in the
experimental conditions.) However, by reaction in the
presence of an excess of sulphur (an efficient tertiary
phosphine scavenger), pure [Ru(S2PPh2)2PPh3] can be
isolated.

Compounds (A) have been characterised by elemental
analyses (Table 1) and the usual spectroscopic methods
(see later), and the monomeric formulation confirmed
by osmometry and by an X-ray analysis46 on [Ru-
(S2PEta)2(PMe2Ph)2]. The compounds are non-electro¬
lytes and diamagnetic (by Evans' method),23 and
exhibit sharp 4H n.m.r. resonances. However, exposure
of the solutions to air rapidly produces broadening of
the n.m.r. signals which is attributed to facile oxidation
to paramagnetic ruthenium(ni) species. The rate
of oxidation, which can be substantially reduced by

13 J. S. Miller and A. L. Balch, Inorg. Chem., 1971, 10, 1410;
I. Bernal, A. Clearfield, E. F. Epstein, J. S. Ricci, jun., A. L.
Balch, and J. S. Miller, Chem. Comm., 1973, 39.

14 See W. Kuchen and H. Hertel, Angew. Chem. Internat. Edn.,
1969, 8, 89.

48 E.£. Switkes, L. Ruiz-Ramirez, T. A. Stephenson, and (in
part) J. Sinclair, Inorg. Nuclear Chem. Letters, 1972, 8, 593; L.
Ruiz-Ramirez, T. A. Stephenson, and E. S. Switkes, J.C.S.
Dalton, 1973, 1770.

16 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear Chem.
1966, 28, 945.

17 T. A. Stephenson, J. Chem. Soc. (A), 1970, 889.
18 {a) P. W. Armit and T. A. Stephenson, J. Organometallic

Chem., 1973, 57, C80; (6) P. W. Armit and T. A. Stephenson,
unpublished work.

18 J. Chatt and R. G. Hayter, J. Chem. Soc., 1961, 896.
20 J. Chatt, G. J. Leigh, D. M. P. Mingos, and R. J. Paske,

J. Chem. Soc. (A), 1968, 2636.
21 R. H. Prince and K. A. Raspin, J. Inorg. Nuclear Chem.,

1969,31,695; J. Chem. Soc. {A), 1969,612; N. W. Alcock and K.
A. Raspin, ibid., 1968,2108.

22 For details see: B. Loev and M. M. Goodman, Chem. and
Ind., 1967, 2026.

23 D. F. Evans, J. Chem. Soc., 1959, 2003.
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addition of an excess of tertiary phosphine, is also
dependent on the nature of L, a qualitative order being
PPh3 > PMePh2 > PMeaPh. The solvent medium is
also important, since studies indicate that increasing
the percentage of CDC13 in CDC13-CS2 mixtures increases
the rate of oxidation.

In the reaction of [RuCl2(P{OPh}3)4] 24 with an excess
of NaS2PR2> the product formed depends critically
upon both reaction time and solvent medium. Thus,

terpretation, the 1H n.m.r. spectrum of the mixture
shows two sets of ethyl resonances of approximate
intensity 3 : 1 (the ratio varied from sample to sample)
attributable to the mono- and bis-ethoxy phosphite
complexes respectively. The experimental carbon and
hydrogen percentages for the mixture are also in good
agreement with calculated data based on this ratio.

Further refluxing (24 h) gives a yellow solution from
which no solid product could be isolated but a mass

Table 1

Analytical data for some ruthenium complexes
Found % Required %

Complex
ci.s-[Ru (S2PPh2) 2(PPh3)2]
cjs-[Ru(S2PPh2)2(PMePh2)2]
cis-[Ru (S2PPh2) 2(PMe2Ph) 2]

c is-[Ru (S2PMe2) 2(PPh3) 2]
cis-[Ru(S2PMe2)2(PMePh2) 2]
cis- [Ru (S2PMe2) 2(PMe2Ph) 2]

cis- [Ru (S2PMe2)2(P{OPh}3) 2]
cis-[Ru (S2PMe2)2(P{OMe}3) 2]
cis-[Ru(S2PMe2)2(PEtPh2)2]
cis-[Ru (S.,PEt2) 2(PMe2Ph) 2]
cis-[Ru(S2PEt2)2(PPh3)2]
cis-[Ru(S2CNMe2)2(PPh3)2],Me2CO
cis-[Ru(S2CNMe2)2(PMe2Ph)2]

trans- [Ru (S2CNMe2) 2(PMe2Ph) J
cis- [Ru (S2CNMe2) 2 (P{OPh}3) 2]
cis-[Ru (S2PMe2) 2(PPh3) (P{OPh}3)]
cis-[Ru(S2PMe2)2(PMe2Ph)(P{OPh}3)]
cis-[Ru(S2PPh2)2(PMe2Ph)(P{OPh}3)]
cis-[Ru(S2CNMe2)2(PPh3)(P{OPh}3)]
cis-[Ru (S2PPh2) 2(PMe2Ph)CO]
cis- [Ru (S2PMe2) 2(PPh3) CO]

cis- [Ru (S2PMe2) 2(PMePh2) CO]
cis- [Ru (S2PMe2) 2(PMe2Ph) CO]

cis-[Ru(S2PMe2)2(P{OPh}3)CO]
cis- [Ru (S2PMe2)2(P(OMe}3) CO]
cis- [Ru (S2PMe2) 2(AsPh3) CO]
[Ru (S2PPh2) 2(PMe2Ph) 2CO] d
[Ru(S2PMe2)2(PMe2Ph)2CO] 4
[Ru(S2PMe2)2(PMe2Ph)2CO] «
cis- [Ru (S2PPh2) 2(CO) J
cis-[Ru (S2PMe2) 2(CO) 2]
cis-[Ru (S2CNMe2) 2(CO) J

° Molecular weight measured osmometrically at 37°
spectrum. 4 Sublimes at 160 °C. d Configuration C.

Colour M.p. co C H Others M C H Others M
Red 193—195 64-2 4-7 64-1 4-5

Orange 116—118 60-1 4-4 60-1 4-6

Orange 247—248 54-7 4-7 S, 14-8; 64-7 4-8 S, 14-6;
P, 14-2 P, 14-2

Red-brown 139—142 54-7 4-7 54-9 4-8

Orange 279—280(d) 47-8 5-0 47-9 51

Orange 212(d) 38-3 5-2 S, 20-6; 618 « 38-3 5-4 S, 20-6; 627
P, 19-6 P, 19-8

Yellow 145—147 49-3 4-6 973 ± 5 4 49-4 4-3 971
Yellow 213—214 « 201 50 599 4 200 5-0 599
Orange 158 48-7 5-6 49-3 5-4
Red 156—157 42-7 61 S, 18-9 42-2 6-1 S, 18-7
Red 124—126 56-3 5-3 56-7 5-4
Yellow 168—169 58-1 4-8 N, 3-3 58-3 4-9 N, 3-2
Yellow 204—206 42-8 5-5 N, 4-7;

S, 20-6;
P, 10-1

42-8 5-5 N, 4-5;
S, 20-7;
P, 100

Yellow 42-8 5-5 N, 4-8 42-8 5-5 N, 4-5
Yellow 150—152 51-7 4-5 N, 2-9 52-4 4-4 N, 2-9
Orange 182—184 51-1 4-5 52-0 4-6
Orange 124—125 44-4 4-7 45-0 4-8
Orange 182—184 56-9 4-6 57-3 4-4
Yellow 201—204 55-0 4-6 N, 31 55-2 4-6 N, 3-1
Orange 194—195 51-6 40 763 ± 3 4 51-7 41 766
Orange 123—125 43-3 4-3 720 " 431 4-2 641

638 ± 3 4
Orange 161—163 37-3 4-4 579 ± 14 37-3 4-3 579
Yellow 43—44 30-2 4-6 478 »

517 ± 14
30-2 4-5 517

Yellow 193—194 40-0 3-9 689 ± 14 40-1 3-9 689
Yellow 117—119 19-3 4-4 602 ± 14 19-1 4-2 503
Orange 104—106 40-8 4-3 687 ± 2 4 40-3 3-9 685
Yellow 95—115(d) 53-9 4-7 54-5 4-7
Yellow 134—135(d) 38-2 5-2 38-5 5-2
Yellow 102—118(d) 38-7 51 38-5 5-2
Yellow 89—90 47-8 3-2 655 ± 14 47-6 31 655
Yellow 159—160 17-9 30 407 ± 14 17-7 2-9 407
Yellow 230—231 > 24-5 31 N, 7-2 24-8 30 N, 7-1

in benzene. 4 Molecular weight from parent ion peak (101Ru isotope) in mass
• Configuration D. ! Sublimes at 170 °C.

in refluxing ethanol for one hour, reaction with an excess
of NaS2PMe2 gives a sample of [Ru(S2PMe2)2-
(P{OPh}3)2]. However, if refluxing is continued for a
further hour, a mixture of products is obtained which
proved impossible to separate by chromatographic or
sublimation techniques. However, the mass spectrum
of the mixture reveals the parent ion and fragmentation
pattern peaks expected for [Ru(S2PMe2)2(P{OEt}-
{OPh}2)2] together with a peak at mje 780 (102Ru iso¬
tope) which can only arise from the species [Ru(S2PMe2)2-
(P{OEt}2OPh)2] since there is no way of obtaining a
fragment of this mass number by degradation of[Ru-
(S2PMea)2(P{OEt}{OPh}2)2]. Consistent with this in-

24 J.J. Levison and S. D. Robinson, J. Chem. Soc. (A), 1970,
639.

spectrum of the resultant oil shows peaks attributable
to [Ru(S2PMe2)2(P{OEt}3)2], together with a number
of other tertiary phosphite compounds (see Experi¬
mental section). However, if the reaction between
[RuCl2(P{OPh}3)4] and excess NaS2PMea is carried out
in refluxing methanol, even for comparatively short
reaction times, a pure sample of [Ru(S2PMe2)a(P{OMe}3)2]
can be isolated and phenol and trimethyl phosphite
can be identified in the filtrate. All these phosphite
compounds are more resistant to oxidation in solution
than the corresponding tertiary phosphine complexes.

Muetterties et al,25 have reported that triphenyl
phosphite, when co-ordinated to ruthenium, does not

25 D. H. Gerlach, W. G. Peet, and E. L. Muetterties, J. Amer.
Chem. Soc., 1972, 94, 4545.

A
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appear to undergo transesterification by alcohols,
whereas such reactions readily occur with the free
ligands. Therefore, at first sight, the transesterification
of the tertiary phosphite groups in [Ru(S2PMe2)2(P-
{OPh}3)2] appears surprising. However, since the
starting material has four phosphites per ruthenium
and the product only two, then two must be released
during the reaction, presumably as free tertiary phos¬
phite. This free triphenyl phosphite may then be
transesterified giving, in the case where methanol is
solvent, trimethyl phosphite. The trimethyl phosphite,
being a stronger nucleophile than its triphenyl analogue 26
(as well as less bulky), can then replace the co-ordinated
P (OPh)3 groups to give [Ru(S2PMe2)2(P{OMe}3)2].
This conclusion is supported by the observation that
[Ru(S2PMe2)2(P{OPh}3)2] may be recovered unchanged
after refluxing in degassed methanol for 24 h.* Pre¬
sumably the ease of formation of the P(OMe)3 complex,
compared with the P(OEt)3 complex, is a reflection of
the greater nucleophilicity of the methoxide ion com¬
pared to the ethoxide ion.

Finally, reaction of mer-[RuCl3(PMe2Ph)3] with an
excess of NaS2CNMe2 gives [Ru(S2CNMe2)2(PMe2Ph)2],
analogous to the triphenylphosphine complex reported
elsewhere.9

Reactions of [Ru(S-S)2L2] Complexes.—All the com¬
pounds of type (A) readily react with carbon monoxide
under very mild conditions to give the monocarbonyl
species [Ru(S2PR2)2L(CO)] (B). For L = PPh3, AsPh3;
R = Me, the same compounds are also formed by pro¬
longed interaction of cfs-[RuCl2(CO)2L2]16 with NaS2-
PMe2. In contrast, in agreement with earlier work,9
attempted carbonylation of the corresponding [Ru(S2-
CNR2)2(PR'3)2] compounds (PR'3 = PMe2Ph, PPh3),
even under pressure, gives only unchanged starting
material. Furthermore, attempts to displace the re¬
maining L group from [Ru(S2PR2)2L(CO)] to give [Ru-
(S2PR2)2(CO)2] have also proved unsuccessful. How¬
ever, the dicarbonyl complexes [Ru(S2PR2)2(CO)2]
(R = Me, Ph) have been synthesised from Cs2[RuC14-
(COy,27 NaS2PMe2 and from [Ru3(CO)12],f Ph2PS2H
combinations respectively. Similarly, reaction of [Ru3-
(CO)12] with tetramethylthiuram disulphide gives the
previously characterised8 [Ru(S2CNMe2)2(CO)2]. A
small amount of this product is also formed by pro¬
longed reaction of «'s-[RuCl2(CO)2(PPh3)2] with NaS2-
CNMe2. Although [Ru(S2CNR2)2(CO)2] does not react
with PR'3, the corresponding [Ru(S2PR2)2(CO)2] are
readily converted to [Ru(S2PR2)2(PR'3)CO]. Thus, it
appears that the products [Ru(S2PR2)2L(CO)] are thermo-
dynamically very stable, being readily formed from

* In a recent paper (Inorg. Chem., 1972, 11, 749) Roundhill et
al. suggest that transesterification of tertiary phosphites occurs
when the phosphites are co-ordinated to platinum. However,
since in each case where transesterification occurs, there is free
phosphite present in the system, a better explanation (in view of
Muetterties' work 26) might be that the free phosphite is trans¬
esterified and then this replaces a bound phosphite which is, in
turn, transesterified etc.

f We thank Dr. J. R. Jennings of I.C.I. Ltd. for a sample of
this compound.
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[Ru(S2PR2)2L2] or [Ru(S2PR2)2(CO)2], whereas with
(S-S)~ = "S2CNR2 no evidence has been found for the
mixed species. For L = PMe2Ph, reaction of [Ru-
(S2PR2)2(PMe2Ph)a] and carbon monoxide gives, in
addition to [Ru(S2PR2)2(PMe2Ph)CO], two other com¬
plexes which both analyse for [Ru(S2PR2)2(PMe2Ph)2CO],
Compounds of this type have not been observed with
other tertiary phosphines. A detailed spectroscopic
analysis of these compounds, together with proposed
structures and a possible general mechanism for these car¬
bonylation reactions are presented later in this paper.

All the [Ru(S-S)2L2] compounds undergo ligand
exchange reactions with other phosphorus ligands
of greater basicity. Thus, for [Ru(S2PR2)2L2] where
L = PPh3 or PMePh2, reaction with PMe2Ph(L') gives
[Ru(S2PR2)2L'2] ; similarly, both L groups are displaced
by L' when L = PPh3, L' = PMePh2 and also with
[Ru(S2CNMe2)2(PPh3)2] and an excess of PMe2Ph,
[Ru(S2CNMe2)2(PMe2Ph)2] is exclusively formed. These
results can be readily rationalised on the basis that the
compounds [Ru(S-S)2L'2] are both sterically and
electronically favoured compared with the mixed ligand
complexes [Ru(S~S)2LL']. However, when the phos-
phine complexes are treated with P(OPh)3, steric effects
become more important. Thus, [Ru(S2PR2)2(PMe2Ph)2]
and P(OPh)3, give only the mixed ligand complex
[Ru(S2PR2)2(PMe2Ph)(P{OPh}3)] whereas with [Ru-
(S-S)2(PPh3)2] (S-S~ = S2PMe2, ~S2CNMe2), both [Ru-
(S~S)2(PPh3) (P{OPh}3)] and [Ru(S-S)2(P{OPh}3)2] can
be isolated, the amount of each depending on the con¬
ditions employed. This is presumably because there is a
fine balance between the large difference in basicity
of PPh3 and P(OPh)3 (which will favour the bis-phosphite
complex) and the greater steric crowding in the bis-
phosphite complex compared to the mixed phosphine-
phosphite species.

Spectroscopic Properties of Dithioacid Complexes.—
(a) Infrared spectra. The i.r. spectra of all the complexes
reported are rather complicated, showing absorptions
due to the tertiary phosphine or phosphite groups,
as well as the phosphinodithioate ligands. However, a
recent paper from this laboratory3b indicates that for
platinum and palladium(n) diphenylphosphinodithioate
complexes there appears to be an empirical i.r. method
of distinguishing between bidentate, ionic, and uni-
dentate co-ordination of the ~S2PPh2 group. Thus,
bidentate co-ordination is characterised by two bands
at 603,570 cm4; ionic, 650,560 cm4; and unidentate,
645,540 cm""1. Similarly, platinum and palladium(n)
dimethylphosphinodithioates have characteristic bands
at 570—585 cm"1 (bidentate); 610 cm"1 (ionic); and
600 cm-1 (unidentate). In this instance, the lower
energy band (ca. 500 cm4) is masked by strong ligand
vibrations.1

An examination of Table 2 reveals that all the [Ru-
26 P. G. Douglas and B. L. Shaw, J. Chem. Soc. (A), 1970, 1556,

and references therein.
27 R. Colton and R. H. Farthing, Austral. J. Chem., 1967, 20,

1283; M. J. Cleare and W. P. Griffith, /. Chem. Soc. (A), 1969,
372.
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(S2PR2)2L2] and [Ru(S2PR2)2LL'] complexes contain
only i.r. absorptions characteristic of bidentate ~S2PR2
co-ordination. Similarly, in spite of complications
arising from the presence of carbonyl bending modes
[8(CO)] in the region 600—500 cm"1, all the compounds
of type [Ru(S2PR2)2L(CO)] and [Ru(S2PR2)2(CO)2] show
only ' bidentate' "S2PR2 co-ordination. The latter
also have two v(CO) bands indicating a Ms-configuration.
For the compounds [Ru(S2PR2)2(PMe2Ph)2CO], in
addition to the ' bidentate ' bands, there are absorptions
at 645,540 cm-1 (S2PPh2) and ca. 600 cm-1 (S2PMe2),
indicative of unidentate co-ordination although the

tertiary phosphine, parent ion peaks together with
fragmentation patterns corresponding to loss of carbonyl,
loss of tertiary phosphine, and loss of both carbonyl
and phosphine groups are observed. There are also
metastable ions corresponding to the loss of carbonyl
groups and, in some cases, doubly positively charged
species [Ru(S2PR2)2L]2+ are observed. For the [Ru-
(S2PR2)2(PMe2Ph)2CO] compounds, exactly the same
parent ion and fragmentation pattern is observed as
for [Ru(S2PR2)2(PMe2Ph)CO] due to ready loss of a
PMe2Ph group. The phosphite complexes containing a
carbonyl group give more complicated mass spectra

Table 2

Infrared spectra of various ruthenium dithioacid complexes (shoulders in italics)
~S2PR2 bands (cm-1)

Complex Bidentate Unidentate v(CO)(cm J) 8(CO)(cr
cis-[Ru(S2PMe2)2(PPh3)2] 583
cis-[Ru(S2PMe2)2(PMePh,)2] 587
cis-[Ru (S2PMe2) 2(PMe2Ph) 2] 588
cis-[Ru(S2PMe2)2(P{OPh}3)2] 589

cis-[Ru(S2PMe2)2(P{OMe}3)2] 589

cis-[Ru(S2PMe2)2(PPh3)(P{OPh}3)] 589

cis-[Ru (S2PMe2) 2(PMe2Ph) CO] 570 1933 (1945) « 564

[Ru (S,PMe2) 2 (PMe2Ph) ,CO]» 589, 579 600 1939, 1929. (1940) « 569

[Ru(S2PMe2)2(PMe2Ph)2CO] e 580 598 1961, 1944, (1967) ° 569

cis-[Ru(S2PMe2)2(PPh3)CO] 581 1934 569
cis- [Ru (S2PMe2) 2 (PMePh2) CO] 581 1930 569

cis-[Ru (S2PMe2) 2(P{OMe}3)CO] 581 1955, 1938 563

cis-[Ru(S2PMe2) 2(CO) 2] 582 2045, 1989, 1970 610, 562
(2042, 1967) -

cis-[Ru (S2PPh2) 2(PPh3) 2] 606, 572, 568
cis-[Ru (S2PPh2) 2 (PMePh2) J 609, 570
cis- [Ru (S2PPh2) 2 (PMe2Ph) 2] 611, 573
cis-[Ru(S2PPh2)2(PMe2Ph)(P(OPh}3)] 609, 572, 568
cis-[Ru(S2PPh2)2(PMe2Ph)CO] 1920 (1948) * 568

[Ru (S2PPh2) 2(PMe2Ph) 2CO] » 611, 570 645, 540 1939 (1946) * 579

[Ru(S2PPh2),(PMe,Ph),CO] « 607, 565 645, 542 1989 (1984) " 551

cis-[Ru (S2PPh2)2(CO) 2] 608, 568 (2030, 1960) « 612, 560
" Measured in CHC13 solution. b Configuration C. e Configuration D. * Measured in CDC13 solution.

presence of a carbonyl bending vibration in this region
is a complicating factor. However, in spite of this,
the data in Table 2 clearly indicate the generality of
these empirical methods for distinguishing between
different types of ~S2PR2 co-ordination in platinum
metal complexes.

(b) Mass spectra. The complexes of formula [Ru-
(S2PR2)2(PR'3)2] are all of high m.p. and decompose at
low enough temperatures to make it impossible to
obtain mass spectra for these complexes. However,
the phosphine-phosphite and bis-phosphite compounds
are more volatile and excellent mass spectra may be
recorded at ca. 440 K. These consist of well defined

parent ion peaks together with fragmentation patterns
e.g. the spectrum of [Ru(S2PMe2)2(P{OMe}3)2] (Table 3)
which shows successive loss of methyl groups and
oxygen atoms from the phosphite groups.

The carbonyl-containing compounds [Ru(S2PR2)2-
L(CO)] and [Ru(S2PR2)2(PMe2Ph)2CO] are also more
volatile than their bis-phosphine parent compounds
and thus give reasonable mass spectra. For L =

* Because of the complexity of the 1H n.m.r. spectra of the
_S2PEt3 compounds, the n.m.r. studies have been confined to the
dimethyl (and diphenyl)phosphinodithioato-complexes.

e.g. the spectrum of [Ru(S2PMe2)2(P{OPh}3)CO] (Table 4)
which shows successive loss of carbonyl, phenoxo-,
and ~S2PMe2 groups.

Table 3

Main peaks in the mass spectrum of
[Ru(S2PMe2)2(P{OMe}3)2]

Mass no. of 102Ru peak « Probable ion
600
585
569
507
492
476

461

445

383
377 (metastable)
352

[Ru(S,PMe,),(P{OMe}8)J +
[Ru (S2PMe2) ,P{OMe},) (P{OMe}20)]+
[Ru (S2PMe2) 2(P{OMe}3) (P{OMe}2)]+
[Ru(S2PMe2)2(P{OMe}3)P] +
[Ru(S2PMe2)2(P{0Me}20)P]+
[Ru(S2PMe2)2P{OMe}3]+

or [Ru (S2PMe2) 2P{OMe}2P]+~
[Ru (S2PMe2) 2P{0Me}20]+

or [Ru(S2PMe2)2P{OMe}OP] +
[Ru(S2PMe2)2P{OMe}2]+

or [Ru(S2PMe2)2(P{OMe})PJ+
[Ru(S2PMe2)2P]+

600 476

0 All peaks
pattern.

[Ru(S,PMe2)J+
show the characteristic ruthenium isotopic

(c) XH N.m.r. spectra.* (i) Complexes of formula
[Ru(S2PR2)2L2], For L = PMePh2 or PMe2Ph, the
room temperature resonance arising from the methyl
groups on the phosphines (a H„PP'H're second-order type
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spectrum n — 3 or 6 M) consists of a sharp doublet with
a broad hump situated between the doublet * (see

Table 4

Main peaks in the mass spectrum of
[Ru(S2PMe2)2(P{OPh}3)CO]

Mass no. of 102Ru peak ' Probable ion
690 [Ru (S2PMe2) 2(P{OPh}3) CO]
662 [Ru(S2PMe2)2(P{OPh}3)]+
635 (metastable) 690 »- 662
597 [Ru (S2PMe2) 2(P{OPh}2)CO]
569 [Ru (S2PMe2) 2 (P{OPh}2)]+
537 [Ru (S2PMe2) (P{OPh}3)]+
476 [Ru(S2PMe2)2(P{OPh})]+
435 (metastable) 662 537
412 [Ru(P{OPh}3)]+
380 [Ru(S2PMe2)2CO]+
352 [Ru(S2PMe2)2]+
331 [Ru(S2PMe2)2(P{OPh}3)]2+

° All peaks show the characteristic ruthenium isotopic
pattern.

Figure lb). Comparison with other similar ruthenium
tertiary phosphine complexes is of interest. Thus,
for (raws-[RuCl2CO(PMe2Ph)3], the 1H n.m.r. spectrum
consists of a ' virtually ' coupled 1,2,1 triplet from the
trans phosphines and a doublet arising from the cis-
phosphine, due to the fact that in this compound
J (PP) (trans) is very large and J(PP)(cis) is effectively
zero.29 However, in some complexes, where the cis-
phosphines are in equivalent chemical environments

similar in shape to those observed here for [Ru(S2PR2)2-
LJ (L = PMe2Ph, PMePh2). This however is not true
in every case, e.g. the cw-phosphines in «s-[RuH2-
(PMe2Ph)4] (which are also in equivalent chemical
environments) give rise to a single sharp doublet30
[i.e. /(PP) is effectively zero]. Thus, the pseudo-
triplet pattern could arise either from cis-phosphines
with a relatively large /(PP) or trans phosphines with a
relatively low /(PP) 28 and hence no definitive con¬
clusion about stereochemistry can be drawn from these
peak contours at room temperature.

However, on cooling the PMe2Ph complex, the methyl
resonance signal broadens and at 250 K consists of
two pseudo-triplets separated by ca. 13 Hz (Figure lc);
raising the temperature reverses the process. The

PhMea ^

pC-»Meb ^Meb
I P: '
Ru-' -

Me;/
-Ph

vMe„
SN, 1^P-„

Figure 1 Variable temperature 2H n.m.r. spectrum of
[Ru(S2PMe2)2(PMe2Ph)2] in CDC13: (a), 338 K; (b), 301 K;
(c), 253 K

e.g. [Ru2Cl3(PMe2Ph)6]Cl, and cts-[RuCl2(PMe2Ph)4],18a
the methyl HI n.m.r. signal is a pseudo-triplet, very

* Referred to hereafter as a ' pseudo-triplet ' pattern.
28 R. Harris, Canad. J. Chem., 1964, 42, 2275.
29 J. M. Jenkins, M. S. Lupin, and B. L. Shaw, J. Chem. Soc.

{A), 1966, 1787.

I "Mec
Me,j

Figure 2 Diagrammatic representation of cis-configuration
for [Ru (S2PMe2) 2(PMe2Ph) J

best explanation for these observations is that the
complex has a cis-configuration and at lower temper¬
atures rotation about the ruthenium-phosphorus bond
is slowed down sufficiently for the inequivalence of the
chemical environments of the two methyl groups (a
and b) to be seen in the n.m.r. spectrum (Figure 2).
This phenomenon has also been noted for the trans
phosphines of «'s-[RuCl2(CO)(PMe2Ph)3].29 If (A; L =
PMe2Ph) had a /raws-configuration, then the two
methyl groups on the one PMe2Ph ligand would be in
identical chemical environments, giving rise to one
resonance, irrespective of the rate of rotation about
the ruthenium-phosphorus bond. For L = PMePh2,
the similarity of the shape of the pseudo-triplet to that
for L = PMe2Ph, and for L = P(OMe)3, the close
similarity of the observed second-order spectrum
with that obtained for cis-[PtX2(P{OMe}3)2] 31 is further
evidence for cfs-stereochemistry in these compounds.

However, full confirmation of cis stereochemistry
for all these tertiary phosphine and phosphite complexes
comes from an examination of the low temperature
1H n.m.r. spectra of the methyl groups of the ~S2PMe2
ligands. For ci's-[Ru(S2PMe2)2L2], two types of in-
equivalent dithioacid methyl groups (c and d in Figure
2) are present, which should give two signals, each
split into a doublet by the 31P nuclei, whereas for trans
stereochemistry only one doublet should be observed.
Experimentally, the low temperature XH n.m.r. spectra
of all the bis-phosphine and -phosphite compounds
consists of two doublets, indicative of cis stereochemistry,

30 K. C. Dewhirst, W. Keim, and C. A. Reilly, Inorg. Chem.,
1968, 546.

31 M. J. Church and M. J. Mays, ]. Inorg. Nuclear Chem., 1971,
33, 253.

k.
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at least at low temperature.* (See Figure lc and
Table 5.)

However, on warming to room temperature or above,
these two doublets first coalesce and then sharpen to a
single doublet [with a very similar _/(PH)] (Figure la
and Table 5). This process, which occurs at different
rates for different L, is completely reversible. At
first sight, these observations are consistent with
either a reversible cis-trans isomerism or a rapid inter-
conversion of the two possible optical enantiomers of
the cis compounds at elevated temperatures. There
are several reasons why the latter explanation is pre¬
ferred. First, the shape of the resonance due to the
methyl groups on the phosphines remains almost
unchanged throughout the temperature changes whereas
cis-trans isomerism should produce large changes in
/(PP) and hence in the shape of this resonance.28
In general, it has been found that the more stable
isomers of ruthenium complexes have a cfs-configura-
tion and that quite often on heating, the trans isomer
undergoes an irreversible conversion to the cis isomer.16'34
This is the reverse of the behaviour found in these

complexes. Furthermore, the related [Ru(S2PR2)2-
(CO)2] complexes, which have a cis configuration in
both solid and solution state [two v(CO)], show no
evidence for formation of the trans isomer at higher
temperatures (no change in i.r. spectra). Finally,
the high temperature doublet is approximately half¬
way between the positions of the low temperature
doublets, irrespective of L (Table 5). This phenomena
is characteristic of a process such as rapid inversion which
averages the two chemical environments of methyl
groups c and d but not of an interconversion of geo¬
metrical isomers where it is extremely unlikely that the
chemical shift of the methyl groups of the trans isomer
will always coincide with the mean of those of the cis
isomer.

Therefore, all the evidence suggests that the variation
in 4H n.m.r. spectra of the complexes «'s-[Ru(S2PR2)2L2]
with temperature is due to the facile interconversion
of optical isomers and the mechanism of this process
is discussed in detail in Part VI.4a

The chemical shifts of the methyl resonances of the
dithio-ligands are also of interest in that the position
of the lower field doublet remains almost unaltered
by changing L whereas that of the higher field doublet
is very sensitive to changes in L, varying from x 8-08
(L = P{OMe}3) to x 8-94 (L = PPh3) (Table 5). A
possible explanation of this is that the lower field doub¬
let arises from the methyl groups anti to the phos¬
phorus ligands (d in Figure 2) and the higher field
doublet from the methyl groups (c) syn to the phos¬
phorus ligands. Then, the syn methyl groups will be
influenced by the ring currents of the phenyl rings
on the phosphine, causing them to be more shielded
than the anti methyl groups which would account for

* X-Ray analysis has confirmed the cis-configuration for
[Ru(S2PEt2)2(PMe2Ph)2]46 and the related compounds (Ru(HCS2)2-
(PPh3)2] 32 and [Ru(pyS)2(PPh3)2] 33 (pyS = pyridine-2-thiolato)
also possess cis stereochemistry in the solid state.

their higher field position. Furthermore, increasing
the number of phenyl groups on the tertiary phosphine
will lead to increased shielding of the syn methyls,
making them resonant at even higher fields. Similar
effects have been observed in the compounds [M(S~S)-
(PR'3)2]BPh4 (M = Pt, Pd) (S-S- = -S2PR2, S2CNR2)
where the R and R' resonances are shifted x ca. 0-2—
0-4 upfield with respect to their positions in the corre¬
sponding PF6" and CP salts,1,3c and also in recent
studies on the interaction of benzene with arsenic,
antimony, and bismuth dithiocarbamates.35 For L =

P(OPh)3, the higher field doublet resonates at x 8-35.
This is lower than that in the PPh3 complex, presumably
because the phenyl groups are further away from the
syn methyl groups, producing less efficient shielding.

(ii) Complexes of formula [Ru(S2PR2)2L(CO)] and
[Ru(S2PR2)2LL']. In all the [Ru(S2PR2)2L(CO)J com¬
plexes the methyl group (s) of the phosphorus ligand
produce a single doublet at high temperature in the
JH n.m.r., an observation consistent with either cis or
trans stereochemistry. However, for L = PMe2Ph,

, L
,-'L

_^,Ru
Meg * |

i -'Me,
Meh

Figure 3 Diagrammatic representation of cts-configuration for
[Ru(S.PMeJ.LLH: (a), L = PMe.Fh, L' = P{OPh}3; (b),
L = P{OMe}3, L' = CO; (c), L = PPh3, L' = P{OPh}3

cooling produces broadening and then splitting into
two overlapping doublets, a fact attributable to a
cts-configuration and to slow rotation about the ruthen¬
ium-phosphorus bond at low temperatures. For the
compounds [Ru(S2PR2)2LL'], the methyl groups on the
phosphine exhibit a single sharp doublet, which is
temperature invariant [except for R = Ph, L = PMe2-
Ph, L' = P(OPh)3] (Table 5). However, as for the
[Ru(S2PR2)2L2] compounds, examination of the ~S2PMe2
resonances provides an unequivocal demonstration of
cts-stereochemistry. If the complexes [Ru(S2PMe2)2-
LL'] or [Ru(S2PMe2)2L(CO)] had a trans configuration,
the methyl groups of the dithioacid ligands would
occupy two different chemical environments either
syn to the ligand L or syn to L' (or CO), which would
give rise to two signals each split into a doublet by
coupling with a 31P nucleus. For a cis configuration,
all four methyl groups will be in different chemical
environments (Figure 3) and four resonances (each a
doublet) should appear in the 3H n.m.r. spectrum.

At low temperature, the JH n.m.r. spectra of all these
complexes (with the exception of [Ru(S2PMe2)2(PMe2Ph)-
(P{OPh}3)] and [Ru(S2PMe2)2(P{OMe}3)CO]) consists
of four doublets arising from the "S2PMe2 groups.

32 R. O. Harris, L. S. Sadavoy, S. C. Nyburg, and F. H.
Pickard, J.C.S. Dalton, 1973, 2646.

33 S. R. Fletcher and A. C. Skapski, J.C.S. Dalton, 1972, 635.
34 B. E. Prater, J. Organometallic Chem., 1972, 34, 379.
35 G. E. Manoussakis and C. A. Tsipis, Z. anorg. Chem., 1973,

398, 88.
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Table 5

N.m.r. data for various ruthenium dithioacid complexes
Me (phosphorus Phenyl

Temp. Dithioligand (Me groups) ligand) groups
Complex Solvent (T/K) t Value « [(/PH)] 4 Tc/K' t Value " Tc/K * t Value •

319 8-34 (12-0)
cis-[Ru (S2PMe2) 2(PPh3) J CDC13 256 2-4—3-1

215 7-73 (12-0), 8-94 (12-0)

329 8-28 (12-5) 8-05« (8-0) f
cis-[Ru (S2PMe2) 2 (PMePh2) 2] CDC13 278 2-4—3-0

• 213 7-83 (12-5), 8-61 (12-5) 8-01 •
341 8-01 (12-5) 8-38« (9-0)1

cis- [Ru (S2PMe2)2(PMe2Ph) 2] cdci3 298 278 2-7—3-1
232 7-69 (13-0), 8-14 (12-0) 8-30 • (9-0) 1,

8-43 • (9-0) 1
cis-[Ru (S2PMe2) 2(P{OPh}8) 2] cdci3 297 7-95 (12-5), 8-35 (12-5) 330 2-6—3-1

301 8-03 (12-5) 6-27 « (10-0)1
cis-[Ru(S2PMe2)2(P{OMe}3)2] cdci3 278

243 7-89 (12-5), 8-08 (12-5) 6-27" (10-0)1
cis-[Ru (S2PPh2) 2(PMePh2) 2] CDC13 301 8-08« (8-0) 1 2-2—3-1

301 8-45 • (8-0)1
cis-[Ru (S2PPh2)2(PMe2Ph) 2] CH2C12 273 2-0—3-2

253 8-41 •(8-0),1
8-49 • (8-0)1

cis- [Ru (S2PMe2)2(AsPh3) CO] cdci3 298 7-90 (13-0), 7-96 (13 0), >330 2-4—2-9
8-00 (12-5), 9-07 (12-5)

cis- [Ru (S 2PMe2) 2 (PMePh2)CO] cdci3 301 7-88 (13-0), 7-94 (13-0), >330 7-83 > (9-0) * 2-2—3-0
8-05 (13-0), 8-62 (13-0)

301 7-83 (13-0), 7-96 (13-0), 8-11 ' (9-5) 4
8-06 (12-5), 8-33 (12-5)

cis-[Ru(S2PMe2)2(PMe2Ph)CO] cdci3 >330 263 2-2—2-8
243 7-80 (13-0), 7-94 (13-0), 8-10 « (9-5) *

8-05 (12-5), 8-35 (12-5) 8-12 » (10-0) *
cis-[Ru (S2PMet) 2(P{OPh}3)CO] CDC1, 301 7-89 (13-0), 7-96 (13-0), >330 2-6—3-0

8 09 (13-0), 8-20 (12-5)
cis-[Ru(S2PMe2)2(P{OMe}3)CO] CDCI3 301 7-91' (12-5), 8-00 (12-5), >330 6-25" (10-5) 4

8-10 (13-0)
cis-[Ru(S2PMe2)2(CO)2] CDC13 301 7-86 (12-5.) 7-99 (12-5) >330

>333 8-19 « (10-0) 4
cis- [Ru (S2PPh2) 2(PMe2Ph) CO] (CD3)2CO 333 2-0—3-0

301 8-16 « (10-0),*
8-21 « (10-0) 4

cis-[Ru(S2PMe2)2(PPh3)CO] c6h5ci 373 8-21,18-68 * 353 ' 2-3—2-8
c,h5ci 301 8-10' (13-0), 8-33 (12-5), 368 "• 2-3—2-8

9-26 (12-5)
CDC13 301 7-94 (13-0), 8-00 (13-0),

8-04 (12-5), 9-04 (12-5)
c6H3ci 363 8-321 (12-5), 8-45 * (12-5) 287'

cis-[Ru (S2PMe2) 2(PPh3) (P{OPh}3] ch2ci2 298 8-28 n 313 m 2-2—3-3
ch2ci2 233 7-83 (13-0), 8-12 (13-0),

8-45 (12-5), 8-97 (12-6)
333 8-19 (12-5) 8-05 « (9-5) *

cis-[Ru(S2PMe2)2(PMe2Ph)(P{OPh}3)] cdci3 301 4 2-3—3-2
253 7-86 (8-0), 8-03 (8-0), 7-99 ' (8-0) *

8-41 ' (12-5)
301 8-04 » (9-0) 4

cis-[Ru (S2PPh2) 2(PMe2Ph) (P{OPh}3)] cdci3 268 2-1—3-2
233 7-99 ' (9-0),4

8-02 ' (9-0) 4
[Ru(S2PMe2)2(PMe2Ph)2CO] cdci3 301 8-11 (12-5), 8-91 (12-5) 7-86 " (8-0)/ 2-2—2-8

7-90 p (9-0)1
(configuration C)

[Ru (S2PMe2) 2(PMe2Ph) 2CO] cdci3 273 7-80 (12-5), 7-87 (12-5) 8-24 t (8-0),4 2-4—3-0
(configuration D) 7-93 (12-5), 8-36 (11-8) 8-26 » (8-0),4

8-43 > (9-5),4
8-48 ' (10-0) 4

[Ru(S2PPh2)2(PMe2Ph)2CO] (CD3)2CO 333 8-34 " (7-0)1 301 1-8—3-0
(configuration C) 273 8-34 * (7-0),1

8-39 P (7-0)1
[Ru (S2PPh2) 2(PMe2Ph) 2CO] cdci3 301 8-25 ' (7-0),4 1-8—3-0

(configuration D) 8-33 ' (9-0) 4
8-34 » (9-0),4
8-36 » (8-0) 4

333 7-14'
cis-[Ru (S2CNMe2)2(PPh3) 2] ,Me2CO » cdci3 318 2-3—3-2

288 7-06/ 7-25'
' 313 6-76' 8-51 • (8-0)1

cis-[Ru(S2CNMe2)2(PMe2Ph) 2] cdci3 303 253 2-7—3-0
240 6-67,r 6-75' 8-48 e (8-0), 1

8-53 • (8-0)/
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Complex Solvent
frans-[Ru (S2CNMe2) 2(PMe2Ph) 2] CDC1,

cis- [Ru (S2CNMe2) 2 (P{OPh}3) J CDCI3

Table^ (Continued')

Temp. Dithioligand (Me groups)
(T/K) - '

313 7-20'
330 7 10'

T Value • [(/PH)] 4 r„/K '

325

Me(phosphorus
ligand)
t Value °

8-27 '
TJK'

Phenyl
groups
t Value"

2-3—30

2-7—3-2

ch-[Ru (S2CNMe2)2(PPh3) (P{OPh}3) ] CDCl,

cis-[Ru (S2CNMe2) 2(CO) 2]
" ±0-01. 4 Doublet

301
330

301
298CDC13

/(PH) in parentheses (±0-2 Hz).

7-07/ 7-20 '
6-94, 7-10, 7-23'

318" 2-0—3-2
6-86/ 7-13,' 7-37 '
6-72/ 6-75'
• Coalescence temperature of dithioacid methyl resonances. d Coales¬

cence temperature of methyl groups attached to phosphorus ligands. • H„PP'H'„ Type spectrum (pseudo-triplet). / |/(PH) +
/(PH')| In parentheses (±0-2 Hz). 'Doublet. * /(PH) In parentheses (±0-2 Hz). 'Two doublets superimposed. > Doublet
from coalescence of inner doublets. 1 Doublet from coalescence of outer doublets. ' Coalescence temperature for inner doublets.
™ Coalescence temperature for outer doublets. " Broadened doublet superimposed on broad signal. » Coalescence temperature for
doublets at t 8-03, 8-41 and t 7-86, 8-41. p ' Virtually-coupled ' 1,2,1 triplet. 'Methyl singlet (acetone) at t 7-86. 'Singlet.
• Broad singlet. ' Two singlets superimposed. * Singlet from coalescence of peaks at t 7-13 and 7-37. » Coalescence temperature
for resonances at t 7-13 and 7-37.

For [Ru(S2PMe2)2(PMe2Ph)(P{OPh}3)] the two higher
field doublets are superimposed (Table 5). These two
resonances presumably arise from the methyl groups
syn to the phosphine and syn to the phosphite ligands
(e and f respectively—Figure 3a). In this instance,
although the PMe2Ph group has fewer phenyl rings than
P(OPh)3> those on the phosphite are further removed
from the methyl group f by the presence of the oxygen
atoms, thus producing similar shielding effects and
hence identical chemical shifts for e and f. This con¬

clusion is supported, in part, by the observation that
the chemical shifts of the methyl groups (c) in the bis-
PMe2Ph and bis-P(OPh)3 complexes are fairly close,
being t 8-14 and 8-35 respectively.

For [Ru(S2PMe2)2(P{OMe}3)CO], the two lower field
doublets are superimposed (i.e. g and h in Figure 3b).
This is not unexpected since the chemical shifts of the
low field doublets in the bis-P(OMe)3 and bis-carbonyl
compounds occur at t 7-89 and 7-86 respectively (Table
5). In support of this interpretation, heteronuclear
phosphorus-hydrogen spin decoupling experiments con¬
firm that the two methyl groups attached to different
phosphorus atoms are accidently superimposed.

The methyl resonances of the dithio-ligands of the
cis-[Ru(S2PMe2)2L(CO)] and cfs-[Ru(S2PMe2)2(CO)2] com¬
plexes, are temperature invariant up to ca. 330 K
(although measurements on «'s-[Ru(S2PMe2)2(PPh3)-
(CO)] at higher temperatures in chlorobenzene indicate
similar behaviour to that described below for [Ru-
(S2PMe2)2(PPh3)(P{OPh}3)]. However, those of the
[Ru(S2PMe2)2LL'J compounds show marked changes
at lower temperatures. For example, on warming
[Ru(S2PMe2)2(PPh3)(P{OPh}3)], the four methyl doub¬
lets present at low temperature (Figure 4a) begin
to broaden, the inner two coalescing at ca. 280 K (Figure
4b) and the outer two continuing to broaden until at
320 K the spectrum consists of a slightly broadened
doublet superimposed on a broad signal which re¬
presents the coalesced peak of the outer doublets (Figure
4c). At even higher temperatures (in chlorobenzene),
the spectrum consists of two doublets situated halfway
between the original inner and outer doublet positions
respectively (Figure 4d) (Table 5). This behaviour

is attributed to the facile interconversion of optical
isomers at higher temperatures, the different coal¬
escence temperatures for the two pairs of doublets
being due to their different separations.

(b)

(c)

Figure 4 Variable temperature 'H n.m.r. spectrum of
[Ru(S2PMe2)2(PPh3)(P{OPh}3)]: (a), 233 K in CH2CI2; (b),
283 Kin CH2C12; (c), 310 K in CH2C12; (d), 363 K in C6H3C1

At this juncture, it is of interest to consider which
resonances in the low temperature spectrum of this
compound correspond to which methyl groups of the
complex because such information will be important
when the detailed mechanism of the inversion process
is considered. According to the theory propounded
earlier in which the ring currents of the phenyl rings
on L (or L') shield the methyl groups nearest to them,
the methyl resonances of [Ru(S2PMe2)2(PPh3)(P{OPh}3)]
are assigned as h, g, f, and e respectively (Figure 3c)
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in ascending order of chemical shift (Figure 4a). This is
based on the fact that methyl groups e and g are closer
to the PPh3 group (which has the greater shielding
effect) than are f and h. These conclusions are sup¬
ported by the fact that irradiating the phosphorus
spectrum at 40 481 983 Hz collapses the doublets
labelled e and g whereas irradiation at 40 482 100 Hz
decouples f and h. This confirms that the methyl
groups giving rise to resonances e and g are attached
to the same phosphorus atom whereas those giving
rise to resonances f and h are attached to the other

phosphorus atom. Thus at higher temperature, the
chemical environments of groups h,e and of g,f are
interchanged but there is no exchange between any of
the other environments.* A possible interpretation of
these observations is presented in Part VI.

(iii) Complexes of formula [Ru(S2CNMe2)2L2], It was
reported earlier 9 that the XH n.m.r. spectrum of [Ru-
(S2CNMe2)2(PPh3)2],Me2CO shows ~~S2CNMe2 methyl re¬
sonances at x 7-18 and 7-30 (with an intensity ratio of
1:2). The authors concluded that the structure was
trans, attributing the methyl group splitting to different
orientations of the methyl groups, which they suggested
is probably caused by steric effects emanating from the
bulky PPh3 groups. However, on repeating this
experiment (in both cold and refluxing acetone), we
have obtained a crystalline yellow solid, analysing for
[Ru(S2CNMe2)2(PPh3)2],Me2CO, whose n.m.r. spectrum
contains two methyl resonances of the same intensity
at t 7-06 and 7-25; there is also a peak at t 7-86 (acetone).
This spectrum is consistent with a cz's-configuration.
Similarly, for [Ru(S2CNMe2)2(PMe2Ph)2], prepared from
wer-[RuCl3(PMe2Ph)3], the low temperature XH n.m.r.
spectrum consists of two pseudo-triplets (PMe2Ph
groups) and two singlets (-S2CNMe2 groups) which is
indicative of a czs-configuration. At higher temper¬
atures, coalescence to a single pseudo-triplet occurs
at ca. 250 K and the methyl doublet coalesces to a
singlet at ca. 300 K. A similar behaviour is observed
at 318 K for the bis-PPh3 complex (Table 5). For
these compounds, coalescence of the pseudo-triplets is
again attributed to the onset of free rotation around
the Ru-P bonds. However, the process equilibrating
the methyl groups at higher temperatures is probably
due to facile -CN bond rotation rather than inversion
of optical isomers. This conclusion is based on the
results of a kinetic line shape analysis on the compound
[Ru(S2CNMe2)2(PPh3)(P{OPh}3)] which reveals different
activation parameters for the rates of exchange of the
two sets of methyl groups. This is discussed in more
detail in Part VI.

Finally, the reaction of «'s-[Ru(S2CNMe2)2(PPh3)2]
with an excess of PMe2Ph in ethanol gives two products
which both analyse for [Ru(S2CNMe2)2(PMe2Ph)2].
The ]H n.m.r. spectrum of the more soluble species
(71% yield) is identical to that obtained from mer-

* Note added in proof: In support of this conclusion, homo-
nuclear double resonance experiments (S. Forsen and R. A.
Hoffmann, J. Chem. Phys., 1963, 39, 2892) confirm that ex¬
change only occurs between groups h, e and g, f respectively.

[RuCl3(PMe2Ph)3] and NaS2CNMe2 (i.e. the cis isomer).
However, the 1H n.m.r. spectrum of the minor
product (21%), which is temperature invariant up to
315 K, has a single sharp peak at x 7-20 (~S2CNMe2
groups) and a broader peak of the same intensity at
x 8-27 (PMe2Ph groups), indicative of a trans configur¬
ation. On further heating, this compound rearranges
irreversibly to the cis isomer. Therefore, in this instance,
there is evidence for the irreversible trans —>- cis iso¬
merism found elsewhere,16'34 and on this evidence, it is
also possible to interpret the XH n.m.r. spectrum of
[Ru(S2CNMe2)2(PPh3)2] observed earlier9 as a 50 : 59
cis-trans mixture of isomers with the trans methyl
resonance accidentally superimposed on one of the
cis methyl resonances.

Mechanism of Carhonylation of «'s-[Ru(S2PR2)2(PMe2-
Ph)2].—When cis-[Ru(S2PR2)2 (PMe2Ph) 2] (A) (R = Me,
Ph) is carbonylated in refluxing ethanol or acetone for a
prolonged period, a mixture of cts-[Ru(S2PR2)2(PMe2Ph)-
CO] (B) and [Ru(S2PR2)2(PMe2Ph)2CO] (C) is always
formed although these can be separated by dry column
chromatography. However, when C is redissolved,
partial rearrangement to B slowly occurs whereas if
the reaction of A and CO is carried out in the presence
of an excess of sulphur, only B is formed. Conversely,
reaction of A and CO in the presence of an excess of
PMe2Ph gives pure C. In addition, another complex
of formula [Ru(S2PR2)2(PMe2Ph)2CO] (D) may be
isolated if the carbonylation reaction is carried out
in the cold for a very short time (ca. one minute). In
solution, D slowly and irreversibly gives first B and
then some of C. This process can be monitored by
both XH n.m.r. (since all the compounds have different
spectra) or by observing the change in v(CO) position
since for R = Ph: v(CO)(D) = 1984; v(CO)(B) =
1948; v(CO)(C) = 1946 cm"1 (all measured in CDC13).
Measurement of the rate of loss of the carbonyl band
intensity for D gives a rate constant for this rearrange¬
ment reaction of 1-7 X 10~4 s_1 at 323 K (ti = 65 min)
and also confirms that the process is first order with
respect to D.

Thus, these observations are consistent with the
carbonylation mechanism shown below: viz. facile
formation of D followed by a slower conversion to B
which then undergoes a partial reversible rearrangement
to C. It now only remains to determine the structures
of C and D in order to establish the stereochemical

pathway of the mechanism.
Assuming that ruthenium(n) retains its usual six-

co-ordinate stereochemistry, f and we therefore have
unidentate and bidentate ~S2PR2 groups, J there are
four possible isomers for compounds of formula [Ru-
(S2PR2)2(PMe2Ph)2CO] (Figure 5). For R = Me, the

f A reasonable assumption since to our knowledge only one
ruthenium(n) seven-co-ordinate compound has been claimed, i.e.
[RuCl2(CO)2(MeC{SEt}3)].36

t This is suggested by the i.r. spectra of C and D (see earlier)
{of. [Ru(NO)(S2CNR2)3] ").

38 J. Chatt, G. J. Leigh, and A. P. Storace, J. Chem. Soc. (A),
1971, 1380.
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[Ru(SaPRa),(PMesFh)1] + CO
(a)

fast

[Ru(S2PR2)2(PMe2Ph)CO] + PMe2Ph ■
(B)

slow

room temperature 1H n.m.r. spectrum of C consists of
two doublets (from the ~S2PMe2 groups) and a 1,3,3,1
quartet for the PMe2Ph groups (i.e. two overlapping

Me,
Ph

Ah PMe2Ph ,Me3

^ , -CO
^.Ru' >R/ >S<|

i
S

R,
\,

-S,

PMe2Ph
r;/r'V/,Rur' -p3-

co

(I)

PMe2Ph
„-PMe,Ph

ORu ' 2
PMe2Ph

R 'CO

S>-Rs* V

(in)

(i)

CO

r^ ,,-sO
R^P^S^^U^PMe2P!

>--R^R

(HI

Figure 5 Possible isomeric forms for [Ru(S2PR2)2(PMe2Ph)2CO]
assuming bidentate and unidentate -S2PR2 co-ordination

1,2,1 ' virtually-coupled ' triplets as is seen for R =

Ph) (Table 5). At higher temperatures, these collapse
to a single triplet although a detailed observation of
this process is obscured (for R = Me) by the increased
tendency to rearrange to compound B at these higher
temperatures. In contrast, the two ~S2PMe2 doublets
are almost temperature invariant, except for a slight
broadening at ca. 330 K which again is obscured be¬
cause of the facile rearrangement to B at this tem¬
perature. Examination of Figure 5 reveals that this
n.m.r. spectrum corresponds to that expected for
structure (I) i.e. trans PMe2Ph groups with slow ex¬
change of uni/bidentate "S2PR2 groups. Assignment
of this structure to C would also account for the simil¬

arity in the position of v(CO) to that observed for B
(Table 2) since in each case the carbonyl group is
situated trans to a sulphur atom of a bidentate dithio-
acid ligand.*

The 1H n.m.r. spectrum of D (R = Me), which is
temperature invariant from 220 to 320 K (although
over longer periods, it slowly converts to a mixture
of B and C) consists of fourteen lines (Figure 6). By
means of heteronuclear spin decoupling experiments
it can be shown that the four phosphorus atoms in the

* A recent note (S. D. Robinson and M. F. Uttley, Chem. Comm.,
1972, 1047) reports the synthesis of the analogous [Ru(OCOMe)a-
(PPh2)2CO] compound with uni/bidentate acetato-groups but the
detailed stereochemistry is not given. Added in proof: In the
full paper (J.C.S. Dalton, 1973, 1912) the analogous carboxylato-
complex is arbitrarily assigned a structure of type (I).

[Ru(S2PR2)2(PMe2Ph)2CO]
(D)

[Ru(S2PR2)2(PMe2Ph)2CO]
(C)

Ph

Me3/

p>R2
2>Rv

molecule are all in inequivalent chemical environments
and this is confirmed by measuring the proton noise
decoupled 31P n.m.r. spectrum of the complex (Figure 7).
The decoupling studies (see Figure 6) also indicate
that the 14 line *H n.m.r. spectrum is comprised of
8 doublets (with four of the doublets partially super¬
imposed). [nb: The irradiation frequencies given in
Figure 6 are different from the frequencies of the phos¬
phorus nuclei obtained from the Fourier transform

870

Figure 6 n.r. spectrum of [Ru(S2PMe2)2{PMe2Ph)2CO]
(D) [m ion] at 273 K; irradiating at 40 482 120 Hz
decoupH 1', at 40 480 770 Hz decouples 2 and 2', at
40 478 lecouples 3 and 3', and at 40 477 700 Hz
decoupl 4' (note Assignments of 2 and 2', 3 and 3', 4
and 4' ; ary )

♦63 5 ♦607 ppm

Figure 7 31P N.m.r. spectrum of [Ru(S2PMe2)2(PMe2Ph)2CO]
(D) gives /(p,p2) 0-0; /(p4p2) 7-6; /(p,p4) 0-0 ; /(p2p3) 10-0;
J(p2p4) 14-9; /(p3p4) 32-5 Hz. Chemical shifts are in p.p.m.
to high frequency of 85% H2P04, cf. [Ru(S2PMe2)2(CO)2] +
92-6, [Ru(S2PMe2)2(PMe2Ph)2] + 88-1 and +21-4

spectrum (Figure 7) because the former are obtained
from the HA 100 spectrometer (with Schlumberger
FS30 frequency synthesiser attachment) whereas the
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latter are directly measured on the XL 100 machine
and these have slightly different reference frequencies.]
Thus, all the methyl groups are in inequivalent chemical
environments, and there is restricted rotation (even
at 320 K) about the Ru~P bonds. This n.m.r. evidence
is, in fact, compatible with a seven-co-ordinate complex
with only bidentate dithioacid groups. However,
addition of methyl iodide to a dichloromethane solution
of D produces an immediate increase in conductivity.
A similar increase is observed for [Pt(S2PMe2)2(PMe2Ph)]
(where uni/bidentate co-ordination is well established)
and compound C, but with [Pt^PMe^J and [Ru-
(S2PMe2)2(PMe2Ph)2] there is no change. This con¬
ductivity increase is attributed to the formation of
the complex [Ru(S2PMe2)(MeS2PMe2)(PMe2Ph)2CO]I by
methylation of the unco-ordinated sulphur atom.
Furthermore, the HI n.m.r. spectrum of the conducting
solution is not significantly different from that of D,
except for extra signals at x 6-96 (~SMe group) and
x 7-93 (excess of Mel) which strongly suggests that
Mel is not reacting with a bound sulphur atom of a
labile seven-co-ordinate species.

Examination of Figure 5 indicates that neither
structure (I) (already assigned to C) nor structure (IV)
(which has a plane of symmetry making the PMe2Ph
groups equivalent) fit the *H and 31P n.m.r. data.
However, (II) and (III) are both possible structures
since in both cases hindered rotation about the ruthen¬

ium-phosphorus bonds is reasonable on steric grounds
and furthermore the ruthenium atom is potentially
a chiral centre and thus, no matter how rapid the
rotation about the Ru-S bond of the unidentate "S2PMe2
ligand, the two Me groups will always remain inequiv¬
alent. However, (III) would be expected to have a
v(CO) band in a similar position to that found in com¬
pounds B and C since the CO group is trans to a sulphur
atom of a bidentate ~S2PR2 ligand whereas (II) should
have a higher v(CO) since the CO group is trans to a
stronger 7r-acceptor ligand and hence back donation
into the n* orbitals of the CO group will be reduced.
The latter is experimentally the case (Table 2) and hence
structure (II) is preferred.

The heteronuclear decoupling information given in
Figure 6 determines which sets of methyl protons in
D are attached to phosphorus atoms 1—4 [which are
labelled in the order they occur in the 31P n.m.r. spectrum
(Figure 7)]. Assuming structure (II) is more feasible
than (III), then these phosphorus atoms can be assigned
as follows: P4 and P2 belong to the ~S2PMe2 groups
and P3 and P4 to the PMe2Ph groups. This assignment
is based on the chemical shift positions of the 31P
nuclei compared to those in [Ru(S2PMe2)2(CO)2] and
[Ru(S2PMe2)2(PMe2Ph)2] (see Figure 7) together with
the fact that the lower field methyl doublets (which
correspond to the ~S2PMe2 methyl resonances) are
decoupled by irradiating at frequencies corresponding
to phosphorus atoms P4 and P2. In [Ru(S2PMe2)2-
(PMe2Ph)CO], the separation between the methyl
dithioacid group syn to PMe2Ph and that syn to CO is

33 Hz, which is close in value to the separation of the
methyl groups 1 and 1' attached to Px (44 Hz). In
contrast, those attached to P2 (2 and 2') are only separ¬
ated by 6 Hz. We therefore assign Px to the phos¬
phorus atom of the bidentate "S2PMe2 group and
P2 to the unidentate ~S2PMe2 group. Finally, since
P3 couples to Px whereas P4 does not (Figure 7) it seems
likely that P3 is more nearly trans to Px than is P4
and therefore P3 and P4 are assigned accordingly [see
Figure 5, structure (II)].

The stereochemical pathway of the carbonylation
mechanism is given in Figure 8. Thus, D is formed

PMe2Ph PMe2Ph
-I ,-PMe,Ph „ fast ,--PMe,Ph/Ru- 2 + CO —- o/P'w Dr

I R >»S>.p>R
S>*P CO 4 >R

A^R
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1A) (D)
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P\^_ ];Rif' + PMe2Ph„--s
r-, ^ P r\uR | ->s
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slow/^ (B)
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PMe2Ph
R ,-s-~ I ,-CO

_ "5 P T Ru '
R I ^S^p^R

PMe2Ph y ^R
S

( C )

Figure 8 Proposed mechanism of carbonylation for
[Ru(S2PMe2)2(PMe2Ph)J

by cleavage of the weakest Ru~S bond i.e. that trans
to a PMe2Ph group. This is consistent with the bond
lengths found in «'s-[Ru(S2PEt2)2(PMe2Ph)2],46 where
the Ru-S bonds trans to the PMe2Ph groups are ca.
0-2 A longer than those trans to another sulphur atom.
This, incidentally, is another reason why structure (II)
rather than, (III) is preferred for D since to form the
latter the Ru~S bond trans to a sulphur atom must be
broken. Next, the combination of two high trans effect
ligands such as CO and PMe2Ph situated trans to each
other, together with the favourable energy change
associated with the conversion of unidentate to bi¬
dentate ~S2PMe2 co-ordination, results in the expulsion
of a PMe2Ph group and the formation.of B. Finally,
the high affinity of PMe2Ph for ruthenium(n) 26 is
demonstrated by its attack on the Ru-S bond trans
to PMe2Ph to give C. As was inferred earlier for the
ligand exchange reactions of [Ru(S2PR2)2L2] compounds,
these favourable electronic changes are reinforced by
favourable steric changes on progressing from A to D to
B to C. The inability of cis-[Ru(S2PR2)2(PMe2Ph)CO]
to give cfs-[Ru(S2PR2)2(CO)2] is presumably a reflection
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of the fact that the favourable steric change is more
than offset by the unfavourable electronic change of
replacing a Ru-PMe2Ph bond with a Ru-CO bond.
This rationale is supported by the fact that «'s-[Ru(S2-
PMe2)2(CO)2] reacts with an excess of PMe2Ph, even
in the presence of CO, to give C and-with an excess of
PPh3 to give cfs-[Ru(S2PMe2)2(PPh3)CO]. The failure
to observe compounds of type C or D with ligands other
than PMe2Ph * is probably due to the smaller trans
effects (tertiary phosphites) and nucleophilicities (ter¬
tiary phosphines) towards ruthenium(n) of these other
ligands compared to PMe2Ph,26 although, doubtless, a
similar mechanism of carbonylation is applicable.
It is also reasonable to postulate a similar mechanistic
scheme for formation of the mixed ligand species
[ Ru(S2PR2),LL'] although, again, no intermediates
of type D (or C) have been observed.

Finally, the unsuccessful attempts to carbonylate
the cis-[Ru(S2CNR2)2L2] complexes are probably due to
the stronger nucleophilicity of ~S2CNR2 compared to
~S2PR2 (see reference 1), preventing formation of a
compound of type D.

EXPERIMENTAL

Microanalyses were by the National Physical Laboratory,
Teddington, A. Bernhardt, West Germany, and the Uni¬
versity of Edinburgh Chemistry Department. Molecular
weights were determined on a Perkin-Elmer-Hitachi 115
osmometer at 37°. I.r. spectra were recorded in the
region 4000—250 cm-1 on a Perkin-Elmer 457 grating
spectrometer using Nujol mulls on caesium iodide plates.
Solution spectra were run in potassium bromide cells.
Mass spectra were obtained on an A.E.I. MS9 spectrometer
and conductivity measurements on a Portland electronics
310 conductivity bridge. 1H N.m.r. spectra and solution
magnetic moments (Evans' method) 23 were obtained on a
Varian Associates HA 100 spectrometer and 31P n.m.r.
spectra on a Varian XL 100 spectrometer operating in the
Pulse and Fourier Transform mode at 40-5 MHz. Hetero-
nuclear decoupling experiments were carried out on the
HA 100 spectrometer using a second radio frequency
field provided by the Schlumberger FS 30 frequency
synthesiser. M.p.s were determined with a Kofler hot-
stage microscope and are uncorrected.

Materials.—Ruthenium trichloride trihydrate (Johnson
Matthey); triphenylphosphine, dimethylphenylphosphine;
triphenyl phosphite (B.D.H.); methyldiphenylphosphine
(Strem); PEtPh2 was made by a standard literature
method; carbon monoxide (Air products); NaS2CNMe2,
2H20 (Ralph Emanuel). Sodium diethyl- and dimethyl-
phosphinodithioates were prepared as described earlier 37>38
and ammonium diphenylphosphinodithioate from Ph2-
PS2H and ammonia in benzene.38 Operations involving
free tertiary phosphines and phosphites [with the exception
of P(OPh)s and PPh3] were carried out under nitrogen.

The various ruthenium (ii) and (hi) tertiary phosphine
and phosphite complexes which were used as starting
materials were synthesised by published methods.

cis-Bis(diphenylphosphinodithioato)bis[triphenylphos-
* The one possible exception is with [Ru(S2PMe2)2(P{OMe}3)2]

where carbonylation gives a transient species with v(CO) 1997
cm"1 (type D!) but unfortunately this could not be separated from
starting material.

phine)ruthenium(ii).—[RuCl2(PPh8)3] (0-10 g), NH4S2PPh2
(0-20 g), and PPh3 (0-20 g) were shaken in acetone (25 ml)
for 30 min and then the resulting red crystals filtered off,
washed with water, acetone and n-pentane (yield: 0-10 g,
85%). However, if the reaction was carried out in the
absence of an excess of PPh3, the resulting red crystalline
precipitate gave a consistently low analysis for the bis-
phosphine complex [Found: C, 60-1; H, 4-2. [Ru(S2PPh2)2-
(PPh3)2] requires C, 64-1; H, 4-5% and bis(diphenylphos-
phinodithioato) (triphenylphoxphine)ruthenium[u), 0-5 acetone
requires C, 58-6; H, 4-3%]. Furthermore, the molecular
weight of the product in benzene, over a short period of
time, decreased from 697 to 649, values indicative of the
facile dissociation of [Ru(S2PPh2)2(PPh3)2] (M, 1123) to
[Ru(S2PPh2)2PPh3] (M, 861) and free PPh3 in solution.
However, by refluxing a mixture of [RuCl2(PPh3)3] (0-10 g),
NH4S2PPh2 (0-12 g), and sulphur (0-003 g) in acetone, a
pure sample of [Ru(S2PPh2)2PPh3] (0-06 g, 72%) was
isolated [Found: C, 58-1; H, 4-1%].

cis-Bis(dimethylphosphinodithioato)bis(triphenylphos-
phine)ruthenium(n).—[RuCl3(PPh3)2MeN02] (0-04 g), NaS2-
PMe2 (0-04 g), and PPh3 (0-04 g) were shaken overnight
in ethanol (10 ml). The resultant brown crystalline pre¬
cipitate was filtered off, washed with water, ethanol, and
n-pentane to give red-brown needles of the complex
(0 04 g, 90%). The same compound was also prepared
from [RuCl2(PPh3)3] (0-25 g) and NaS2PMe, (0-15 g) in
acetone solution (0-21 g, 92%). Similarly, cis-bis(diethyl-
phosphinodithioato)bis(triphenylphosphine)ruthenium(n) was
prepared from [RuCl2(PPh3)3] (0-25 g) and NaS2PEt2
(0-12 g).

cis-Bis(dimethylphosphinodithioato)bis(ethyldiphenylphos-
phine)ruthenium(n).—[RuCl2(PEtPh2)3] 18a was shaken in
ethanol for 12 h with a three-fold excess of NaS2PMe2 to
give the orange crystalline complex (73%).

The compounds tabulated below were prepared by the
following general method. The starting materials were
refluxed in ethanol for the time shown and then the solution
cooled and filtered. The crystals obtained were washed
with water, ethanol, n-pentane and dried in vacuo (40°).

If [Ru2Cl3(PMePh2)6] CI (0-60 g) and NaS2PMe2 (0-30 g)
are refluxed in methanol (15 ml) for 24 h, an orange crystal¬
line solid is precipitated. Dissolution in a minimum volume
of benzene and chromatography on a dry alumina column 22
gives an orange and a red band. The orange band was
extracted with diethyl ether, evaporated to dryness, and
recrystallised from CH2Cl2-n-pentane giving eis-[Ru-
(S2PMe2)2(PMePh2)2] (0-10 g, 20%). The red band was
also eluted with diethyl ether, evaporated to dryness, and
recrystallised from CH2Cl2-pentane to give [Ru2Cl3(PMe-
Ph2)5S2PMe2] (0-07 g, 11%) (Found: C, 56-1; H, 5-0.
Required C, 56-1; H, 5-0%). cis-Bis[dimethylphosphinodi-
thioato)bis[methyldiphenylphosphine)ruthenium(u) may also
be prepared by the reaction of cis-[Ru(S2PMe2)2(PPh3)2l
(0-05g) with PMePh2 (0-10 ml) in refluxing ethanol (15 m-'j
for 12 h. Cooling the solution gives orange crystals of )he
complex (0-03 g; 70%). cis-Bis(dimethylphosphinodi/nio-
ato)bis(dimethylphenylphosphine)ruthenium(u) may be pre¬
pared in two other ways: (a) cfs-[Ru(S2PMe2),(PMe-
Ph2)2] (0-05 g) and PMe2Ph (0-05 ml) were refluxed in
ethanol (20 ml) for 4 h. Cooling the solution ana'- partial

37 W. Kuchen, W. Strolenberg, and J. Metten, Ghem. Ber.,
1963, 96, 1733.

38 R. G. Cavell, W. Byers, and E. D. Day, Jnorg. Chem., 1971,
10, 2710.
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Starting materials Volume of EtOH Reaction time Yield Product

«2er-[RuCl3(PMePh2)3] (0-20 g) and 50 ml 4 h 0-14 g eis- [Ru (S2PPh 2) 2 (PMePh 2) j]
NH4S2PPh2 (0-25 g) (56%)

[Ru2Cl3(PMePh2),]Cl (0-08 g) 20 ml 1 h 0 05 g cis- [Ru (S2PMe2) 2 (PMePh2) 2]
and NaS2PMe2 (0-10 g) (62%)

mer-[RuC13 (PMe2Ph) 3] (0-5 g) 70 ml 3 h 0-70 g cis-[Ru(S!PPh2)2(PMe2Ph)2]
and NH4S2PPh2 (1-0 g) (100%)

mer-[RuCl3(PMe2Ph)3] (0-70 g) 70 ml 15 m 0-70 g cis-[Ru(S2PMe2)2(PMe2Ph)2]
and NaS2PMe2 (0-70 g) (100%)

[RuCl2(P{OPh}3)4] (0-80 g) 20 ml 1 h 0-25 g cis- [Ru (SaPMe2) 2(P{OPh}3) 2]
and NaS2PMe2 (0-60 g) (46%)

mer-[RuCl3(PMe2Ph)3] (0-50 g) 25 ml 3 h 0-39 g cis-[Ru (S2PEt2)2(PMe2Ph) 2]
and NaS2PEt2 (0-90 g) (71%)

removal of solvent gave orange crystals of the complex
which were filtered off, washed with n-pentane, and dried
in vacuo (0-02 g; 48%); (b) efs-[Ru(S2PMe2)2(PPh3)2]
(0-10 g) and PMe2Ph (0-03 ml) were refluxed in acetone
for 1 h. Removal of the solvent gave an orange oil from
which the product was obtained by recrystallisation from
CH2Cl2-n-pentane (0-05 g; 70%).

Reaction of [RuCl2(P{OPh}3)4] (0-60 g) and NaS2PMe2
(0-48 g) in ethanol (25 ml) under reflux for 5 h gave a
yellow solution. The solution was filtered hot, concen¬
trated, and allowed to crystallise overnight to give a yellow
solid. Mass spectrum: m/e 8 7 6, (102Ru isotope) [Ru-
(S2PMe2)2(P{OPh}2OEt)2]+ ; 828, [Ru(S2PMe2)2(P{OPh}2-
OEt)(P{OPh}(OEt)2]+; 780, [Ru(S2PMe2)2(P{OEt}2OPh)2] +
etc. N.m.r. spectrum (223 K): [Ru(S2PMe2)2(P{OPh}2-
OEt)2J, t 7-89 (12-5); 8-20 (12-5) ["S2PMe2]; t 6-08;
8-97 (6-0) [Et groups]; [Ru(S2PMe2)2(POPh{OEt}2)2], r
7-91, 8-13 (~S2PMe2); x 5-93; 8-80 (6-0) [Et groups]
intensity ratio 6:1 (Found: C, 42-9; H, 4-9. [Ru-
(S2PMe2)2(P{OPh}2OEt)2] requires C, 43-9; H, 4-8.
[Ru(S2PMe2)2(POPh{OEt}2)2 requires C, 37-0; H, 5-4.
For 6 : 1 ratio, calculated analysis is C, 42-9; H, 4-9%).

Reactions of [RuCl2(P{OPh}3)4] with NaS2PMe2 in
refluxing ethanol for 24 h gives, on solvent removal, an oil
with mass spectral peaks m/e 828, [Ru(S2PMe2)2(P{OPh}2-
OEt)2] + ; 780, [Ru(S2PMe2)2(P{OEt}2OPh)2]+; 732, [Ru-
(S2PMe2)2(P{OEt}2OPh) (P{OEt}3)]+; 684, [Ru(S2PMe2)2-
(P{OEt}3)2]+ etc. c\s-Bis(dimethylphosphinodithioato)bis-
(trimethyl phosphite)ruthenium(u): [RuCl2(P{OPh}3)4] (0-50
g) and NaS2PMe2 (0-30 g) were refluxed in methanol
(30 ml) for 3 h. The resultant yellow solution was filtered
hot, and, after concentration, allowed to slowly crystallise
at 273 K for 10 days. The orange crystals so formed were
filtered and washed with water, methanol, and n-pentane
(0-06 g; 28%). On further solvent removal from the
filtrate, an oily white solid was deposited which on re-
crystallisation was identified as phenol (by its 1H n.m.r.
spectrum). The ruthenium complex rapidly decomposed
on air exposure to give a black solid.

cis-Bis(dimethylphosphinodithioato)(triphenylphosphine)-
(triphenyl phosphite)ruthenium(u).— cis-[Ru(S2PMe2)2-
(PPh3)2] (0-08 g) and P(OPh)3 (0-05 ml) were refluxed in
ethanol (15 ml) for 3 h. The solution was cooled and the
precipitated orange solid was washed with ethanol and
n-^eptanb (yield, 0-03 g, 35%). The yellow filtrate was
alloyed to crystallise overnight to give a sample of cis-
[Ru(S2PMe2)2(P{OPh}3)2] (0-04 g, 45%).

cis-Bis(dimethylphosphinodithioato)(dimethylphenylphos-
phine)(Wiphenyl phosphite)ruthenium(u).—cis-[Ru(S2PMe2)2-
(PMe2Ph)2] (0-20 g) was refluxed with P(OPh)3 (1-2 ml) in
ethanol for 1 h. Then, after concentration and standing
for two days at 273 K, orange crystals were deposited which
were filtered off and washed with ethanol and n-pentane
(0-10 g; 39%).

cis-Bis(diphenylphosphinodithioato) (dimethylphenylphos-
phine) (triphenyl phosphite)ruthenium{ii).—eis-[Ru(S2PPh2)2-
(PMe2Ph)J (0-20 g) and P(OPh)3 (0-3 ml) were shaken in
dichloromethane (20 ml) for 7 days. After filtration and
addition of n-pentane, the resultant orange solution was
concentrated until orange crystals were deposited. These
were filtered off and washed with n-pentane (0-07 g, 29%).

cis-Bis(dimethylphosphinodithioato)carbonyl(triphenyl-
phosphine)ruthenium(u).—(a) cis-[Ru(S2PMe2)2(PPh3)2]
(0-10 g) and PPh3 (0-40 g) were carbonylated in refluxing
ethanol for two hours. The resulting orange solution was

evaporated to dryness and the residue recrystallised from
CH2Cl2-light petroleum (b.p. 60—80°) to give orange
crystals of the complex (0-03 g, 41%).

(b) cis-[Ru(S2PMe2)2(CO)2] (0-02 g) and PPh3 (0-04 g)
were refluxed in ethanol (25 ml) for two hours. Removal
of solvent gave an orange oil which was redissolved in
diethyl ether and after leaving at 273 K for 12 h, orange
crystals of the product were deposited (0-03 g, 92%).

(c) «s-[RuCl2(CO)2(PPh3)2] (0-13 g) and NaS2PMe2
(0-26 g) were refluxed in acetone (20 ml) for 60 h. The
resultant solution was filtered, evaporated to dryness, and
then chromatographed on a dry silica column,22 using benzene
as eluant. One orange band was observed and the central
portion of this band was extracted with diethyl ether.
The resulting yellow solution was evaporated to dryness
and the residue recrystallised from CH2Cl2-n-pentane to
give orange crystals of the complex (0-08 g, 73%).

c\s-Bis(dimethylphosphinodithioato)carbonyl[triphenyl-
arsine)ruthenium(n).—c«-[RuCl2(CO)2(AsPh3)2] (0-06 g)
and NaS2PMe2 (0-09 g) were refluxed in acetone (25 ml)
for 4 days with no apparent reaction. The mixture was
then shaken for 3 weeks to give an orange solid and a white
precipitate. After filtration, the solution was evaporated
to dryness and the resulting orange oil chromatographed
on a dry alumina column 22 using benzene as eluant and
washing off the orange band with diethyl ether. Evapor¬
ation of the ether solution and recrystallisation from
CH2Cl2-n-pentane gave the orange complex (0-03 g, 61%).

cis-Bis (dimethylphosphinodithioato)carbonyl (methyldi-
phenylphosphine)ruthenium(u).— cis-[Ru(S2PMe2)2(PMe-
PhjjJJ (0-10 g) was carbonylated in cold CH2C12 for one
minute. The yellow-orange solution was evaporated to
dryness and the product recrystallised from CH2C12-
n-pentane to give the orange crystalline complex (0-03 g,
37%). Similarly, carbonylation of cis-[Ru(S2PMe2)2-
(P{OMe}3)2] (0-05 g) in CH2C12 for 10 min and recrystall¬
isation from CH2Cl2-hexane gave yellow crystals of cis-
bis(dimethylphosphinodithioato)carbonyl(trimethyl phosphite)-
ruthenium(u) (0-01 g, 25%) whereas carbonylation of cis-
[Ru(S2PMe2)2(P{OPh}3)2] (0-07 g) in refluxing acetone for
4 h gave, after recrystallisation from CH2Cl2-n-pentane,
yellow crystals of cis-bis(dimethylphosphinodithioato)car-
bonyl(triphenyl phosphite)ruthenium(n) (0-03 g, 60%).
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cis-Bis(dimethylphosphinodithioato)carbonyl(dimethyl-
phenylphosphine)rutheniw,n(n), (B) and Bis(dimethylphos-
phinodithioato)carbonylbis (dimethylphenylphosphine) ruthen-
ium(n), (C).—cis-[Ru(S2PMe2)2(PMe2Ph)2] (0-20 g) was
carbonylated in refluxing acetone for ca. 1 h and the re¬
sulting solution evaporated to dryness. The residue
was chromatographed on a dry alumina column using
benzene and gave a yellow band (Rp value ca. 0-5) and an
orange band (Rp value ca. 0-1 )which were removed separ¬
ately with diethyl ether, evaporated to dryness, and re-
crystallised from CH2Cl2-pentane. The yellow band
consisted of «'s-[Ru(S2PMe2)2(PMe2Ph)CO] (0-01 g, 6%)
and the orange [Ru(S2PMe2)2(PMe2Ph)2CO] (configuration
C) (0-15 g, 80%).

If cis-[Ru(S2PMe2)2(PMe2Ph)2] (0-10 g) and sulphur
(0-05 g) were carbonylated in refluxing benzene for 6 h, a
t.l.c. of the resulting orange solution showed a single orange
band together with a yellow band with the same value
as sulphur. The solution was evaporated to dryness to
give an orange oil. This was dissolved in diethyl ether
and after filtering off the excess of sulphur the solution
was left overnight at 273 K when orange crystals of cis-
[Ru(S2PMe2)2(PMe2Ph)CO] (0-05 g, 60%) were deposited.
cis-[Ru(S2PMe2)2(CO)2] (0-10 g) was suspended in ethanol
(50 ml), presaturated with carbon monoxide, and PMe2Ph
(0-14 ml) added. The solution was then refluxed in a
stream of CO for 2 h to give an orange solution which on
leaving overnight at 273 K gave only [Ru(S2PMe2)2(PMe2-
Ph)2CO] (C) (0-08 g, 50%).

Bis(dimethylphosphinodithioato)carbonylbis(dimethyl-
phenylphosphine)ruthenium(u), (D).—cfs-[Ru(S2PMe2)2-
(PMe2Ph)2] (0-20 g) was dissolved in CH2C12 (10 ml) and
carbon monoxide passed through the solution for 45 s.
The resulting yellow solution was evaporated to dryness
under vacuum at 273 K and the residue recrystallised by
dissolving in a minimum amount of CH2C12 and then
adding an excess of diethyl ether (0-15 g, 80%).

c\s-Bis(diphenylphosphinodithioato) carbonyl(dimethyl-
phenylphosphine)ruthenium(u), (B).—«'s-[Ru(S2PPh2)2-
(PMe2Ph)J (0-35 g) was dissolved in CH2C12 (30 ml) and car¬
bonylated for 1 h at room temperature. The yellow solu¬
tion formed was evaporated to dryness and eluted from a
dry silica column with CH2C12. Two yellow bands were
found and the first was extracted with CH2C12 and the
solution evaporated to dryness to give the crystalline
product (0-04 g, 13%). The other band was removed
with diethyl ether, the solution evaporated to dryness,
and the residue recrystallised from CH2Cl2-light petroleum
(b.p. 40—60°) to give [Ru(S2PMe2)2(PMe2Ph)2CO] (mixture
of isomers C and D) (0-05 g, 14%).

Bis(diphenylphosphinodithioato)carbonylbis(dimethyl-
phenylphosphine)ruthenium(ii), (C).—cis-[Ru(S2PPh2)2-
(PMe2Ph)2] (0-30 g) was carbonylated in refluxing ethanol
(40 ml) for two hours to give a yellow solution. Concen¬
tration to dryness, followed by chromatography on a dry
alumina column with benzene gave two bands. The first
was eluted with diethyl ether, evaporated to dryness and
the residue recrystallised from benzene-light petroleum
(b.p. 100—120°) to give a very small amount of «s-[Ru-
(S2PPh2)2(PMe2Ph)CO]. The second (more intense)
orange band was also eluted with diethyl ether and after
evaporation to dryness (in the cold) was recrystallised from
benzene-n-pentane to give the required product (0-10 g,
31%).

Bis(diphenylphosphinodithioato)carbonylbis(dimethyl-

phenylphosphine)ruthenium(ii), (D).—ets-[Ru(S2PPh2)2-
(PMe2Ph)2] (0-20 g) was carbonylated for one minute in
cold CH2C12. Then, pentane was added and the resulting
orange solution evaporated to dryness and the orange
solid collected without further purification (0-21 g, 100%).

cis-Bis (dimethylphosphinodithioato) bis (carbonyl) ruthen-
ium(n).—cis-Cs2[RuCl4(CO)2] (0-50 g) and NaS2PMe2
(0-50 g) were refluxed in ethanol (20 ml) for six hours to
give a yellow solution. After filtration, this was cooled
giving yellow crystals which were washed with water,
ethanol, and n-pentane (0-14 g, 39%).

cis-Bis (diphenylphosphinodithioato)bis(carbonyl)ruthen-
ium(u).—[Ru3(CO)12] and an excess of Ph2PS2H were re¬
fluxed together in tetrahydrofuran for 18 h. The resulting
yellow solution was evaporated to dryness, the residue
extracted with diethyl ether and crystallised at 273 K to
give the yellow product.

cis-Bis (dimethyldithiocarbamato)bis (triphenylphosphine) -

ruthenium(n)-Acetone.—[RuCl2(PPh3)3] (0-26 g) and NaS2-
CNMe2,2H20 (0-15 g) were shaken in acetone (25 ml) for
two days. The solution was then filtered and the orange
crystals washed with water, diethyl ether and dried in
vacuo at 40°.

c\s-Bis(dimethyldithiocarbamato)bis(dimethylphenylph.os-
phine)ruthenium(ii).—mer-[RuCl3(PMe2Ph)3] (0-16 g) and
NaS2CNMe22H20 (0-16 g) were shaken in degassed CH2C12
under nitrogen for eight hours. The resulting greenish
yellow solution was filtered to remove any precipitated
sodium chloride and evaporated to dryness. Chromato¬
graphy on a dry alumina column with benzene gave an
intense yellow band (ca. Rp value 0-6) together with a
number of weaker bands of lower Rp value. The yellow
band was removed with diethyl ether, giving on removal
of solvent the yellow product (0-13 g, 88%).

tians-Bis(dimethyldithiocarbamato)bis(dimethylphenylphos-
phine)ruthenium(u).—cis-[Ru(S2CNMe2)2(PPh3)2] (0-20 g)
was refluxed with PMe2Ph (0-15 ml) in ethanol (20 ml)
for 12 h. The resulting yellow solution was filtered hot
and allowed to crystallise. The first crop of yellow crystals
were filtered off, and washed with ethanol and n-pentane to
give the desired product (0-03 g, 21%). The yellow filtrate
later deposited more crystals shown to be cis-[Ru (S2-
CNMe2)2(PMe2Ph)2] (0-10 g, 71%).

cis-Bis (dimethyldithiocarbamato)bis (triphenyl phosphite) -

ruthenium(u).—[RuCl2(P{OPh}3)4] (0-20 g) and NaS2-
CNMe2,2H20 (0-16 g) were refluxed in ethanol (15 ml)
for one hour. The resulting yellow solution was filtered
hot and on cooling gave yellow crystals of the product
(0-06 g, 41%).

cis-Bis(dimethyldithiocarbamato) (triphenylphosphine) (tri¬
phenyl phosphite)ruthenium(\\).—as-[Ru(S2CNMe2)2(PPh3)2]
(0-10 g) and P(OPh)3 (0-04 ml) in refluxing CH2C12 gave
an orange solution. Addition of ethanol and evaporation
of CH2C12 gave the yellow crystalline product which was
washed with ethanol and n-pentane (0-07 g, 69%).

cis-Bis(dimethyldithiocarbamato)bis(carbonyl)ruthenium-
(n).—(a) [Ru3(CO)12] (0-20 g) and tetramethylthiuram
disulphide (0-40 g) were refluxed in ethanol (15 ml) for
2 h. On cooling, the yellow solution gave the yellow
crystalline product (0-20 g, 54%).

(b) cis-[RuCl2(CO)2(PPh3)2] (0-10 g) and NaS2CNMe2,-
2H20 (0-20 g) were refluxed in ethanol (20 ml) for seven
days. The resulting pale yellow solution was filtered,
chromatographed on a dry alumina column with benzene,
and the yellow band extracted with diethyl ether. Re-
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moval of solvent and recrystallisation from hexane gave
the product (0-001 g, 2%).
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obtaining the variable temperature 1H n.m.r. spectra,
and Dr. D. F. Steele and Mr. P. W. Armit for some experi¬
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Metal Complexes of Sulphur Ligands. Part VI.12 Studies of Facile
Optical Isomerism Reactions in Dimethylphosphinodithioato-complexes
of Ruthenium(u)
By David J. Cole-Hamilton and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh,

Edinburgh EH9 3JJ

Rate constants and associated activation parameters for the optical isomerisation reactions of c/'s-[Ru(S2PMe2)2L2]
[L = PPh3, PMePh2, PMe2Ph. P(OMe)3, P(OPh)3], c/'s-[Ru(S2PMe2)2(PPh3)(P{OPh}3)] and c/'s-[Ru(S2PMe2)2-
(PPh3)CO] have been determined by line-shape analyses of their temperature-dependent 1H n.m.r. spectra.
Consideration of various bond-rupture and twist mechanisms for this inversion process strongly suggests that the
only mechanism compatible with the overall experimental data is one involving a solvent-assisted cleavage of a
ruthenium-sulphur bond trans to L.

For the analogous c/s-[Ru(S2CNMe2)2L2] [L = PPh3. PMe2Ph, P(OPh)3] and c/'s-[Ru(S2CNMe2)2(PPh3)-
(P{OPh}3)] complexes, line shape studies suggest that their temperature dependent 3H n.m.r. spectra arise from
restricted rotation about the CN bonds and not a facile inversion process.

In Part V of this series,1 the preparation, reactions,
and spectroscopic properties of the compounds cis-
[Ru(S2PR2)2L2] (L = tertiary phosphine or phosphite)
were presented and discussed. In that paper, the
variation with temperature of the JH n.m.r. spectra
of these compounds and some of their derivatives was
noted and ascribed to rapid interconversion of the
two possible optical enantiomers, rather than a re¬
versible cis-trans isomerism. A great deal of interest
has been shown in recent years in the mechanism of
interconversion of optical isomers of metal complexes
and, in particular, of the nature of the first step in the
reaction. However, most of the publications on this
topic have been confined to studies of tris-chelate
complexes 3a and relatively few have discussed detailed
mechanisms of optical isomerism in complexes of type
m-[M(chelate)2X2].3'' Furthermore, with the exception
of a very recent note on variable temperature 1H n.m.r.
studies of [Ru(S2CNRR1)3] (R = Me, R1 = PhCH2),4
this paper represents the only other published work on
the facile interconversion of optical isomers in ruthen
ium chemistry.

Two main first-step mechanisms involving either a
twist of the molecule or rupture of a metal ligand bond
have been postulated. In this paper, presentation of
the kinetic results is followed by a consideration of
these various methods of optical inversion in an attempt
to determine which mechanism is most energetically
feasible for these compounds.
results

(i) Dimethylphosphinodithioato-complexes.—Typical vari¬
able temperature 'H n.m.r. spectra for compounds of

1 Part V, d. j. Cole-Hamilton and T. A. Stephenson, preced¬
ing paper.

2 Preliminary communication: d. j. Cole-Hamilton, P. W.
Armit, and T. A. Stephenson, Inorg. Nuclear Chem. Letters, 1972,
8, 917.

type cis[Ru(S2PMe2)2L2] are illustrated in Figure 1
(Part V) for cis-[Ru(S2PMe2)2(PMe2Ph)2] and the proton
resonance positions in the fast and slow exchange limits
for other compounds of this type are given in Table 5
(Part V). These spectra all show two ~S2PMe2 methyl
doublets at low temperatures and a single doublet at higher
temperatures, thus, these n.m.r. changes, which are
independent of complex concentration, are amenable to a
detailed kinetic line-shape analysis and some of the results
obtained from this are presented graphically (Figure 1)
and the rates and calculated activation parameters at
298 K listed in Table 1.

For the mixed ligand complexes c«-[Ru(S2PMe2)aLL']
(L = tertiary phosphine, L' = tertiary phosphite) and
CM-[Ru(S2PMe2)2L(CO)], four methyl doublets are expected
although in some instances, two of the doublets are ac¬
cidentally superimposed. For cis-LRu(S2PMe2)2(PPh3)-
(P{OPh}3)J (where lour methyl doublets are observed at low
temperatures) inversion rates and activation parameters
were determined by sepal ate line shape analysis on the
exchange of the inner methyl doublets g and f and the outer
doublets e and h (see Figure 3, Part V, for stereochemical
assignment of these methyl groups). The close similarity
of the calculated values for these rates and activation

parameters (see Table 1) indicates that the same kinetic
process is probably responsible for the interchange of the
chemical environments of these two sets of methyl protons.
For cis-[Ru(S2PMe2)2(PPh3)CO], the activation para¬
meters given in Table 1 were calculated by using rate data
obtained fioni Lhe exchange uf both the inner and uuter
doublets respectively which again suggests that a common
kinetic process is in operation.

From Table 1, several other points of importance emerge
which must be considered when contemplating possible
mechanisms of inversion. For example, Table 1 reveals

3 For detailed references see N. Serpone and D. G. Bickley in
Progr. Inorg. Chem., 1972, 17 (Part II) (a) pp. 416—500, (b) 500—
542.

4 L. H. Pignolet, D. T. Duffy, and L. Que, iun., J. Amer. Chem.
Soc., 1973, 95, 295.
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Table 1

Rates and activation parameters obtained by line shape analysis for the inversion process cis-A ■
ium(n) dimethylphosphinodithioate complexes

Compound
cis-[Ru (S2PMe2) 2(PPh3) 2]
efs-[Ru (S2PMe2)„(PMePh2)2]
cis- [Ru (S2PMe2) 2 (P{OMe}3) J
cis-[Ru (S2PMe2)a(PMe2Ph) J

: cis-A in some ruthen-

Solvent iogl0^298 " Ea" aH*ms ' as*298 « aG*298 '
cdc13 3-53 ± 0 02 49-6 ± 1 47-1 ± 1 -19 ± 3 52-8 ± 0-1
cdci3 2-78 ± 0-02 60-5 ± 2 58-0 ± 2 3 ± 7 57-1 ± 0-2
cdci3 2-23 ± 0-34 67-8 ± 2 65-3 ± 2 17 ± 13 60-3 ± 2
cdci3 1-61 ± 0-12 62-0 ± 1 59-6 ± 1 -15 ± 4 63-8 ± 0-1
c,h5ci 1-01 ± 0-01 69-7 ± 1 67-2 ± 1 0 ± 4 67-2 ± 0-1
c„h6 0-04 ± 0-12 126 ± 4 123-5 ± 4 170 ± 11 72-7 ± 0-1
cdci3 0-41 ± 0-01 73-7 ± 2 71-2 ± 2 2 ± 8 70-6 ± 0-1
ch2ci2 1 -69 ± 0-05 d 47-3 ± 4' 44-8 ±4d — 62 ± 15 d 63-3 ± 0-3 '

1-62 ± 0-03' 42-5 ± 3 « 40-0 ± 3 • - 80 ± 9 • 63-7 ± 0-2 *
c6h5ci -1-90 4- 0-08 « 121-8 ± 2 « 119-3 ± 2 « 119 ± 7 ' 83-8 ± 0-4«

cis-[Ru (S.PMe,) 2 (P{OPh}3) 2]
cis-[Ru(S2PMe2)2(PPh3) (P{OPh}3)]

cis- [Ru (S2PMe2) 2 (PPh3) CO] f
" Units of k, s 6 Units, kj mol"1. c Units, JK"1 mol"1. d Obtained from analysis of exchange of inner doublets g and f. ' Ob¬

tained from analysis of exchange of outer doublets e and h. 1 For cis-[Ru(S2PMe2)2(CO)2], no scrambling of methyl groups at 330 K.
» Obtained from analysis of exchange of inner and outer doublets.

that the rate and the associated activation parameters
are dependent on the solvent media in which the measure¬
ments are made. For cfs-[Ru(S2PMe2)2(PMe2Ph)2],
measurements in C6H6, C6H5C1, and CDC13 respectively
(Figure 2) show an increasing inversion rate accompanied
by a substantial decrease in AH* and AS* values, par¬
ticularly on changing from C6H6 to C6H5C1 (or CDC13).
In addition, measuring the inversion rate (by line-shape
analysis) at 301 K for CS2-CDC13 solutions of cis- [Ru-
(S2PMe2)2(PMe2Ph)2], in which the CDC13 component is
increased from 0 to ca. 40% reveals a first order dependence

Figure 1 Arrhenius plots (log10ft vs. 1/T) for various cis-
[Ru(S2PMe2)2LJ compounds in CDC13: □, L = PPh3; B
L = PMePh2; A, L = P(OMe)3; O, L = PMe2Ph; O
P(OPh)3

L =

of activation for this averaging process are estimated to
be 57-4 and 58-6 kj mol"1 respectively.5 Comparison with

Figure 2 Arrhenius plots (log10A vs. 1/T) for cis-[Ru(S2PMe2)a-
(PMe2Ph)2] in various solvents: O. in CDC13; A. in C6H5C1;
□ , in C6H6

on CDCl3concentration (Figure 3). In a given solvent
(CDC13), the inversion rate is also dependent on the group L,
the relative order being PPh3 > PMePh2 > P(OMe)3 >
PMe2Ph > P(OPh)3 CO. It is also of interest that the
rate of oxidation of cfs-[Ru(S2PMe2)2L2] as a function of L
and solvent composition (see Part V) parallels these in¬
version rates in a semi-quantitative manner.

Finally, for the compounds cw-[Ru(S2PR2)2(PMe2Ph)2]
(R = Me, Ph) the two pseudo-triplets arising from the
PMe2Ph methyl groups at low temperature in CDC13 are
separated by 13 and 8 Hz, and these coalesce at ca. 278
and 273 K respectively. From this data, the free energies

[CDCljl /mol U
Figure 3 Rate of inversion of cfs-[Ru(S2PMe»)2(PMe2Ph)2]

(0-015 g ml"1) in CS2-CDC13 solution at 301 K as a function of
C.DC13 concentration

5 For method see J. A. Pople, W. G. Schneider, and H. J.
Bernstein, ' High Resolution Nuclear Magnetic Resonance,'
McGraw-Hill, New York, 1959, p. 223.
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AG* obtained from the ~S2PMe2 signals of czs-[Ru(S2PMe2)2-
(PMejPhJJ by line shape analysis at 273 K (63-4 kj mot1)
indicates that these PMe2Ph methyl protons are not
averaged by the inversion process, since the observed
AG* is lower than that of the inversion process. Therefore,
the only reasonable explanation for these n.m.r. changes
is to postulate rapid rotation at higher temperatures
about the ruthenium-phosphorus bonds.

(ii) NN-Dimethyld.ithiocarbama.to-complexes.—For cis-
[Ru(S2CNMe2)2L2] [L = PMe2Ph, PPh3, P(OPh)3], the
low temperature XH n.m.r. spectra consists of two ~S2CNMe2
methyl singlets which coalesce at higher temperatures

signals are independent of each other and the best explana¬
tion of this that we can offer is that these n.m.r. changes
are produced by fast rotation about the ~CN bonds of the
_S2CNMe2 groups syn to the PPh3 and P(OPh)3 groups
respectively and not by a facile inversion process. In
support of this conclusion, the two sets of activation para¬
meters found for the PPh3-P(OPh)3 complex are reasonably
similar to those found for the bis-PPh3 and bis-P(OPh)3
compounds respectively. The large difference in AS*
values for the -CN bond rotation process is tentatively
attributed to substantial differences in the degree of
solvation of the PPh3 and P(OPh)3 complexes, which might

Table 2

Rates and activation parameters obtained by line shape analysis for the interchange of methyl groups in some ruthenium(n)
AW-dimethyldithiocarbamato-complexes

Compound Solvent
ct's-[Ru(S2CNMe2)2(PMe2Ph)2] CDC13
czs-[Ru (S2CNMe2) 2(PPh3) J CDC13
cis-[Ru (S2CNMe2) 2 (P{OPh}3) J CDC13
cis-[Ru(S2CNMe2)2(PPh3) (P{OPh}3)] CDC13

lOgl0^298 "
0-71 ± 0-01
0-22 ± 0-02
0 01 ± 0 02
0-23 ± 0 01 *
0-15 ± 0-05 •

F 4

94-0 ± 2
105-7 ± 2

79-2 ± 3
109-9 ± 2 '

57-8 ± 3 *

AH*298 4
91-5 ± 2

103-2 ± 2
76-7 ± 3

107-4 ± 2 '
55-3 ± 3 •

AS*298 c
75 ± 7

105 ± 6
12 ± 9

120 ± 5 J
-60 ± 11 •

AG*298 4
69-0 ± 0-02
71-7 ± 0-2
73-0 ± 0-07
71-7 ± 0-07 '
73-2 ± 0-7 '

mol" d Obtained from exchange of high field pair of singlets. « Obtained■ Units of k, s"1. 4 Units, kj mol"1. 4 Units, J K":
from exchange of low field pair of singlets.

Table 3

Assignment of methyl group stereochemistries for czs-A-[Ru(S2PMe2)2LL'] after twisting and bond rupture operations
Methyl group stereochemistries 4

syn (to L) anti (to L) syn (to L') anti (to L')
For cis-A isomer " e i h
Established experimentally ' for e ^ *"■ h f ^ g h ^ w e

cis-A cis-A Methyl group stereochemistries of product

Operation d Product syn (to L) anti (to L) syn (to L') anti (to L')
(on cis-A)

(a) i-Cs(l)+ frans-isomer e,h g.f g.f e,h
GC.(l)- cis-A e g f h

(b) t-C,(2)+ *

»-C,(2)- cis-A f h g e

(c) i-C,{3)+ *

»-C8(3)- cis-A h f e g
(d) z-C3(4)+ cis-A f h e g

i-C3(4)- *

Bond rupture cis-A h f g e

mechanism
(Figure 6)

" A and A Isomers defined on basis of rules suggested by I.U.P.A.C. commission (see Inorg. Chem., 1970, 9, 1). 4 See Figure 4 for
assignment of e, g, f, andh groups in cis-A isomer. ' By variable temperature 'H n.m.r. studies for cts-[Ru(S2PMe2)2(PPh3)({POPh}3)]
see Part V. * See Figures 4 and 5. * These twist operations are sterically impossible since they produce a configuration in which
a _S2PMe2 group would have to span haMs-positions.

(see Table 5, Part V). The rates and activation parameters
at 298 K for this process are given in Table 2. The room
temperature 1H n.m.r. spectrum of cis-[Ru(S2CNMe2)2-
(PPh3)(P{OPh}3)] consists of three methyl singlets of
intensity ratio 1:2:1 indicating accidental superposition
of two of the methyl resonances. At higher temperatures,
the highest field singlet at x 7-37 and one of the super¬
imposed resonances at x 7-13 coalesce to give a signal at
x 7-23 (Tc = 318 K) whilst the lowest field signal at x 6-86
and the remaining resonance at x 7-13 broaden considerably
and move towards each other (see Table 5, Part V). Thus,
the high field pair of singlets and the low field pair of
singlets are undergoing exchange and the rates and activ¬
ation parameters at 298 K for these exchange processes
are given in Table 2. This data clearly shows that although
the rates are fairly similar at 298 K, the activation para¬
meters are very different. This can only mean that the
kinetic processes exchanging these two sets of methyl

arise as a consequence of replacing phenyl with phenoxy
groups.

Finally for cis-[Ru(S2CNMe2)2(PMe2Ph)2], the estimated
free energy of activation 6 for averaging the two pseudo-
triplets of the PMe2Ph methyl groups is 54-0 kj mol"1
(at Tc = 253 K) which is again attributed to rapid rotation
at higher temperatures about the ruthenium-phosphorus
bonds.

DISCUSSION

Possible Mechanisms of the Inversion Process in Di-
methylphosphinodithioato-complexes.—The possible mech¬
anisms for the inversion process in these complexes
will now be considered, starting with intramolecular
twisting mechanisms.

(i) Bailar {or trigonal) twists.6 In this mechanism,
• J. C. Bailar, jun., J. Inorg. Nuclear Chem., 1958, 8, 165.
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the three atoms comprising one face of these octa¬
hedral complexes are rotated through 120° about the
imaginary three-fold axis (i-C3) whilst keeping the
opposite face fixed. In the complexes m-[Ru(S2-
PMe2)2LL'], there are four such axes as illustrated in
Figure 4 and diagrams of the complex as viewed along
these axes are given in Figure 5. The positions of the
methyl groups e, f, g, and h shown in these Figures are

,-f3W)

Figure 4 Labelling of the four imaginary three-fold axes (i-C3)
for the eis-A-[Ru(S2PMe2)2LL'] complex: i-C3(1), axis through
plane of atoms S,,L,S3; i-C3{2), axis through plane of atoms
L'.L.Sj; i-Ca(3), axis through plane of atoms S4,L,L'; i-C3(4),
axis through plane of atoms S2, L,S,

consistent with the detailed assignments made in Part V
for L = PPh3, L' = P(OPh)3 and the starting con¬
figuration arbitrarily chosen is designated cis- A on the
basis of rules suggested by the recent I.U.P.A.C.
commission.7

The problem is now to consider the effect of a trigonal
twist around each axis in turn (clockwise and anti¬
clockwise) in order to determine if such a process gives
the optical isomer and also interchanges only the
chemical environments of the methyl groups e,h and g,f
respectively. Examination of Figure 5a and Table 3
shows that rotation about the t-C3(l) axis in a
clockwise direction gives the trans isomer whereas
an anticlockwise twist gives the cis-A isomer. However,
the ~S2PMe2 methyl groups will finish in the same
chemical environment as they started and hence this
twisting motion predicts inversion without any scramb¬
ling of methyl resonances. Rotation about i-C3(2)
or i-C3(3) in a clockwise direction is impossible
because it leads to a configuration in which a ~S2PMe2
group would have to span trans positions. Anticlockwise
rotation about these axes gives the optical isomer to¬
gether with scrambling of all methyl groups. Hence,
if this were the inversion mechanism, a single methyl
resonance should be observed at elevated temperatures
and careful experiments with cts-[Ru(S2PMe2)2(PPh3)-
(P{OPh}3)] and «s-[Ru(S2PMe2)2(PPh3)CO] (see Part V)
show that this is not the case. Finally, rotation about

7 For details see Inorg. Chern., 1970, 9, 1.

cis-A'

c}

cis-A

d)

/-f3(ir

i-CJ2)* Sterically impossible
—2-+* since Sj would be

trans to S0

i-CA21"N^3

J-C-d31"

Sterically impossible
since S3 would be
trans to S,

cis -A

i-CJ/A*

CIS cis-A

Sterically impossible
since S1 would be trans
to S2 and would be
trans to

Figure 6 Bailar (trigonal) twists for a cjs-A-[Ru(S2PMe2)2LL']
compound about the four i-C3 axes in clockwise ( + ) and anti¬
clockwise ( —) directions. For ease of interpretation, the
direction of the P—Me bonds are drawn as the same as those of
the Ru—L (or I/) bonds to which they are syn or anti
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i-C3(4) is sterically impossible in an anticlockwise
direction but in a clockwise direction gives the cis-A
isomer and only partial scrambling of methyl groups.
Thus, groups e,f and g,h respectively are interchanged
(Figure 5d and Table 3). However, examination of
Figure 4 shows that for L = L', groups e and f and
groups g and h are chemically equivalent and, therefore,
if this were the inversion mechanism, the HI n.m.r.

spectra of the compounds cxs-[Ru(S2PMe2)2L2] should
be temperature invariant. This is not the case and
therefore a mechanism involving a trigonal twist about
this axis is also rejected.

(ii) Ray-Dutt (or rhombic) twist.6 For cxs-[Ru(S2-
PMe2)2L2], this inversion mechanism may be visualised
as follows. The two L groups remain fixed while the
two chelate rings rotate in their planes in different
directions through an angle of 90° about axes which are
perpendicular to their respective planes and pass through
the ruthenium ion. For cxs-[Ru(S2PMe2)2L2] this does
not produce any scrambling of the methyl resonances
and so this twisting mechanism can also be discarded.

Final rejection of a trigonal or rhombic twist mech¬
anism comprising rotation about one or several of these
axes is based on a consideration of steric effects on the

expected trigonal prismatic transition state. If a
twisting mechanism is important, the activation energy
for the process should be dependent on the size of L,
being higher the bulkier the ligand.9 However, the
results given in Table 1 reveal no apparent correlation
with the size of L e.g. the bis-PPh3 complex has a
smaller activation energy than the bis-PMe2Ph complex
which is smaller than the bis-P(OPh)3 compound.
The large dependence of rate and associated activation
parameters on solvent composition is also not com¬
patible with a twist mechanism.

Therefore, it is necessary next to consider inversion
mechanisms arising from initial cleavage of a ruthenium-
ligand bond.

(iii) Cleavage of a ruthenium-phosphorus bond. Since
the activation energies for the optical isomerism of the
compounds cis-[Ru(S2PMe2)2L2] depend on the ligand L,
it seems reasonable, at first sight, to postulate that the
inversion mechanism might involve dissociation of a
phosphorus ligand to give a square pyramidal or trigonal
bipyramidal intermediate followed by recombination
as the optical isomer. However, if this were the
mechanism, then a XH n.m.r. spectrum of a mixture
of two complexes containing different L groups should
show scrambling of all the methyl resonances of the
~S2PMe2 groups. This is not the case for a mixture
of czs-[Ru(S2PMe2)2(PPh3)2] and «'s-[Ru(S2PMe2)2-
(PMe2Ph)2] in CDC13 which shows only the unchanged

* The trans influence of a ligand is defined as the extent to
which that ligand weakens the bond trans to itself in the equili¬
brium state of a substrate.11

f This does not necessarily mean that step (1) is rate-deter¬
mining since for consecutive reactions of the type shown in
Figure 6, (assuming steady state conditions), it can be shown
that the overall rate expression involves a first order dependence
on CDC13 concentration irrespective of the size of the relative rate
constants of sub-steps (1) and (2).19
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JH n.m.r. spectral patterns of the two components.
Furthermore, the 1H n.m.r. spectrum of a mixture
of cxs-[Ru(S2PMe2)2(PMe2Ph)2] and free PMe2Ph in
CDC13 at ca. 330 K indicates no exchange of free and
bound phosphine. Thus, cleavage of a ruthenium-
phosphorus bond may be eliminated as a possible first
step in the inversion process.

(iv) Complete dissociation of a dithioacid group. If
this was an important process, then a mixture of the
two compounds cxs-[Ru(S2PR2)2L2] and cis-[Ru(S2-
PR2')2L2] should give some of the mixed species cis-
[Ru(S2PR2)(S2PR2')L2] under exchange conditions.
This does not occur and therefore, the racemisation
mechanism cannot involve complete dissociation of a
dithioacid ligand.

(v) Cleavage of a ruthenium-sulphur bond. In the
symmetrical complexes «'s-[Ru(S2PR2)2L2], there are
two types of ruthenium-sulphur bond; those which are
trans to another sulphur atom and those trans to a
phosphorus ligand. If optical isomerism occurred via
cleavage of a ruthenium-sulphur bond trans to another
sulphur atom, then the activation energy for the re¬
action would be relatively insensitive to changes in L.
Thus, if this mechanism is correct, it must involve
cleavage of a ruthenium-sulphur bond which is trans
to a phosphorus ligand. This statement can be rational¬
ised on the basis that the larger trans influence * of the
phosphorus ligands, compared to the ~S2PR2 groups,
should preferentially weaken the ruthenium-sulphur
bonds trans to them. This suggestion is supported
by the bond lengths found in «'s-[Ru(S2PEt2)2(PMe2-
Ph)2] where the Ru-S bonds trans to the PMe2Ph
groups are ca. 0-2 A longer than those trans to another
sulphur atom.10

A possible mechanism of inversion of the compounds
«'s-[Ru(S2PMe2)2LL'] which involves two ruthenium-
sulphur bond cleavage sub-steps is outlined in Figure 6.
It now remains to examine this mechanism to see if it is
consistent with the experimental results presented
earlier.

First, it is important to note that this overall mechan¬
ism not only leads to optical isomerism but also inter¬
changes the chemical environments of methyl groups
e,h and f,g respectively. Also, the mechanism as
written is symmetrical (since cis-A ^ is cis-A) and it
obeys the Principle of Microscopic Reversibility.
Furthermore, the solvent-assisted bond rupture step
(1) is consistent with the observed first order depend¬
ence on CDC13 concentration in CS2-CDC13 solutions.!
On changing to a less solvating medium such as benzene,
step (1) should be slower and the overall inversion rate
should decrease as is observed experimentally (Table
1). Although there is no obvious correlation of rate

8 P. Ray and N. K. Dutt, J. Indian Chem. Soc., 1943, 20, 81.
9 E. L. Muetterties, J. Amer. Chem. Soc., 1968, 90. 5097.

10 J. D. Owen and (in part) D. J. Cole-Hamilton, Part VII to be
published.

11 See A. Pidcock, R. E. Richards, and L. M. Venanzi, J. Chem.
Soc. (A), 1966, 1707.

11 For method see A. A. Frost and R. G. Pearson, ' Kinetics
and Mechanism,' 2nd edn., Wiley, 1961, ch. 8.



1974 759

with the size of L, there is a good correlation between
rate and the trans influence of L as established in¬

dependently by 1H n.m.r. and i.r. studies 13 viz. PPh3 >
PMePh2 > PMe2Ph > P(OMe)3 ~ P(OPh)3 > CO.
This provides a reasonable explanation of the observed
rate dependence if either sub-step (1) and/or sub-step
(2) are contributing to the overall rate. The anomalous
position of P(OMe)3 compared with trans influence
predictions could perhaps be explained by its small
steric size having different effects in sub-steps (1) and
(2) which we tentatively suggest below are associative
and dissociative processes respectively.

M6e\ .A-.. ' .

cis- A

♦ Y
*S,

■P-Me,
Me,

(1) Me, N 'V, ,L
.P' ~'Ru" ,Mef

Megx | S—p-^u 2 Y 4 >^Me,

12)

Me0

L Mee'
L-- I ,.-Sx .Meh _

"P-.
"S. . L

Meg ~-Ru\

L.

Me, S S
3\iV

A

Me,
(3)

+ Y

,-S. Me.
. JRU-' h

I ^sf MefVS2 3
Me-

Mee
cis -A

Figure 6 Proposed solvent-assisted bond rupture mechanism
for the optical isomerisation reaction cis-A-[Ru(S2PMe2)2LL']

eis-A-[Ru(S2PMe2)2LL'] (Y = CDC13 or C?H6C1). [For
clearer presentation, after step (2), the molecule is rotated by
90° in an anticlockwise direction about the L—Ru-Y axis]

Therefore, the overall mechanism depicted in Figure 6
is able to account for many of the experimental
observations. However, there still remains the question
of the relative importance of sub-steps (1) and (2) in
the inversion rates of these bis-L2, -LL', and -LCO
complexes [it can be assumed that sub-step (3) is always
rapid] and the nature of the activation parameters
for these sub-steps. An explanation for the large
change in activation parameters, which occurs on chang¬
ing from CDC13 (or C6H5C1) to C6H6 is also required.
Although with the information at present available,
it is impossible to provide completely satisfactory
(or unambiguous) answers, we nevertheless feel that some
speculation on these matters is justified in this instance.

From Table 1, the activation parameters for cis-
[Ru(S2PMe2)2(PPh3)CO] in C6H5C1 are AH*, 119-3
kj mol"1; AS*, 119 JKP1 mop1. In terms of the pro-

13 M. J. Church and M. J. Mays, J. Chem. Soc. (A), 1968, 3074;
H. C. Clark and J. D. Ruddick, Inorg. Chem., 1970, 9, 1226.

posed mechanism, step (1) must involve cleavage of
the Ru~S bond trans to PPh3 (highest trans influence
ligand) and step (2), that of the Ru-S bond trans to
CO. Furthermore, it is reasonable to expect the rate
of step (1) to be comparable to that in efs-[Ru(S2PMe2)2-
(PPhgJJ. This compound has overall activation para¬
meters of 47-1 kj mop1 (AH*) and —19 JKP1 mol-1
(AS*) in CDC13. However, since the overall rate con¬
stant is considerably higher for the bis-PPh3 compound,
compared to the phosphine carbonyl complex, this can
only mean that the observed rate and activation para¬
meters for cfs-[Ru(S2PMe2)2(PPh3)CO] correspond mainly
to the rate and activation parameters of step (2). Thus,
in this instance, step (2) is characterised by large positive
AH* and AS* values. For ligands of higher trans
influence than CO, it is reasonable to infer much lower
AH* values for step (2) but AS* should remain fairly
insensitive to the nature of L (or L'). These inferred
values for AH* and AS* would be consistent with a

dissociative mechanism14 for step (2) in which bond-
breaking of the Ru-S bond trans to L' is the rate-
determining step.

However, because the AS* term for (2) is probably
fairly insensitive to the nature of L, this suggests that
the inversion rates for all the bis-L2 compounds in CDC13
(or C6H5C1) must have an appreciable contribution
from sub-step (1) since they all have activation para¬
meters in the range 47 to 71 kj mol"1 (AH*) and 17 to
— 19 JK"1 mol-1 (AS*). Thus, it seems reasonable
to propose that in solvents such as CDC13 and C6H5C1,
step (1) is Characterised by relatively low AH* values
and negative AS* values. These values are indicative
of an associative process which is to be expected for a
solvent-assisted bond rupture step.

For cis-[Ru(S2PMe2)2(PPh3)(P{OPh}3)], the activation
parameters are found to be AH*, 44-8 kj moP1, AS*,
—62 JK-1 moP1 and again step (1) must involve cleavage
of the Ru-S bond trans to PPh3 and step (2) that of
the Ru-S bond trans to P(OPh)3. In this instance, the
overall rates of inversion for the bis-PPh3 and bis-
P(OPh)3 compounds are more comparable than that
estimated for the bis-CO compound (no exchange even
at 330 K). Therefore, although step (2) is probably
slower than (1), we propose that both steps contribute
to the observed rate.

The overall rate decrease, accompanied by substantial
increases in AH* and AS*, which is observed when
«'s-[Ru(S2PMe2)2(PMe2Ph)2] is examined in C6H6 rather
than CDC13 (or C6H5C1) is explicable on the basis that
in such a poor solvating medium, step (1) not only becomes
considerably slower because it is no longer a solvent-
assisted process but it also becomes dissociative in
nature. However, the similarity of the high tempera¬
ture n.m.r. spectrum of «'s-[Ru(S2PMe2)2(PPh3)-
(P{OPh}3)] in C6H6 and C6H5C1 (two methyl doublets)
is consistent with retention of the same overall inversion
mechanism.

11 A. Y. Girgis and R. C. Fay, /. Amer. Chem. Soc., 1970, 92,
7061.
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Finally, the apparent inability of the corresponding
«'s-[Ru(S2CNMe2)2L2] compounds to undergo inversion,
even at elevated temperatures, is consistent with the
stronger nucleophilicity of ~S2CNR2 compared to
~S2PR215 which will lead to prohibitively high activ¬
ation energies for sub-steps (1) and (2).

EXPERIMENTAL

All the compounds used in the line shape studies were
prepared as described earlier.1

Kinetic Line Shape Analysis.—1H N.m.r. spectra were
measured on a Varian Associates HA 100 Spectrometer
with variable temperature attachment. Accurate tem¬
peratures were determined using the separation of the two
resonances of methanol (low temperature) and ethylene
glycol (high temperature). Spectra were simulated using
a computer programme based on that of Nakagawa.16
The exchange process was considered for the purpose of
computation as consisting of n two site exchanges where n
is the multiplicity of the resonance being monitored.
The single line simulated spectra were then superimposed
with suitable weighting for intensities and the results plotted
out on the line printer. Thus, in this work, a doublet is
considered as two two-site exchanges of intensity ratio
1:1. The experimental spectra were fitted to the com¬

puted spectra either by finding the best fit between the
ratio of maximum to minimum heights in the doublets
(above and below coalescence) or the width of the signal
at half height (around coalescence). Spin-spin relaxation
times (Tj) were obtained for each compound by measure¬
ment of peak width at half height under slow exchange
conditions. The same value of T2 was used for all line-shape
calculations on a given compound because, for L =
PMe2Ph and P(OMe)3, the widths at half height in the slow
and fast exchange limits differed by less than 0-25 Hz.

Lifetimes obtained by these fitting procedures were then
used to construct Arrhenius plots (log10£ vs.l/T) in which
straight lines were fitted by the least squares method.
Activation parameters at 298 K, calculated from standard
equations are shown in Tables 1 and 2 together with assessed
error limits.

We thank Johnson-Matthey Ltd., for loans of ruthenium
trichloride, the University of Edinburgh for an award (to
D. J. C.-H.), Mr. J. Miller for obtaining the variable tem¬
perature n.m.r. spectra, and the Atlas Computer La¬
boratory for a copy of their Shape Function programme.

[3/1496 Received. 16th July. 1973]
15 See D. F. Steele and T. A. Stephenson, J.C.S. Dalton, 1973,

2124 and references therein.
16 T. Nakagawa, Bull. Chem. Soc. Japan, 1966, 39, 1006.
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Metal Complexes of Sulphur Ligands. Part VII.1 Reaction of mer-Tri-
chlorotris(dimethylphenylphosphine)rhodium(m) with /WV-Dimethyldi-
thiocarbamate. Dimethyl- and Diphenyl-phosphinodithioate, and O-Ethyl
Dithiocarbonate (Xanthate) Ligands
By David J. Cole-Hamilton and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh,

Edinburgh EH9 3JJ

Reactions of the complex mer- [RhCI3(PMe2Ph)3], (I), with excess of (S-S)- ion [(S-S)~ = -S2CNMe2, -S2PMe2,
_S2PPh2, ~S2COEt] have been thoroughly studied. On shaking in methanol for 10 min, the complexes mer-
[RhCI2(S-S)(PMe2Ph)3], (IV), are formed which contain a unidentate dithio-acid group. Recrystallisation of
complexes (IV) from non-polar solvents gives f/a/7s-[RhCI2(S-S)(PMe2Ph)2], (II). For (S-S)" = "S2PMe2 or
-S2PPh2, further recrystallisation gives small amounts of the c/s-c/s-c/s-isomers (VII). Conversely, for (S—S)_ =
-S2CNMe2 or -S2COEt, reaction of complexes (IV) with NaBPh4 in methanol gives some /7?er-[RhCI(S-S)-
(PMe2Ph)s]BPh4, (V), as well as (II). However, reaction of complex (I) with excess of (S—S)" heated under
reflux in ethanol for 60 min, followed by addition of Y (Y = BPh4" or PF8~) to the filtrate, gives high yields of cis-
[Rh(S-S)2(PMe2Ph)2]Y [III; (S-S)~ = "S2CNMe2, "S2PMe2, or _S2PPh2]. Reaction of the complex mer-
[RhCI3(PMePh2)3] with NaS2CNMe2,2H20 in ethanol gives both cis- and rra/7s-[Rh(S2CNMe2)2(PMePh2)2]Y
[(III) and (VI) respectively]. In contrast, reaction of complex (I) with KS2C0Et gives /77er-[RhCI(S2CO)-
(PMe2Ph)3] (X). K[RhCI2(S2CO)(PMe2Ph)2] (XI), and trans- and c/s-[Rh(S2CO)(S2COEt)(PMe2Ph)2] [(XII)
and (XIII) respectively], which can be separated by chromatography. The complexes have been characterised
by elemental analyses and i.r. and n.m.r. spectroscopy (1H and S1P). and a detailed mechanism for the overall
reaction is postulated.

Previous papers in this series have been concerned with
an examination of dithio-acid complexes of palladium,2"5
platinum,3"5 and ruthenium 1>6>7 and, in particular, those
complexes with ligands containing Group Vb donor
atoms (L) have been thoroughly studied. All these
metals are characterised by the possession of a stable
bivalent oxidation state and, in addition, form complexes
which are fairly labile. Thus, with palladium and
platinum, complexes of the type [M(S~S)2L] and
[M(S-S)L2](S-S) are formed, which exhibit (to date)
seven different types of intra- and inter-molecular re¬
arrangement reactions which can be monitored by
various spectroscopic techniques. Complexes formed
with ruthenium of type ct's-[Ru(S-S)2L2] also exhibit
rearrangement reactions, which have been interpreted
as arising from facile interconversion of optical enan-
tiomers via ruthenium-sulphur bond rupture [for
(S-S)" = "S^MeJ and rotation about the C=N bond
at elevated temperatures for (S-S)~ = "S2CNMe2.

In view of these results it was decided to extend our

studies to rhodium, where complexes of the bivalent
oxidation state are comparatively rare 8 and where, in
general, complexes are less labile than those formed

1 Part VI, D. J. Cole-Hamilton and T. A. Stephenson, J.C.S.
Dalton, 1974, 754.

8 T. A. Stephenson and B. D. Faithful, J. Chem. Soc. (A),
1970, 1504.

' J. M. C. Alison, T. A. Stephenson, andR. O. Gould, J. Chem.
Soc. (A), 1971, 3690.

1 J. M. C. Alison and T. A. Stephenson, J.C.S. Dalton, 1973,
254.

5 D. F. Steele and T. A. Stephenson, J.C.S. Dalton, 1973, 2124.
* D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,

1974, 739.
7 J. D. Owen and D. J. Cole-Hamilton, J.C.S. Dalton, in the

press.
8 See W. P. Griffith, ' The Chemistry of the Rarer Platinum

Metals,' Interscience, London, 1967.
• See, for example, L. H. Pignolet, D. J. Duffy, and L. Que,

jun., J. Amer. Chem. Soc., 1973, 95, 295; M. C. Palazzotto, D. J.
Duffy, B. L. Edgar, L. Oue, jun., and L. H. Pignolet, ibid.,
p. 4537.

with ruthenium.8,9 The results of this detailed in¬

vestigation are presented below.

results and discussion

Because of our previous success in generating dithio-
complexes by replacement of chloro-groups in various
ruthenium-(ii) and -(hi) tertiary phosphine and phos¬
phite complexes by reactions with various alkali-metal
dithio-acid salts,6 we decided to use the same
methods in this work. This method has already been
employed with some success for the synthesis of other
complexes of rhodium containing dithio-acid ligands, viz.:
[Rh(S2PR2)3] (R = Ph,10 Et,11 or F 12); [Rh(S2CNR2y
(R = Me,13"15 Et,13-14 or Bu"13); [Rh(S2CR)a] (R = Ph
or PhCH2);16 NH4rRh(S2CPh)2Cl2];16 [Rh{S2P-
(OEt)2}j];17 [Rh(S2CNR2)3PPh3] (R = Me 15 or
Et18); [Rh(S2CNMe2) (PPh3)J;15 [Rh(S2CNR2) (CO)J
(R = Me or Et);14 [Rh(S2CNMe2)(CO)PPh3];15
[Rh (S2CNMe2)3 (CO) PPh3];15 {Rh(S2PPh2)PPh3}2;19
[Rh(S2PPh2)3PPh3];18 [Rh{S2P(OEt)2}3(PPh3)3];18
[Rh(S2CNEt2)2(PPh3)2]BF4;18 and [Rh(S2PF2)(CO)2]2.20
The alternative method of preparing these complexes,
namely by direct reaction of free ligand with complexes

10 A. Muller, V. V. Krishna Rao, and G. Kinsiek, Chem. Ber.,
1971, 104, 1892.

11 W. Kuchen and H. Hertel, Angew Chem. Internat. Edn.,
1969 8 89

18 F. N. Tebbe and E. L. Muetterties, Inorg. Chem., 1970, 9,
629.

13 L. Malatesta, Gazzetta, 1938, 68, 195.
14 F. A. Cotton and J. A. McCleverty, Inorg. Chem., 1964, 10,

1398.
15 C. O'Connor, J. D. Gilbert, and G. Wilkinson, J. Chem. Soc.

{A), 1969, 84.
18 C. Furlani and M. L. Luciani, Inorg. Chem., 1968, 7, 1586.
17 C. K. Jorgensen, J. Inorg. Nuclear Chem., 1962, 24, 1571.
18 R. W. Mitchell, J. D. Ruddick, and G. Wilkinson, J. Chem.

Soc. (A), 1971, 3224.
18 D. Commereuc, I. Douek, and G. Wilkinson, J. Chem. Soc.

(A), 1970, 1771.
20 F. A. Hartman and M. Lustig, Inorg. Chem., 1968, 7, 2669.
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Complex
b-a»s-[RhCla(SaCNMea) (PMe,Ph) J
cis- [Rh (S,CNMe,), (PMe,Ph) JBPh4
cis- [Rh(SaCNMea),(PMe.Ph),] PFS
»»er-[RhCla(S2CNMe2) (PMe.Ph),]

mer-[RhCl(S2CNMea)(PMe2Ph)3]BPh4
frams-[Rh(S2CNMea)2(PMePh,) 2]BPh4
trans-[Rh (SaCNMea) 2 (PMePha) JPF,
[Rh(S2CNMea)a(PMePh2)2]BPh4»

cts-[Rh(S2PPh2)2(PMe2Ph)2]BPh4
cis-[Rh(SaPPha) a(PMeaPh) 2]PF,
cis-cis-cis- [RhCl2(S2PPh2) (PMe2Ph) J
ets-[Rh(S2PMe2)a(PMeaPh) 2]BPh4
*ncr-[RhCl2(S2PMea) (PMe2Ph)3]

/ca«s-[RhCl2(S2PMe2) (PMe2Ph) 2]

cis-c»s-cis-[RhCl2(S2PMe2) (PMe2Ph) J
trans- [RhCl2(S2PPh2) (PMe2Ph) 2]

mer-[RhCl(SaCO) (PMe2Ph) J

K[RhCl2(S2CO)(PMe2Ph)2]

frans-[Rh(SaCO) (S2COEt) (PMejPh)^

cts-[Rh(SaCO) (S2COEt) (PMe2Ph)a]

h-a«s-[RhCla(SaCOEt) (PMe2Ph)J
mer- [RhCla(S2COEt) (PMe2Ph)3]

Table 1

Analytical data for some rhodium complexes
Found (%)

(II)
(III)
(III)
(IV)

(V)
(VI)
(VI)
(III),
(VI)
(III)
(III)
(VII)
(III)
(IV)

(VII)
(II)

(X)

(XI)

(XII)

(XIII)

(II)
(IV)

Colour

Orange
Yellow
Yellow
Orange

Yellow
Yellow
Yellow
Yellow

Yellow
Orange
Orange
Yellow
Orange

(II) Orange

Orange
Orange

Orange

Yellow

Yellow

Yellow

Orange
Orange

(V) Orange

M.p.
W°c)

207—208
178—180
204—206
189—195

(decomp.)
176—178
192—195

>230

110—112
128—130
208—210

72—73
140—142

(decomp.)
235—237
(decomp.)
184—186
228—229

(decomp.)
150—155

(decomp.)
195

(decomp.)
150—153

(decomp.)
172—173

(decomp.)
155—157
120—123

(decomp.)
89—91mer-[RhCl(S2COEt)(PMeaPh)3]BPh4

■ In IT1 cm' mol"1; measured in MeNOa at 298 K; conc. (10~*m)
evidence).

C
39-9
58-7
34-6
45-4

61-4
62-4
43-3
621

63-8
47-3
480
67-2
43-9

H
4-9
5-7
4-5
5-5

5-9
5-6
4-3
5-6

5-2
4-2
4-5
5-9
5-8

N
2-6
2-8
3-7
1-7

1-3
2-7
31
2-4

37-8 4-9

37-8 4-9
48-1 4-8

45-9 5-2

34-9 3-8

40-5 4-6

40-6 4-7

401 4-8
45-4 5-5

CI
12-5

3-8

C
400
58-9
34-6
45-8

61-7
63-3
43-2
63-3

64-2
47-0
48-1
55-7
43-8

12-2
10-3

59-6 5-8

in parentheses. * Mixture

Calc. (%)
H
4-9
5-8
4-6
5-5

60
5-5
4-3
5-5

5-2
4-1
4-6
5-7
5-5

37-6
481

46-5

351

40-5

40-5

39-9
45-6

61-7

of cis-

N
2-5
30
3-7
20

1-4
2-6
3-2
2-6

12-5 37-6 4-9

CI
12-5

A •

64-8 (3-5)
77-4 (10-5)

3-6 50-0 (10-2)
53-2 (5-4)
68-1 (8-7)

74-0 (2-0)
74-0 (10-6)

49-2 (9-2)

12-4

64-0 (5-2)

4-9
4-6

51

3-8

4-6

4-6

4-7
5-4

5-8

and icaws-isomers (*H n.m.r.

12-5
100

Table 2

I.r. spectra (cm"1) of various rhodium dithio-acid complexes (shoulders in italics)
Complex

>»er-[RhCl3(PMe2Ph)3]
mer-[RhCl2(S2CNMe2)(PMe2Ph)J
mrr-[RhCl2(S2PMe2) (PMe2Ph)3]
mer-[RhCl2(S2COEt) (PMe2Ph)3]
fra»s-[RhCla(SaCNMea) (PMe2Ph)1]
fra»s-[RhCl2(S2PPh2) (PMe2Ph) J
eis-cjs-cis-[RhCl2(SaPPh2) (PMe2Ph) 2]
trans- [RhCl2(S2PMe2) (PMe2Ph)J
ct's-cis-cis-[RhCl2(S2PMea) (PMe2Ph) 2]
trans- [RhCl2 (S2COEt) (PMe2Ph) 2]
mer- [RhCl (S2CNMe2) (PMe2Ph) 3] BPh4
mer- [RhCl(S2COEt) (PMe2Ph) 3] BPh4
f»er-[RhCl(SaCO) (PMe2Ph)3]
K[RhCl2(S2CO)(PMe2Ph)2]
ira»s-[Rh(SaCO) (S2COEt) (PMe2Ph) 2]
cis-[Rh(SaCO) (S2COEt) (PMe2Ph)2]
cis- [Rh (SaCNMea) 2 (PMeaPh) JBPh4
cis- [Rh (SaCNMea) a(PMeaPh) JPF6
cis- [Rh (S2PPh2) a (PMeaPh) JBPh4
cis-[Rh(S2PPha)2(PMe2Ph)2]PF,
c2s-[Rh(S2PMe2)2(PMe2Ph)2]BPh4

v(RhCl) Dithio-acid ligand
(I) 339, 313, 273

(IV) 339, 319 1 432 •

(IV) 342, 309 601 "
(IV) 342,312 1 200 •

(II) 332, 320 1 520br«
(II) 340, 330 645, 580 d

(VII) 339, 312 630, 576 '
(II) 330, 321 589 «

(VII) 330, 318 580 •

(II) 338, 325 1 240 •

(V) 320 1 549br'
(V) 342 1 258br•
(X) 312 1 680br/ 1 600 /

(XI) 320 1 640/ 1 610/
(XII) 1 670br/ 1 592/

(XIII) 1 680br/ 1 598/
(III) 1 540br■
(III) 1 540br«

(III) 572 «■»
(III) 572 *•'
(III) 577 «

" v(CN) (~SaCNMea) (refs. 15 and 26). 4 Band for unidentate SaPMea (refs. 5 and 6). ' v(C—O)
Progr. Inorg. Chem., 1970, 11, 305 and refs. therein. d Bands for bidentate ~S2PPh2 (refs. 3 and 6).
(refs. 6 and 6). / v(C=0) (2-SaCO); J. P. Fackler, jun., and W. C. Seidel, Inorg. Chem., 1969,8, 1631. » Higher-energy band positions
masked by BPh4~ or PF„- vibrations.

(_SaCOEt); D. Coucouvanis,
• Band for bidentate ~SaPMea



1820 J.C.S. Dalton
already containing the dithio-acid ligands, has also been
used, but less frequently, e.g. in the preparation of
[Rh(S2PF2)(CO)L] (L = PPh3, AsPh3, or SbPh3) from
{Rh (S2PF2) (CO)2}2 and L.20

In this work, reaction of the complex mer-[RhCl3-
(PMe2Ph)3], (I),21 with an excess of alkali-metal or
ammonium dithio-acid salt under reflux for 1 h led to
formation of several different products in every case.
These products were separated by fractional recrystal-
lisation or dry-column chromatography,22 or, in general,

NaS2CNMe2,2H20 was shaken in methanol for 10 min,
the orange methanol-insoluble [RhCl^S^NMe^-
(PMe2Ph)3], (IV), was formed, but on recrystallisation
from dichloromethane-hexane this was converted into

(II). When (IV) was shaken in methanol with a
mixture of NaBPh4 and PMe2Ph for 24 h, (II) was again
formed together with a new complex [RhCl(S2CNMe2)-
(PMe2Ph)3]BPh4, (V). Attempts to prepare the latter
directly from complex (I) by reaction with NaS2-
CNMe2,2H20, NaBPh4, and PMe2Ph proved abortive;

Table 3

1H N.m.r. data for various rhodium complexes (in CDCI3)
t Value "

Complex
wer-[RhCl3(PMe2Ph)3]
m£r-[RhCl2(S2CNMe2) (PMe2Ph)3]
»ie>'-[RhCl2(S2PMe2) (PMe2Ph)3]
mer-[RhCl2(S2COEt)(PMe2Ph) 3]
mcr-[RhCl(S2CNMe2) (PMe2Ph)3]BPh1

«ier-[RhCl(S2CO) (PMe2Ph)3]

*ra«s-[RhCl2(S2CNMe2) (PMe2Ph) J
trans- [RhCl2(S2PMe2) (PMe2Ph) J
fra»s-[RhCl2(S2PPh2) (PMe2Ph) J
frans-[RhCl2(S2COEt) (PMe2Ph)2]
ci5-cts-cti-[RhCl2(S2PMe2) (PMe2Ph) J
K[RhCl2(S2CO)(PMe2Ph)2] /
<ra«s-[Rh(S2CO) (S2COEt) (PMe2Ph) 2]
c«-[Rh(S2CO) (S2COEt) (PMe2Ph)2]

cis-[Rh(SjPMe2)2(PMe2Ph)2]BPh,
eis-[Rh(S2PPh2)2(PMe2Ph) 2]BPh4
cis-[Rh(S2PPh2)2(PMe2Ph)2]PF6
cii-[Rh(S2CNMe2)2(PMe2Ph)2]BPh1

cis- [Rh (S 2CNMe2) 2 (PMe2Ph) 2] PF6

fmws-rRhlS.CNMejl.tPMePh^JBPhj
</aKS-[Rh(S2CNMe2)2(PMePh2)2]PFe
cis-[Rh(S2CNMe2)2(PMePh2)2]BPh4»
cis-[Rh(S2CNMe2)2(PMePh2) 2]PF3'

s = Singlet, d = doublet, t = triplet, and q = quartet.
•±0-01. 4 Since HnPP'Hn1 type spectrum, coupling constant is |/ph + /ph'| in Hz. 4 /PH in Hz.

doublet, t Measured in (CD3)2CO. ' Spectrum obtained from mixture of cis- and 0-a»s-isomers.

r/K Dithio-ligand Methyl groups of phosphine groups
(I) 301 8-04 (t) (8-0)/ 8-70 (d) (11-0) 4 2-3—3-2

(IV) 301 6-83 (s) 8-02 (t) (8-0),4 8-76 (d) (12-0) 4 2-2—3-0
(IV) 301 7-72 (d) (13-0) 4 7-88 (t) (8-0),4 8-74 (d) (11-0) 4 2-2—3-2
(IV) 301 5-47 (q) (7-0),'" 8-66 (t) (7-0) ' 8-18 (t) (8-0),4 8-80 (d) (11-0) 4 2-3—3-2
(V) 301 7-14 (s), 7-45 (s) 8-20 (t) (7-5),4 8-34 (t) (7-5),4 2-0—3-3

8-72 (d) (10-5) 4
(X) 301 7-98 (t) (7-5),4 8-33 (t) (7-5),4 2-2—3-4

i 8-85 (d) (10-0)4
(II) 301 6-54 (s) 8-31 4 (11-0) 4 2-2—2-8
(II) 301 7-98 (d) (13-0) 4 8-32 4 (11-0) 4 2-2—2-8
(II) 301 8-34 4 (11-0) 4 2-2—2-8
(II) 301 5-50 (q) (7-0,) d 8-66 (t) (7-0) 1 8-29 4 (11-0) 4 2-2—2-8

(VII) 301 7-52 (d) (13-0),4 8-26 (d) (13-0) 4 8-104 (11-0),'4 8-29" (11-0) 4 2-4—3-2
(XI) 301 8-22 (t) (8-0) 4 2-0—2-9

(XII) 301 6-30 (q) (7-0),'1 8-90 (t) (7-0) 4 8-16 (t) (7-0) 4 2-4—2-8
(XIII) 301 5-44 (q) (7-0),4 8-57 (t) (7-0) 4 8-24 (d) (9-0),4 8-35 (d) (9-0),4 2-6—3-2

8-48 (d) (9-5),4 8-53 (d) (9-0) 4
(III) 301 7-86 (d) (13-0)," 8-30 (d) (13-0) 4 8-32 4 (8-0),4 8-42 4 (8-0) 4 2-4-3-4
(III) 301 8-38 4 (10-0),4 8-48 4 (10-0) 4 2-0—3-2
(III) 301 8-22 4 (10-0),4 8-28 4 (10-0) 4 2-0—3-2
(III) 301 6-96 (s), 7-00 (s) 8-46 4 (8-0),4 8-56 4 (8-0) 4 2-4—3-3

333 6-93 (s), 6-96 (s) 8-45 4 (10-0),4 8-50 " (10-0) 4
(III) 227 6-63 (s), 6-65 (s) 8-32 4 (9-5),4 8-38 4 (9-5) 4 2-6—3-2

264 6-67 (s), 6-68 (s) 8-34 4 (9-5),4 8-38 4 (10-5) 4
301 6-71 (s) 8-37 4 (9-5) 4

(VI) 301 7-60 (s) 7-92 (t) (6-5) 4 2-4—3-4
(VI) 301 7-33 (s) 7-90 (t) (7-0) 4 2-3—3-2
(III) 301 7-22 (s), 7-40 (s) 8-18 4 (8-0) 4 2-4—3-4
(III) 301 7-00 (s), 7-27 (s) 8-08 4 (8-0) 4 2-3—3-2

d /chs-chs in Hz. 4 Pseudo-

each was synthesised as the sole product by slight
changes in the conditions of reaction. Analytical data
for all these new complexes are given in Table 1 and
spectroscopic properties in Tables 2 and 3.

NN-Dimethyldithiocarbamato-complexes.— Heating
complex (I) under reflux with an excess of NaS2-
CNMe2,2H20 in ethanol for 1 h led to formation of two
products. These were readily separated, since one of
them, [RhCl2(S2CNMe2)(PMe2Ph)2] (II), is insoluble in
cold ethanol whereas the other is very soluble. After
removal of complex (II), the other was precipitated in
high yield as a yellow crystalline complex by addition
of excess of NaBPh4 or NH4PF6. The latter salts are
strongly conducting in CH2C12 and analyse for
[Rh(S2CNMe2)2(PMe2Ph)2]Y (III; Y = BPh4" or PF8~).
Longer reaction times in ethanol led exclusively to
product (III) on addition of Y.

However, when a suspension of complex (I) and

instead, the yellow conducting solid [RhCl2(PMe2Ph)4]-
BPh4 23 formed which, on setting aside in CDC13 for
48 h, reverted to (I) and free PMe2Ph.

Finally, when the complex »i£T-[RhCl3(PMePh2)3] was
used instead of (I) long-term reaction in ethanol heated
under reflux with excess of NaS2CNMe2,2H20, followed
by addition of NaBPh4, gave two ionic complexes, both
of formula [Rh(S2CNMe2)2(PMePh2)2]BPh4, (III) and
(VI), together with very small amounts of [Rh(S2-
CNMe2)3], Similar complexes [Rh(S2CNMe2)2(PMe-
Ph2)2]PF6 were formed on addition of NH4PF6.

Diphenyl- and Dimethyl-phosphinodithioato-complexes.
—When complex (I) was heated under reflux in ethanol
for 60 min with an excess of NH4S2PPh2, addition of
excess of NaBPh4 or NH4PF6 led to precipitation of the

!1 P. R. Brookes and B. L. Shaw, J. Chem. Soc. {A), 1967, 1079.
22 B. Loev and M. M. Goodman, Chem. and Ind., 1967, 2026.
23 L. M. Haines, Inorg. Chem., 1971, 10, 1693.
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expected [Rh(S2PPh2)2(PMe2Ph)2]Y (III; Y = BPh4~
or PF6~). In addition, very small amounts of an
ethanol-insoluble complex analysing for [RhCl2(S2PPh2)-
(PMe2Ph)2], (VII), were obtained. However, when the
reaction was carried out using NaS2PMe2,2H20, the
analogous complexes were not formed; instead, a red
solid of uncertain composition was obtained which

O-Ethyl Dithiocarbonate (Xanthate) and Dithiocarbonate
Complexes.—The reaction of KS2COEt with complex (I)
led to an even wider range of products than those found
with the other dithio-ligands, since there is the added
possibility of attack on a co-ordinated xanthate ligand
by a nucleophile to yield dithiocarbonato-complexes
[equation (l)].4 Thus, when complex (I) was heated

R'3P>^
pt;

R'3P ^S'
R
A~\

"S2COR + RS2COP (1)

exhibited variable analyses (carbon and hydrogen) each
time the reaction was attempted. The XH n.m.r.
spectrum of this material contained only broad peaks,
which were temperature invariant. The broadness of
these signals probably arises from a paramagnetic
impurity since the substance exhibited a weak e.s.r.
signal {cf. the preparation of [RhCl^Ph^J 24}. The
complex [Rh(S2PMe2)2(PMe2Ph)2]BPh4, (III), was, how¬
ever, prepared as a yellow microcrystalline solid either
by excluding oxygen completely from the reaction in
ethanol or by reaction of /«c-[RhCl3(PMe2Ph)3] 21 with
excess of NaS2PMe2,2H20 in acetone, followed by
addition of NaBPh4. The compound is, in fact, stable
both in the solid state and in solution; however, a red
solution is rapidly formed when the complex is dissolved
in ethanol or methanol in the presence of excess of
NaS2PMe2,2H20 and air.

Short-term reactions between complex (I) and
NaS2PMe2,2H20 or NH4S2PPh2 also differed slightly
from one another. The dimethylphosphinodithioato-
ion behaved like the AW-dimethyldithiocarbamato-ion,
giving, after shaking for 10 min in methanol, orange
[RhCl2(S2PMe2)(PMe2Ph)3] (IV), which, on recrystallis-
ation from deuteriochloroform-hexane, gave [RhCl2-
(S2PMe2) (PMe2Ph)2], (II). Recrystallisation of the latter
from hot toluene gives mainly (II), together with a
small amount of another complex,* (VII), with the same
analytical data but different spectral properties. In
contrast, shaking complex (I) and NH4S2PPh2 in ethanol
for 10 min gave only [RhCl2(S2PPh2)(PMe2Ph)2], (II).
The latter complex had different spectral properties
from (VII), although recrystallisation from hot ethanol
gave small amounts of (VII).

Finally, attempts to prepare the complex [RhCl-
(S2PMe2)(PMe2Ph)3]BPh4 by reaction between [RhCl2-
(S2PMe2)(PMe2Ph)3] (IV), "NaBPb4, and PMe2Ph in
methanol yielded only [Rh(02)(PMe2Ph)4]BPh4 (VIII),25
or, if oxygen was excluded, a mixture of [RhCl2-
(PMe2Ph)4]BPh4 (IX) 23 and [RhCl2(S2PMe2)(PMe2Ph)2],
(II). Compound (VIII) was also formed as the sole
product from reaction of [Rh(S2PMe2)3], PMe2Ph, and
XaBPhj.

21 J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson,
J. Chem. Soc. [A). 1966, 1711.

25 L. M. Haines, Inorg. Chem., 1971, 10, 1685.

under reflux in ethanol with excess of KS2COEt for
60 min, no fewer than four different complexes, which
were separated by dry-column chromatography, were
isolated. Analytical and spectroscopic analyses indi¬
cated the formulations [RhCl(S2CO)(PMe2Ph)3] (X),
K[RhCl2(S2CO)(PMe2Ph)2] (XI), and two isomers of
[Rh(S2CO)(S2COEt)(PMe2Ph)2], (XII) and (XIII). How¬
ever, when the reaction was carried out in a less-polar
solvent such as acetone or ethanol-chloroform, none of
these products was obtained but, instead, orange
[RhCl2(S2COEt)(PMe2Ph)2], (II), was isolated.

As for (S~S)~ = "S2CNMe2, shaking complex (I) and
KS2COEt in methanol for 10 min gave the dark orange
[RhCl2(S2COEt)(PMe2Ph)3], (IV), which yielded (II) on
recrystallisation from hot methanol or chloroform-
hexane. This interconversion was also affected by
heating (IV) to its melting point (120—123 °C), where¬
upon PMe2Ph was evolved and the orange residue
consisted largely of compound (II).

Finally, when complex [IV; (S~S)~ = ~S2COEt] was
shaken in ethanol with excess of NaBPh4 for several
weeks, a small amount of [RhCl(S2COEt)(PMe2Ph)3]-
BPh4, (V), was deposited. The latter complex was also
prepared in high yield by reaction of (I) and KS2COEt
(1:1 molar ratio) in methanol heated under reflux for
60 min, followed by addition of NaBPh4. Longer re¬
action times (5 h) gave yellow solutions from which
compounds (X) and (XIII) were isolated.

Spectroscopic Properties of the Dithio-acid Complexes.—
I.r. spectra. Group theory predicts three i.r.-active
v(RhCl) stretching vibrations for complex (I) and
Brookes and Shaw 21 assign these to the peaks at 339,
313, and 273 cm"1, with the band at lowest energy
arising (predominantly) from the stretch of the rhodium-
chloride bond trans to a PMe2Ph group. Thus, analysis
of the Rh-Cl stretching region of some of these new
complexes should yield information about their struc¬
tures. Also, earlier work in this and other laboratories
suggests that the position of the sulphur-ligand ab¬
sorption bands should give some information about the
mode of bonding of the dithio-acid group.

For each of the complexes (IV), the v(RhCl) region
was similar to that of (I) (Table 2) except that the
lowest band had disappeared, indicating that the
chloride ion trans to phosphine has been replaced. This
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is in agreement with the larger fraws-labilising effect of
PMe2Ph compared to chloride ion and with the results
of other exchange reactions carried out by Brookes and
Shaw.21 In addition, for (S—S)~ = ~S2PMe2 the ab¬
sorption at 601 cm-1,6'8 and for (S~S)~ = -S2CNMe2 the
position of v(CN) below 1 470 cm-1,15'26 both suggest
that the sulphur ligands are co-ordinated through only
one sulphur atom.

Since there was little change in the v(RhCl) region
from complexes (IV) to (II), and since all the dithio-
ligand absorptions now have characteristic frequencies
for bidentate co-ordination (see Table 2), it seems
reasonable to infer that the chloro-groups remain
mutually trans and that chelation of the dithio-ligand
occurs with concomitant loss of a PMe2Ph group. From
an i.r. standpoint, there was very little difference
between the v(RhCl) region or between the v(PS) region
for complexes (II) and (VII), although other parts of
their i.r. spectra and their n.m.r. spectra are sub¬
stantially different (see later).

The remaining complexes all appeared to contain
only chelated dithio-groups and had only one or no
v(RhCl) bands and, hence, little stereochemical inform¬
ation can be gleaned from i.r. studies. N.m.r. spectro¬
scopy has, however, proved an invaluable tool in
assigning structures to all these complexes.

N.m.r. spectra. The only differences between
n.m.r. spectra of complexes (IV) and (I) were that
dithio-ligand resonances occurred in the former and
that positions of the triplet and doublet arising from
the phosphine groups were very slightly different
(Table 3), presumably because of different shielding
effects of the dithio-ligands from that of chloride ion.
In agreement with the i.r. data, this confirms the
structure of these complexes (Scheme), since if either of
the other chloride ions had been replaced the plane of
symmetry passing through the three phosphorus atoms
would have been removed and, because of hindered
rotation about the rhodium-phosphorus bonds, two
triplets would arise from the methyl groups of the
mutually trans phosphine ligands {cf. cis-[RuC12 (CO)-
(PMe2Ph)3] 2'}.

In fact, 1H n.m.r. spectra of the complexes [V;
(S-S)- = "SgCNMeJ and (X) did show two triplets
arising from the fraws-phosphine groups, indicating that
there is no plane of symmetry through these phosphines
and hence (V) is assigned the structure shown in the
Scheme. Further evidence that complex [V; S~S)~ =

~S2CNMe2] has the structure shown stems from the fact
that, at 301 K, there were two resonances arising from
methyl groups on the dithiocarbamato-ligand which can
only be explained if there is no plane of symmetry per¬
pendicular to the S2CN plane in the molecule and if
rotation about the C=N bond is hindered. Since the
two resonances remained sharp up to 320 K, it appears
that free rotation about the C=N bond is not occurring,

* A ' pseudo-doublet' is a sharp doublet with additional
signal intensity situated between the doublet. This spectral
pattern is indicative of a small, but non-zero, /pP' value when
compared to |/PH + /ph-I-28

even at this temperature. Complex (X) is most probably
formed from [V; (S~S)-= ~S2COEt] by attack of a
previously displaced chloride ion on the co-ordinated
O-ethyl dithiocarbonato-group.

Complexes (II) showed only one dithio-ligand reson¬
ance in each case, together with one H6PP'H'e pseudo-
doublet * which arises from the PMe2Ph groups. Since
/pp- was small and there was only one phosphine methyl
resonance, the phosphine groups must be mutually cis
and the phosphorus atoms must lie on the plane of
symmetry of the molecule. The sulphur ligand must
also have planes of symmetry both in the S-Rh-S plane
and also perpendicular to it since, if any of these were
absent, either the complex with (S-S)- = -S2CNMe2 or
-S2PMe2 would give rise to two dithio-ligand resonances.
Thus, the only possible structure for these complexes is
that with fraws-chloride groups (as suggested by i.r.
studies).

Since 1H n.m.r. spectra of the complex [VII; (S~S)- =

"SgPMeJ contained no triplet pattern, the complex
cannot contain trans-PMe2Ph groups. The only possible
structure for this isomer is one containing cfs-chlorides
and -phosphines. This structure should exhibit four
phosphine methyl doublets but only two were observed
(Table 3). This could be due to fast rotation about the
metal-phosphorus bonds at room temperature but, since
solutions used for this n.m.r. study were very weak
[because of the small yield of (VII)], it is possible that
further small splittings were obscured by the high noise
level. Further support for the correctness of this
cis-cis-cis-isomer formulation for complex (VII) comes
from recent studies of the isomerisation reaction of
[RuCl2(CO)2(EPh3)2] (E = P or As) where recrystallis-
ation of fra«s-[RuCl2(CO)2(EPh3)2] gives the more stable
cis-cis-cis-isomer.29

The 1H n.m.r. spectrum of complex (XI) consisted of
broad peaks in the phenyl region, together with a single
sharp triplet at r 8-22. This can only occur if the
phosphine groups are mutually trans (' virtually
coupled ' triplet with large /pp-).28 A possible mode of
formation of this rather unusual complex is by attack of
potassium chloride, formed from reaction of (I) and
KS2COEt on (X). The PMe2Ph group released could
then attack (XI) to reproduce (X) with loss of potassium
chloride. Since both complexes were found in the
reaction mixture, it seems probable that in the presence
of excess of KC1 and PMe2Ph an equilibrium is set up
between the two complexes.

aH N.m.r. spectra of the two complexes (XII) and
(XIII) both contained quartet and triplet signals in
positions expected for an OEt group, but the pattern
arising from the methyl groups on the two phosphines

28 D. C. Bradley and M. H. Gitlitz, J. Chem. Soc. (A), 1969,
1152 and refs. therein.

27 J. M. Jenkins, M. S. Lupin, and B. L. Shaw, J. Chem. Soc.
{A), 1966, 1787.

28 R. Harris, Canad. J. Chem., 1964, 42, 2275.
29 R. B. James and L. D. Markham, Inorg. Nuclear Chem.

Letters, 1971, 7, 373; L. Ruiz-Ramirez, T. A. Stephenson, and
E. S. Switkes, J.C.S. Dalton, 1973, 1770.
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was quite different in each case. Complex (XII) ex¬
hibited a single ' virtually coupled ' triplet indicative of
fra»s-phosphines, whereas (XIII) showed four doublets
which suggests that the two phosphine groups are
mutually cis and in different chemical environments and
that there is hindered rotation about the rhodium-

phosphorus bonds. A similar phosphine methyl pattern
is observed for one isomer of the complex [Ru(S2PMe2)2-
(PMe2Ph)2CO].6 For complex (XIII), the proton-noise-
decoupled 31P n.m.r. spectrum showed two resonances
(indicating the phosphorus atoms are magnetically in-
equivalent) each split into a doublet of doublets by
coupling to the rhodium-103 nucleus and the other
phosphorus atom. The 103Rh n.m.r. spectrum of
complex (XIII) was also measured by decoupling the
proton spectrum. Each peak arising from a methyl
group in the 1H n.m.r. spectrum was rather broad
(2—3 Hz) due to 103Rh-1H coupling and, hence, irradi¬
ation in the rhodium range of frequencies sharpened some
of the signals but not others. In this way, the rhodium
spectrum may be seen to consist of four resonances,
i.e. a doublet of doublets arising from coupling to two
inequivalent phosphorus atoms. The only structure
consistent with all this information is that shown in
the Scheme.

Complexes (III) [(S~S)~ = _S2CNMe2, Y = BPh4_ or
PF6~; (S~S)~ = ~S2PMe2, Y = BPh4_] all had low-
temperature XH n.m.r. spectra consistent with cis-
phosphines and hindered rotation about the rhodium-
phosphorus bonds, namely two resonances corresponding
to the methyl groups on the dithio-ligands and two
pseudo-doublets arising from the phosphine methyl
groups. The 1H n.m.r. spectrum of the complex cis-
[Rh(S2PMe2)2(PMe2Ph)2]BPh4 was temperature invariant
in chlorobenzene up to 360 K, but above this tem¬
perature all the peaks began to broaden and the solution
darkened, indicating that decomposition had probably
occurred. Thus, unlike the related ds-[Ru(S2PMe2)2-
(PMe2Ph)2] complex, the inversion process cis-A ^ *-
cis-A is very slow on the n.m.r. time scale. The com¬

plexes «'s-[Rh(S2CNMe2)2(PMe2Ph)2]Y (Y = BPh4" or
PF6") both gave rise to a single doublet in the proton-
noise-decoupled 31P n.m.r. spectrum due to coupling
with the 103Rh nucleus and this coupling was found to
be temperature invariant in each case. In contrast, the
XH n.m.r. spectrum of the PF6~ salt showed marked
variations with temperature giving only a singlet for the
~S2CNMe2 resonance and a doublet for the phosphine
methyl resonance at 300 K. However, the way in
which this equivalence of the phosphine methyl groups
is realised is rather strange since, on raising the tem¬
perature, rather than broadening of the signals followed
by coalescence into a broad peak which then sharpens
to a single resonance [the established pattern for
dynamic mechanism involving, for example, C=N bond
rotations or optical isomerisations (see refs. 1 and 6)], the

* In this instance there is probably only one preferred rotamer,
since further cooling does not give rise to the additional signals
which would be expected if, when no rotation is possible, the
phosphine group has more than one preferred configuration.

resonances gradually moved closer together without
broadening until they were coincident. Further ele¬
vation of the temperature did not affect the spectrum.
Unpublished work30 indicates that the complex cis-
[Os(S2CNMe2)2(PMe2Ph)2] shows similar variable-tem¬
perature XH n.m.r. spectra.

The only type of mechanism that could give rise to
this behaviour is one in which the chemical environments
of the two methyl groups on one phosphine ligand
become more equivalent at higher temperatures, with¬
out any exchange of methyl groups between the two
environments (since no coalescence phenomenon was
observed). One such mechanism could arise from the
fact that at low temperatures (when rotation about the
metal-phosphorus bond is slow) there will be one * or
more preferred discrete orientations of the phosphine
moiety with respect to the rest of the complex. These
preferred orientations will be determined by a combin¬
ation of steric and electronic factors. Since there is no

symmetry element of the complex that incorporates the
metal-phosphorus bond, under these conditions the
environments of the two methyl groups on one phosphine
ligand will be different and two different signals will
therefore be seen in the XH n.m.r. spectrum.

Now, when the orientation of the phosphine ligand
differs from that preferred, each methyl group will be in
a different chemical environment from that in the

preferred configuration. Thus, as the temperature is
raised and the rate of rotation about the metal-phos¬
phorus bond is increased, each methyl group will spend
less time in its preferred environment and more in other
environments. Its chemical shift will then be an

average of the chemical shifts of each environment,
weighted according to the amount of time spent in each
environment. When, at higher temperatures, the
phosphine group is rotating freely, each methyl group
will spend an equal amount of time in all environments;
hence, the average environment of each is the same and a
single resonance is expected. This argument applies to
both the phosphine ligands in the complex since they are
related to one another by rotation about the two-fold
axis and, hence, whatever happens to one phosphine
group will be exactly analogous to what happens to the
other, f

f Closer examination of the phosphine methyl region in the *H
n.m.r. spectra of the complexes eis-[Ru(S2CNMe2)2(PMe2Ph)2]
and cis-[Ru(S2PMe2)2(PMe2Ph)CO] reveals that exactly the same
type of behaviour occurs and not, as previously recorded,6 a
coalescence behaviour. However, for the phosphine methyl
groups of the complex cfs-[Ru(S2PMe2)2(PMe2Ph)J, coalescence
does occur as previously stated and this can be attributed to
exchange of the environments of the methyl groups on different
phosphine groups by means of the facile optical-isomerism process
discussed in these papers. Then, the discrepancy between the
activation energy (AG*) for this inversion reaction, as calculated
by lineshape analysis of methyl resonances of the dithio-ligands
(i.e. 63-4 kj mol"1), and that calculated from the coalescence
temperature of the psuedo-triplets arising from the phosphine
methyl groups (57-4 kj mol"1) is explicable on the basis that the
coalescence approach assumes a small linewidth compared with
the separation of the peaks. In this case, the assumption is
invalid since the linewidth of each psuedo-triplet is ca. 12-0 Hz
and their separation only ca. 13-0 Hz.

30 D. J. Cole-Hamilton and T. A. Stephenson, unpublished work.
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It is important to note that exchange of the environ¬
ments of the methyl groups does not occur in this process
since, although at different times, each may occupy the
same position relative to the non-phosphine part of the
molecule, their environment with respect to the orient¬
ation of the other methyl group and the phenyl group
attached to the phosphorus atom will always be different.

Finally, the ionic complexes formed by long-term
reaction between (I; L = PMePh2) and NaS2CNMe2,-
2H20 are, as expected, geometrical isomers of [Rh-
(S2CNMe2)2(PMePh2)2]Y. Thus, 1H n.m.r. spectra of
complexes (VI; Y = BPh4~ or PF6~) consisted of one
~S2CNMe2 resonance and a ' virtually coupled ' triplet
phosphine methyl resonance, whereas (III), which could
not be satisfactorily separated from the trans-isomer,
had two ~S2CNMe2 resonances and one pseudo-doublet
phosphine resonance in each case. The fact that the
trans-isomer is formed more readily when the phosphine
is PMePh2 rather than PMe2Ph can presumably be
attributed to the greater steric size of PMePh2. It
should be noted at this point that the analogous complex
[Rh(S2CNEt2)2(PPh3)2]BF4 has been assigned a trans-
stereochemistry 18 and, although no evidence is cited to
support this assignment, the result is consistent with the
still greater steric size of triphenylphosphine. Thus,
this combination of i.r. and n.m.r. studies, together with
the various interconversions of complexes noted earlier,
can be used to suggest a probable stereochemical path
for the overall reaction between complex (I) and the
various dithio-acid ligands and this is outlined in the
Scheme.

Conclusion.—The reactions between mer-\RhCl3-
(PMe2Ph)3], (I), and the various dithio-acid ligands can
be seen to proceed in a stepwise manner and, as expected,
the oxidation state of three is maintained in all the
complexes formed. The latter are indeed much less
labile than their ruthenium analogues, but this is
probably due mainly to the fact that many of them are
ionic. Hence, the positive charge on the metal atom
will tend to make the metal-ligand bonds stronger and it
is probably this fact, rather than any large intrinsic
differences in lability of the co-ordination spheres of
rhodium(m) and ruthenium(n), which accounts for the
difference in behaviour. It is very probable that re¬
actions of the dithio-acid ligands with mer-[RuCl3-
(PMe2Ph)3] also proceed as above, but the combination
of such factors as the tendency to form ruthenium(n)
complexes under the reducing conditions present, the
greater lability of ruthenium compared to rhodium, and
the paramagnetism of most ruthenium (in) species make
satisfactory characterisation of any ruthenium(m) inter¬
mediates a difficult task.

EXPERIMENTAL

Microanalyses were by A. Bernhardt, West Germany, and
the University of Edinburgh Chemistry Department. I.r.
spectra were recorded in the region 4 000—250 cm-1 on a

31 R. G. Cavell, W. Byers, and E. D. Day, Inorg. Chem., 1971,
10, 2710.

Perkin-Elmer 457 grating spectrometer using Nujol and
hexachlorobutadiene mulls on caesium iodide plates. 1H
N.m.r. spectra were obtained on a Varian Associates
HA-100 spectrometer and 31P n.m.r. spectra on a Varian
XL100 spectrometer operating in the pulse and Fourier-
transform mode at 40-5 MHz (31P chemical shifts are given
in p.p.m. to high frequency of 85% H3P04). Hetero-
nuclear-decoupling experiments were carried out on the
HA-100 spectrometer using a second radio-frequency field
provided by a Schlumberger FS30 frequency synthesiser.
Conductivity measurements were made on a model 310
Portland Electronics conductivity bridge. M.p.s were
determined with a Kofler hot-stage microscope and are
uncorrected.

Rhodium trichloride trihydrate (Johnson, Matthey Ltd),
dimethylphenylphosphine (B.D.H.), methyldiphenylphos-
phine (Strem), NaS2CNMe2,2H20 (Ralph Emanuel), and
KS2COEt (B.D.H.) were obtained as indicated. Sodium
dimethylphosphinodithioate was prepared as described
earlier 31 and ammonium diphenylphosphinodithioate from
Ph2PS2H 32 and ammonia in benzene. The complexes mer-
[RhCl3(PMe2Ph)3] (I), /ac-[RhCl3(PMe2Ph)3], and mer-
[RhCl3(PMePh2)3] were synthesised by published methods.21

Preparations.— tra.ns-Dichloro(NN-dimethyldithiocarbam-
ato)bis(dimethylphenylphosphine)rhodium(m), (II) and cis-
bis(N~N-dimethyldithiocarbamato)bis(dimethylphenylphos-
phine)rhodium(m) tetraphenylborate, (III). Complex (I)
(0-25 g) and excess of NaS2CNMe2,2H20 (0-25 g)
were heated under reflux in ethanol (20 cm3) for
60 min and the resulting orange solution was cooled
and filtered. The residue was well washed with water
to remove sodium chloride and then with ethanol
and pentane to give the orange solid (II) (0-07 g, 30%).
The yellow filtrate was treated with excess of NaBPh4 in
ethanol, and the resulting yellow precipitate filtered off,
washed with water, ethanol, and pentane, and then re-
crystallised from dichloromethane-ethanol to give complex
(III) (0-20 g, 51%). 31P N.m.r. spectrum of (III) in
CDC13: 4-5 p.p.m. (doublet,/Rhp 112 Hz). When complex
(I) and NaS2CNMe2,2H20 were heated under reflux in
ethanol for 16 h, only (III) (0-35 g, 92%) was isolated on
addition of NaBPh4.

cis-Bis(NN-dimethyldithiocarbamato)bis(dimethylphenyl-
phosphine)rhodium(m) hexafluorophosphate, (III), was simi¬
larly prepared except that excess of NH4PF6 was added to
the yellow ethanolic solution. No immediate precipitation
occurred but large orange crystals were deposited when the
solution was left for 3 days. These were filtered off, and
washed with water, ethanol, and pentane to give complex
(III) (0-30 g, 98%). 31P N.m.r. spectrum in CDC13: 4-57
(doublet) (/ahP 114); —147-2 p.p.m. (heptet, /PP 727 Hz).

cis- and tra.ns-Bis(N~N-dimethyldithiocarbamato)bis(methyl-
diphenylphosphine)rhodium(m) tetraphenylborate, (III) and
(VI). These complexes were prepared as above, by heating
under reflux >ner-[RhCl3(PMePh2)3] (0-20 g) and excess of
NaS2CNMe2,2H20 (0-15 g) in ethanol (20 cm3) for 16 h.
Addition of NaBPh4 then gave an immediate yellow
precipitate consisting of a mixture of the cis- and trans-
isomers (III) and (VI) (XH n.m.r. and analytical evidence).
On setting aside the filtrate, yellow microcrystals of the
pure iraMS-isomer (VI) were deposited. Total yield 90%
(cis : trans ratio ca. 1-5 : 1-0).

Similarly, cis- and b-aws-[Rh(S2CNMe2)2(PMePh2)2]PF6,
32 W. A. Higgins, D. W. Vogel, and W. G. Craig, J. Amer.

Chem. Soc., 1955 77. 1864.
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(III) and (VI), were prepared from mer-[RhCl3(PMePh2)3]
and NaS2CNMe2,2H20 followed by addition of excess of
NH4PF6. The yellow crystals that separated first were
the pure frans-isomer (VI) (3H n.m.r. evidence). Later
batches were orange and consisted of a mixture of cis- and
fraws-isomers. Total yield ca. 70%.

m&x-Dichloro^^-dimethyldithiocarbamato)tris{dimethyl-
phenylphosphine)rhodium(ui), (IV). A suspension of com¬
plex (I) (0-25 g) was shaken with excess of NaS2CNMe2,2H20
(0-20 g) in methanol (25 cm3) for 10 min. The resulting
orange solid (IV) was filtered off and washed with water,
methanol, and pentane (0-25 g, 88%). Recrystallisation
from dichloromethane-hexane gave fraws-[RhCl2(S2CNMe2)-
(PMe2Ph)j], (II).

mer-Chloro(NN-dimethyldithiocarbamato)tris(dimethyl-
phenyIphosphine)rhodium(iu) tetraphenylborate, (V). The
complex raer-[RhCl2(S2CNMe2)(PMe2Ph)3] (0-23 g), NaBPh4
(0-36 g), and PMe2Ph (0-20 cm3) were shaken in methanol
for 24 h under a nitrogen atmosphere. The resulting
mixture of orange and yellow solids was treated with hot
ethanol to leech out the yellow solid. On cooling, this
solution gave yellow crystals which were recrystallised from
methanol to give (V) (0-20 g, 55%). The remaining orange
solid, which was insoluble in hot ethanol, was trans-
[RhCl2(S2CNMe2)(PMe2Ph)2], (II).

cis-cis-cis-Dichlorobis(dimethylphenylphosphine)(diphenyl-
phosphinodithioato)rhodium(m), (VII), and cis-bis(di-
methylphenylphosphine)bis(diphenylphosphinodithioato)-
rhodium(m) tetraphenylborate, (III). Complex (I) (0-30 g)
and excess of NH4S2PPh2 (0-40 g) were heated under
reflux in ethanol (20 cm3) for 60 min. Filtration of the hot
solution left a very small amount of orange crystals of
(VII), which were purified by washing with water, methanol,
and pentane. The orange filtrate was treated with excess
of NaBPh4 to give an immediate orange precipitate (III),
which was recrystallised from dichloromethane-methanol
to remove any NH4BPh4 (0-46 g, 80%). The complex
«s-[Rh(S2PPh2)2(PMe2Ph)2]PF6, (III), was similarly pre¬
pared except that the orange ethanolic solution was treated
with excess of NH4PF6 and the complex separated slowly as
large orange crystals (0-40 g, 80%). The BPh4~ salt was
also obtained in a pure state by dissolving the PFa~ salt in
methanol and adding excess of NaBPh4.

txa.ns-Dichlorobis(dimethylphenylphosphine) (diphenyl-
phosphinodithioato)rhodium(m), (II). Complex (I) (0-20 g)
and NH4S2PPh2 (0-20 g) were shaken in ethanol (25 cm3)
for 10 min. Excess of starting material was filtered off
and, after 3 days, large crystals of the complex were formed
in the filtrate. These were filtered and washed with diethyl
ether and pentane (yield 0-11 g, 50%). Recrystallisation
from ethanol gave a mixture of mainly (II) and small
amounts of the cis-cis-cis-isomer (VII) (i.r. evidence).

cis-Bis(dimethylphenylphosphine)bis(dimethylphosphino-
dithioato)rhodium(ui) tetraphenylborate, (III). Complex (I)
(0-30 g) and NaS2PMe2,2H20 (0-35 g) were heated under
reflux in degassed ethanol (20 cm3) for 1 h with dry oxygen-
free nitrogen continuously bubbling through the mixture.
The resulting orange solution was cooled (under a nitrogen
atmosphere) and NaBPh4 (0-20 g) added. The resulting
yellow solid was filtered off under a nitrogen atmosphere
and washed with water, ethanol, and pentane (yield 0-30 g,
61%). Omission of nitrogen from the reaction gave a red
solution from which a red solid was precipitated by addition
of excess of NaBPh4. This material had different analyses
from ostensibly the same preparation, e.g. C, 51-2; H, 5-6

and C, 37-3; H, 4-7%. However complex (III) was also
prepared by treating under reflux fac- [RhCl3(PMe2Ph)3]
(0-07 g) and excess of NaS2PMe2,2H20 (0-06 g) in acetone-
chloroform (50 : 50 v/v) (25 cm3) for 60 min. By evaporat¬
ing to dryness, dissolving in CH2C12, filtering off excess of
NaS2PMe2,2H20, again evaporating to dryness, dissolving
in methanol, and adding excess of NaBPh4, complex (III)
was obtained as yellow microcrystals.

mex-Dichlorotris(dimethylphenylphosphine) (dimethylphos-
phinodithioato)rhodium(m), (IV). This complex was pre¬
pared by shaking (I) (0-40 g) and NaS2PMe2,2H20 (0-24 g)
in methanol (40 cm3) for 10 min (0-41 g, 90%). Recrystal¬
lisation from deuteriochloroform-hexane gave trans-di-
chlorobis{dimethylphenylphosphine) (dimethylphosphinodithio-
ato)rhodium(m), (II). This complex was also obtained by
shaking (I) (0-30 g) and NaS2PMe2,2H20 (0-30 g) in ethanol
(20 cm3) for 2 days. The orange crystals were filtered from
the red-brown solution and washed with water, ethanol,
and pentane (0-22 g, 80%). Recrystallisation of complex
(II) from toluene gave mainly (II) together with small
quantities of cis-cts-cis-[RhCl2(S2PMe2)(PMe2Ph)2], (VII).

Reactions.—mer-[RhCl2(S2PMe2)(PMe2Ph)3], (IV), with
NaBPh4 and PMe2Ph. Complex (IV) (0-32 g), NaBPh4
(0-32 g), and PMe2Ph (0-10 cm3) were shaken in degassed
ethanol under a nitrogen atmosphere for 2 days to give a
yellow precipitate of cis-dichlorotetrakis(dimethylphenyl-
phosphine)rhodium(m) tetraphenylborate, (IX), purified by
washing several times with water, methanol, diethyl ether,
and pentane (yield 0-43 g, 80%), m.p. 145—147 °C (Found:
C, 641; H, 6-3. Calc. for C56H61BC12P4Ru : C, 64-3; H,
6-1 %). The same complex was also formed by reaction of a
mixture of (I), NaS2CNMe2,2H20,NaBPh4, and PMe2Ph.
*H N.m.r. spectrum (CH2C12) (233 K): t 8-26 ('triplet')
(|/ph + /ph'I 48); 8-94 (' doublet') (|/ph + /ph'I 40 Hz);
(313 K) 8-40 (singlet); Ph resonance at t 1-4—3-6. Com¬
plex (IX) rearranged to (I) and free PMe2Ph on standing in
CDC13 for 48 h.

When the reaction between complex (IV), NaBPh4, and
PMe2Ph was carried out in the presence of air, the
white solid cis-tetrakis(dimethylphenylphosphine)(dioxygen)-
rhodium(i) tetraphenylborate, (VIII), was formed (0-40 g,
80%) (v(O-O) at 841, 860 cm-1; cf. 841, 870 cm-1 for
[Ru(02)(PMe2Ph)4]C104}.25 The same complex was formed
when [Rh(S2PMe2)3] was treated with excess of PMe2Ph in
the presence of NaBPh4, m.p. 129—130 °C (Found: C,
66-2; H, 6-6. Calc. for C56H64B02P4Ru: C, 66-8; H,
6-4%). *H N.m.r. spectrum (CH2C12) (300 K): r 8-88
('triplet') (|/ph +/ph'I 7); 8-99 ('doublet') (|/PH +
Jph'| 8 Hz); Ph resonance at t 2-2—3-6.

Potassium O-ethyl dithiocarbonate (xanthate) with complex
(I). Complex (I) (0-30 g) and excess of KS2COEt (0-30 g)
were heated under reflux in ethanol for 60 min and the

resulting yellow solution filtered hot in order to remove
potassium chloride. It was then evaporated to dryness
and the yellow oil dissolved in CH2C12. Excess of KS2COEt
was filtered off and the solution allowed to stand whereupon
yellow needle-shaped crystals of potassium dichlorobis(di-
methylphenylphosphine)(dithiocarbonato)rhodate(iu), (XI),
were deposited (0-02 g, 7%). These were filtered off and
recrystallised from dichloromethane-methanol. The yellow
filtrate was placed on an alumina dry column and eluted
with CH2C12 to give three poorly resolved bands coloured
yellow, orange, and yellow respectively. Each band was
extracted with diethyl ether and then hexane added.
Slow evaporation of these solutions gave crystals in each
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case. The first yellow band gave tr&ns-bis(dimethylphenyl-
phosphine) (dithiocarbonato) (O-ethyl dithiocarbonato)rhodium-
(iii), (XII) (0-05 g, 17-5%). The orange band gave mer-
chlorotris(dimethylphenylphosphine)(dithiocarbonato)rhodium-
(iii), (X) (0-05 g, 16%), and the second yellow band yielded
cis-bis(dimethylphenylphosphine) (dithiocarbonato) (O-ethyl di-
thiocarbonato)rhodium(m), (XIII) (0-10 g, 35%). 31P
N.m.r. spectrum of complex (XIII) in CDC13: 9-13 (doublet
of doublets); 0-46 p.p.m. (doublet of doublets); /p[Rll 118,
Zp,Rh HO, Zp.p, 18 Hz.

When the initial ethanolic solution was allowed to

evaporate slowly, the first product to crystallise out was
(XIII) (0-20 g, 70%). Then a mixture of complexes
(XIII) and (X) were deposited followed by small amounts
of pure (X) (0-05 g, 16%). When complex (I) (0-30 g) and
KS2COEt (0-08 g, 1 : 1-05 molar ratio) were heated under
reflux in ethanol for 5 h and the resulting yellow solution
worked-up as before, two bands were eluted containing
(X) (0-05 g, 16%) and (XIII) (0-02 g, 7%). However, when
complex (I) (0-30 g) and excess of KS2COEt (0-30 g) were
shaken in acetone (25 cm3) for 16 h and the resulting orange
solution evaporated to dryness (after removing KC1 by
filtration), recrystallisation of the orange oil from dichloro-
methane-hexane gave orange crystals of trans-aT
chlorobis(dimethylphenylphosphine) (O-ethyl dithiocarbonato)-
rhodium(m), (II) (0-20 g, 72%). This complex was also
prepared by carrying out the same reaction in a solution of
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ethanol-chloroform heated under reflux and working up
the orange solution in the same way. Reaction of complex
(II) with KS2COEt gave (XIII).

When complex (I) (0-30 g) and KS2COEt (0-30 g) were
shaken in methanol (25 cm3) for 10 min the orange complex
mer-dichlorotris(dimethylphenylphosphine) (O-ethyl dithio-
carbonato)rhodium(iu), (IV) (0-30 g, 88%) was deposited.
Recrystallisation of this complex from methanol (or
chloroform-hexane) gave /raMS-[RhCl2(S2COEt) (PMe2Ph)2],
(II). Finally, when the complex mer-[RhCl2(S2COEt)-
(PMe2Ph)3], (IV) (0-12 g), was shaken for 4 weeks in ethanol
(20 cm3) with NaBPh4 (0-12 g), a small amount of orange
mer-chlorotris (dimethylphenylphosphine)(0-ethyldithiocarbon-
ato)rhodium(m) tetraphenylborate, (V), was deposited (0-02 g,
9-5%). However, this complex was also prepared in high
yield by reaction of (I) (0-37 g) with KS2COEt (0-09 g,
1 : 1 molar ratio) in methanol (20 cm3) heated under reflux
for 60 min followed by addition of excess of NaBPh4.
Recrystallisation of the resulting yellow solid from di-
chloromethane-methanol gave (V) as orange microcrystals
(0-45 g, 80%).

We thank Johnson, Matthey Ltd. for loans of rhodium
trichloride, the University of Edinburgh for an award (to
D. J. C.-H.), and Dr. A. S. F. Boyd and Mr. J. Miller for
obtaining the 31P and HI n.m.r. spectra respectively.

[4/209 Received, 4th February, 1974]
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It is now well established that when reaction occurs between [Ni(S-S)^]
(S-S = S^CNR^, S^COR, S^P(OR)^, S^PR^ etc) and most nitrogen or

phosphorus donor ligands (L), either five co-ordinate [Ni(S-S)^L] and/or six
co-ordinate [Ni(S-S)^L^] adducts are formed, depending on the nature of the
ligand used (1). Furthermore, it has been shown that reaction of NiCl^,. 6H^O,

NaS^COEt and Me^PhNCl gives the dark green complex Me^PhN[Ni(S^COEt)^j
which was assigned a six co-ordinate octahedral structure on the basis of

electronic spectral evidence (2).

In contrast, the reaction of the isomorphous [M(S-S)^] complexes (M = Pd, Pt)
with tertiary phosphines occurs by stepwise cleavage of metal-sulphur bonds to

generate the four co-ordinate compounds [M(S-S^PR' ] and [M^-SXPR'^)^]
(S-S) which exhibit unidentate/bidentate and bidentate/ionic modes of bonding

of the dithioacid groups respectively (3).

In this preliminary communication, we wish to report the results of reactions

between various platinum (II) and palladium (II) xanthates with xanthate ion which

provides further evidence for the substantial differences in chemistry exhibited

by the elements in this triad.

785
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Results and Discussion

Reaction of [P^S^COEt)^] with excess Ph^AsS^COEt in dichloromethane
followed by addition of diethylether gave the yellow crystalline solid

Ph^AsfP^S^COEt)^] (I) (Table). This compound can also be prepared by
reaction of [P^S^COEt)^] with excess KS^COEt in acetone followed by addition
of methanolic Ph AsCl. HC1. An X-ray structural analysis of (I) is now

sufficiently advanced to show that unlike the nickel analogue, the platinum (II)

ion remains four co-ordinate by binding to one bidentate and two unidentate

xanthato groups (4). The complex Ph^AstP^S^CO^r)^ (II) can be similarly
prepared. The close similarity of the mull and solution infrared spectra of

these compounds, together with the similarity between their electronic spectra

and those of well-established square-planar platinum (II) complexes strongly

suggests that the four co-ordinate structure is retained in solution.

Further evidence for this statement comes from the low temperature (233K)

n.m.r. spectrum of (I) in CDCl^ which consists of two sharp methyl triplets
at T8. 55 and T8.72 of relative intensity 1:2. Two overlapping methylene

quartets centred at T5. 57 are also observed. Similarly for (II) at 223K, two

sharp doublets were observed for the methyl protons at T8. 53 and 8.71 also

19
of relative intensity 1:2. The F n.m.r. spectrum of a related compound

n- (C^H^ ^NtPd^^PF^)^] at 209K also shows two doublets of relative intensity
1:2 with P-F coupling constants consistent with bidentate and unidentate

co-ordination of the S^PF^ group respectively (5).
On warming (I) to higher temperatures (303K), broadening of the methyl

signals occurs and these n.m.r. changes are reversible. For (II), the two

19
methyl doublets also broaden. For the [Pd^^PF^)^] ion, the F n.m.r.

spectrum at ambient temperatures consist of a single broad doublet. These
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observations are indicative of a unidentate-bidentate scrambling process at

higher temperatures [cf. fM(S-S)_,PR'^1 complexes (3)]. Unfortunately,
because of decomposition before the coalescence temperatures of compounds

(I) and (II) are reached, it appears unlikely that useful kinetic information can

be extracted from the available data.

TABLE

Analytical Data for some Platinum and Palladium Xanthates

Found % Requi.red %

Complex m. p,.(t/8) C H S C H S A a

Ph4As[Pt (S2COEt)3] 112 41.9 3.8 20. 2 42. 1 3.7 20. 2 59.. 5

Ph4As[Pt(S2C01Pr)3] 117- 119 43.9 4.2 19. 3 44.8 4. 3 19. 5 51.,o

Ph4As[Pt(S2CO)(S2COEt)] 141 42. 5 3. 1 15.9 42. 5 3.2 16. 2 57.. 5

Ph4As[Pt(S2C0)(S2C01Pr)] 122-■ 124 42. 8 3.2 15.7 43. 2 3.3 15.9 43.,4

Ph4As[Pd(S2CO)(S2COEt)] 155 47.8 3. 6 18. 3 47.9 3.6 18. 3 -

Ph4As[Pt(S2CO)(S2COMe)] 136- 138 41.5 3. 1 16. 6 41.7 3. O 16. 5 54. 2

(ph4As)2[Pt(s2co)2.] 255- 258(d) 52. 1 3. 9 11.4 52.4 3. 5 11.2 137., 6

Equivalent conductivity (Scm mol ) for lO M solutions in

nitromethane at 298K.

Attempted recrystallisation of (I) from either dichloromethane or chloroform

solutions gives an orange-yellow crystalline compound (III) containing extra

infrared bands at l678(m), l600(s), 1576(m) cm . These values are

reasonably close to the characteristic frequencies reported for the dithiocarbonato

ion in [Pt(S2CO)(PMePh2)2] (1696(s), 168l(sh), l615(s) cm ^) (6) and analytical
data confirms that (III) is Ph^AsfP^S^CO^S^COEt)] (Table). A similar compound
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Ph^AsfP^S^COHS^c/Pr)] (IV) is formed from (II) either by recrystallisation
from CH^Cl^ or CHCl^ or by leaving methanol/ether or acetone solutions of (II)
to stand for 24 hours.

Reaction of [Pd^^COEt)^] with excess KS^COEt in acetone followed by
filtration into a methanolic solution of Ph^AsCl. HC1 gives a bright orange-

yellow precipitate with an infrared spectrum almost identical to that of (III) and

this formulation was confirmed by elemental analysis. However, when the

same reaction is carried out in methanol, a very small yield of a buff coloured

powder with an infrared spectrum almost identical to (I) was obtained. These

observations suggest that the palladium trisxanthato complex rearranges very

readily to the dithiocarbonate complex which is consistent with the expected

lability of Pd-S compared to Pt-S bonds.

A possible mechanism of formation of these various species which is

consistent with the above evidence is outlined in the Scheme. Thus, initial

nucleophilic attack of xanthate ion on a M-S bond gives the trisxanthato complex

and this is followed by intramolecular generation of adithiocarbonate group

accompanied by the formation of a xanthate ester. A related rearrangement

process has been described elsewhere (7).

~\

(R,P), H' C-O-R j S.COR ?
S 2

, *(R3P>2 M\ /C = °
s

+RS2COR

Finally, attempts to prepare trisxanthato anionic complexes for R = PhCH^
or R = Me have proved unsuccessful. For the former, the only compound which

could be isolated at all ratios of [Pt(S COCH Ph) j to KS COCH Ph (1:5 to 1:1)
l l l, li l*

was the complex (Ph^As)2[Pt(S2CO)2J. (V). The infrared spectrum of this
yellow crystalline solid showed no bands between 1200 - 1300 cm ^ (xanthate)

but strong absorptions at 1690(sh), 1670(m), 1590(s), 1574(s) cm ^ indicative
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of dithiocarbonato ligands. Confirmation of this formulation was obtained by

reaction of (V) with excess PPh^ which gave [PPh )2Pt(S_CO)] (cf. the reaction
of [P^S^CS)^]^ with PMePh^ giving [ (PMePh^^PtlS^CS)] (8) ). The same

compound is obtained from the reaction between Ph^As[Pt(S2CO)(S2COEt)] and
PPh„.

SCHEME

Sx S
/ \ / \

ROC M COR

\ / \ /
s s

S COR
— >

S S
/ \ / \

O = C M COR
\ / \ /

s s

COR

^-S ^ s s
* \ / \
R M COR
\ / \ /
(\/S S

(V >T

/
COR

^
RS ^

s I
\ S
> My COR

b
v S s\ /

o

+RS2COR

For [Pt(S^COMe)^] and KS^COMe, (1:5 molar ratio), the only product
isolated was the bis-dithiocarhonato anion (V). However, when a 1:1 or 1:2

molar ratio was used, orange-yellow crystals of Ph^AslPtfS^COjfS^COMe)]
were deposited.

Work is now in progress on attempts to synthesise the related species

[M(S-S)2] (S-S = S^CNR^, S^P(OR)^ etc) and also mixed dithioacid anionic
compounds of platinum and palladium (II).
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Metal Complexes of Sulphur Ligands. Part IX.1 Synthesis of Dimethyl-
phosphinodithioato-complexes of Ruthenium(ii) containing Bidentate
Donor Ligands
By David J. Cole-Hamilton, T. Anthony Stephenson,* and Donald R. Robertson, Department of Chemistry,

University of Edinburgh, Edinburgh EH9 3JJ

The tris(chelate) complexes [Ru(S2PMe2)2(diene)] {diene = bicyclo[2.2.1]hepta-2,5-diene (nbd) or cyclo-octa-
1,5-diene (cot)} have been synthesised by the reaction of [{RuCI2(diene)}„] with Na[S2PMe2]-2H20 in either
ethanol or A//V-dimethylformamide. The labile diene moiety is readily replaced by various chelating ligands to
give [Ru(S2PMe2)2(L—L)] {L-L = Ph2P[CH2]2PPh2 (dppe), Ph2PCH2PPh2 (dppm), C6H4(AsMe2)2 (pdma)}.
For L-L = pdma, rrar?s-[Ru(S2PMe2)2 (pdma)2] is also formed. Unlike the corresponding cis- [Ru(S2PMe2)2L2]
[L = PR3 or P(OR)3], all the tris(chelate) complexes exhibit very slow rates of optical inversion and this evidence
is used to tentatively propose a modified inversion mechanism of that postulated earlier.

In a recent paper 2 we proposed that the temperature-
variable 1H n.m.r. spectra of complexes of the type cis-

1 Part VIII, J. D. Owen and D. J. Cole-Hamilton, J.C.S.
Dalton, 1974, 1867.

[Ru(S2PMe2)2L2] [L = PPh3, PMePh2> PMe2Ph, P(OMe)3
or P(OPh)3] are best explained in terms of rapid inter-

2 D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 754.
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conversion of the two possible optical isomers of these
complexes and that, at least for «s-[Ru(S2PMe2)2(L)L']
[L = PPh3; L' = P(OPh)3 or CO] in solvating media
(CDC13 or PhCl) the mechanism of these inversion pro¬
cesses involves initial Ss*2 solvent (Y)-assisted cleavage of
the Ru-S bond trans to L, followed by exchange between
uni- and bi-dentate sulphur ligands and finally recom¬
bination of a unidentate [Me2PS2]~ group with concomi¬
tant loss of solvent to form the optical isomer [Scheme

I

L

1(a)]. In a non-solvating media (C6H6) the mechanism is
essentially the same except that the first step is dissocia¬
tive with no solvent participation. Furthermore, on the
basis of the calculated activation parameters, we postu¬
lated that the exchange of uni- and bi-dentate sulphur
ligands occurs via a dissociative mechanism irrespective
of the solvent. We have now synthesised some tris-
(chelate) complexes [Ru(S2PMe2)2(L-L)] (L-L = bicyclo-
[2.2.1]hepta-2,5-diene (norbornadiene, nbd), cyclo-octa-
1,5-diene (cot), Ph2P[CH2]2PPh2 (dppe), Ph2PCH2PPh2
(dppm), or C6H4(AsMe2)2 (pdma)} and examined their
variable-temperature 1H n.m.r. spectra. These studies
provide more insight into possible mechanisms of the
inversion process and the nature of the seven-co-ordinate
intermediate.

RESULTS AND DISCUSSION

The reaction between [{RuCl2(diene)}„] (diene =
nbd or cot) and Na[S2CNMe2] in hot AW-dimethylforma-
mide has recently been shown to produce [Ru(S2CNMe2)2-
(diene)] in high yield.3 We have found that [Ru-
(S2PMe2)2(diene)] may be prepared in analogous fashion
using Na[S2PMe2]*2H20 and furthermore that the diene
moiety is labile, being readily replaced by CO or PPh3 to
give the known cis-[Ru(S2PMe2)2L2] complexes4 (L =
CO or PPh3). Reaction of [Ru(S2PMe2)2(diene)] in
ethanol with chelating ligands also causes exchange

producing [Ru(S2PMe2)2(L-L)] {L-L = Ph2P[CH2]2-
PPh2 (dppe), Ph2PCH2PPh2 (dppm), or C6H4(AsMe2)2
(pdma)}, although when excess of pdma was used a
complex of formula [Ru(S2PMe2)2(pdma)2] was formed.
This may be converted into [Ru(S2PMe2)2(pdma)] by
recrystallisation from toluene. These tris(chelate) com¬
plexes may also be isolated in low yield by prolonged
reaction of P-aws-[RuCl2(L-L)2] and Na[S2PMe2] heated
under reflux in ethanol.

Spectroscopic Properties of [Ru(S2PMe2)2(L-L)].—
I.r. spectra. The i.r. spectra of the complexes [Ru-
(S2PMe2)2(L-L)] all showed absorptions arising from the
chelating L-L ligands and from the [Me2PS2]~ groups.
The bidentate nature of the latter is indicated in every
case by the position of v(PS) between 580 and 590 cm"1.46
However for [Ru(S2PMe2)2(pdma)2] the only peak in the
region 500—700 cm-1 was a sharp absorption at 600 cm"1
with a shoulder at 595 cm"1 which suggests that both
[Me2PS2]" groups are probably bound through only one
sulphur atom.4-5 This observation is supported by 4H
n.m.r. data (see below).

4H N.m.r. spectra. In all these tris(chelate) complexes
the stereochemistry of the molecules is constrained to be
cis and, although for L~L = cotJ the signals from the
diene protons were difficult to see and for dppe only the
phenyl resonances were clearly seen (on account of the
low intensity and complicated nature of the 4H n.m.r.
signals arising from the expected H2PP'H'2 spin system),
the resonances arising from L-L in the other complexes
were readily distinguished and are all consistent with
cis stereochemistry (Table 1). Thus, for L~L = nbd,
signals are assigned as arising from four olefinic protons

3 P. Powell, J. Organometallic Chem.. 1974, 65. 89.
* D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,

1974, 739.
6 D. F. Steele and T. A. Stephenson, J.C.S. Daltnn, 1973, 2124.
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(x 6-15), two methylene protons (-r 8-70), and two bridge¬
head protons (t 5-90). For L-L = pdma, a poorly re¬
solved AA'BB' type spectrum arising from the phenylene
protons was observed, centred at t 2-40, whilst the methyl
groups of pdma gave rise to two sharp singlets at x 8-24
and 8-60. For L~L = dppm, apart from the phenyl
resonances, a sharp triplet at x 5-03 was seen, which
arises from splitting of the methylene protons' resonance
by the two chemically equivalent 31P nuclei.

As for [Ru(S2PMe2)2L2],4 the methyl groups on the
[MegPS^- ligands gave rise to two doublets for all
[Ru(S2PMe2)2(L~L)] at low temperatures; however, in
contrast to the behaviour of [Ru^PMe^LJ 2 [L =

PRS or P(OR)3], these resonances remained sharp on
warming to 373 K in PhCl. Above this temperature for
L-L = diene the signals began to broaden but, since the
b.p. of PhCl is 403 K, the condition of fast exchange of
the [Me2PS2]~ methyl groups is never reached.

high positive values found for AH* and AS* (Table 2)
could be explained either by sub-step (i) or (Hi) in the
mechanism shown in Scheme (la) being slow and rate
determining.* That is either the chelating ligands have
low trans influences, thus making step (Hi) slow {as was
proposed for «s-[Ru(S2PMe2)2(PPh3)CO] and cfs-[Ru-
(S2PMe2)2(CO)2]},2 or they prevent the solvent from
entering the co-ordination sphere for steric reasons, thus
making step (i) dissociative and slow {as is found for cis-
[Ru(S2PMe2)2(PMe2Ph)2] in a non-co-ordinating medium
such as benzene}.2

The literature available on the trans influences of these
ligands is somewhat erratic since, although dienes all
appear to have low trans influences, dppe can apparently
exhibit either a low or a high trans influence depending on
how it is measured whereas pdma always appears to
exhibit a high trans influence.6 Hence, at least for
[Ru(S2PMe2)2(pdma)], the observed low rate of inversion

Table 1

*H N.m.r. data (x) for complexes [Ru(S2PMe2)2(L-L),i] (n

Complex
[Ru(S2PMe2)2(nbd)]
[Ru(S2PMe2)2(cot)]
[Ru (S2PMe2)a(dppe)]
[Ru(S2PMe2)2(dppm)]
[Ru(S2PMe2)2(pdma)]
trans-\Ra (S2PMe2) 2(pdma) 2]

s = Singlet, t = triplet.
• x ±0-01. 4 Doublets; J(PH) in parentheses (±0-2 Hz),

measurement.

[Me2PS2l_ (Me group) 0-6
*7-78 (12-5), 8-15 (13-0)
8-20 (13 0), 8-75 (12-5)
7-90 (13 0), 9-25 (13-0)
7-85 (13-0), 8-88 (12-5)
7-65 (13-0), 8-26 (12-5)
8-46 (12-0)

1 or 2) in CDC13 at 301 K
Phenyl or phenylene

group •L—L°

5-90, 6-15, 8-70
6-35, 7-80
d
5-03(t), (10-0)
8-24(s), 8-60(s)
8-02(s)

2-0—3-0
20—3-0
2-1—2-8
2-1—2-6

See text for assignments. d C2H, Protons too weak for accurate

Table 2

Rates and activation parameters for the inversion process cis A
phinodithioates

cis A for some ruthenium(u) dimethylphos-

Complex Solvent
[Ru(S2PMe2)2(dppe)] PhCl
cis-[Ru(S2PMe2)2(PPh3)COJ * PhCl
cis-[Ru(S2PMe2)2(PMe2Ph)2] * PhCl
ds-[Ru(S2PMe2)2(PMeaPh)2] * C6H„

log10(A/s »)
at 298 K

-3-2 ± 0-30
-1-90 ± 0-08

1-01 ± 0-01
0-04 ±0-12

* See ref.

kj mol 1
113-4 ± 7
121-8 ± 2

69-7 ± 1
126 ± 4

2.

AH2881
kj mol"1

110-9 ± 7
119-3 ± 2

67-2 ± 1
123-5 ± 4

ASiqh*
J K"1 mol"1

65 ± 20
119 ± 7

0 ± 4
170 ± 11

Ati298t
kj mol"1

91-4 ± 2
83-8 ± 0-4
67-2 ± 0-1
72-7 + 0-1

Finally, [Ru(S2PMe2)2(pdma)2] gave rise to a well re¬
solved AA'BB' type set of signals in the phenylene re¬
gion, a sharp singlet from the pdma methyl groups at
x 8-02, and a sharp doublet from the methyl groups of the
[MejjPSJ" ligands (x 8-46). This spectrum was tempera¬
ture invariant (233—333 K) and this is best explained if
the two [Me2PS2]~ ligands are both unidentate and mu¬
tually trans since, if they were cis, two resonances would
be expected from the methyl groups of the pdma ligands.

Mechanistic Implications.—In Part VI of this series 2
we proposed that complexes [Ru(S2PMe2)2(L)L'J invert
by the solvent-assisted bond-rupture mechanism [Scheme
1(a)]. At first sight there seems no reason why the same
mechanism of inversion should not apply for the tris-
(chelate) complexes [Ru(S2PMe2)2(L~L)]. Thus for
[Ru(S2PMe2)2(dppe)] the very low rate constant and the

* All the other tris (chelate) complexes have even slower
inversion rates and thus insufficient data could be obtained for
Arrhenius plots.

is incompatible with the known high trans influence of
this ligand, which suggests that either the steric con¬
straint proposed above or a different inversion mechanism
to that given in Scheme 1(a) is responsible.

On further consideration there are a number of other

possible microscopic paths for this inversion mechanism
[Scheme 1(6)]. These are all consistent with the experi¬
mental data in Part VI apart from the last which causes
exchange between the wrong pairs of methyl groups and
hence does not explain the temperature-variable 4H n.m.r.
spectra of «s-[Ru(S2PMe2)2(PPh3){P(OPh)3}]. It is to
be noted that whereas the mechanism shown in Scheme
1(a) involves attack of the solvent molecule (Y) in a
position close to the Ru-S bond to be broken so that the
solvent simply takes the place of the dissociating sulphur
atom in the co-ordination sphere, those in 1(6) involve
a pentagonal-bipyramidal intermediate in which the

6 T. G. Appleton, H. C. Clark, and L. E. Manzer, Co-ordination
Chem. Rev., 1973, 10, 335 and refs. therein.
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leaving sulphur atom and the attacking solvent molecule
are in the two axial positions. In these pentagonal
bipyramids L and L' may either be adjacent to one
another in the plane of the pentagon or may be separated
by a sulphur atom and after cleavage of the Ru~S bond
either L or L' may be trans to the co-ordinated solvent
molecule.* Examination of the seven-co-ordinate inter¬
mediate in the last mechanism outlined in Scheme 1(6)
reveals that L and L' are separated by a sulphur atom,
and therefore if L and L' were joined together (as in a
chelate molecule) any inversion mechanism involving this

region 4 000—250 cnrr1 on a Perkin-Elmer 457 grating
spectrometer using Nujol mulls on caesium iodide plates.
Mass spectra were obtained on an A.E.I. MS9 spectro¬
meter and 1H n.m.r. spectra on a Varian Associates HA-100
spectrometer with variable-temperature attachment. Ac¬
curate temperatures were determined using the separation
of the two resonances of ethylene glycol. Spectra were
simulated using a computer program based on that of Naka-
gawa.7 The exchange process was considered for the pur¬
pose of computation as consisting of two two-site exchanges
of equal intensity and separated by the coupling constant
of the doublets. Computed spectra were plotted on the
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Scheme 2 Postulated mechanisms of inversion for cis-fRufSgPMeg^L)!/]: (a) in a polar solvent; (b) in a non-polar solvent

seven-co-ordinate species would be very unfavourable on
steric grounds as is experimentally observed, f

Thus we tentatively propose that the mechanism
of inversion of complexes cts-[ Ru(S2PMe2)2L2] and cis-
[Ru(S2PMe2)2(L)L'J in solvating media (CDC13 or PhCl)
is that shown in Scheme 2(a), whereas in a non-solvating
medium and for [Ru(S2PMe2)2(L-L)] the mechanism is as
in 2(6). However, although the mechanisms shown in
Scheme 2 accommodate all the observations we have
made in this paper and earlier work,2 we cannot entirely
rule out the possibility that different mechanisms of
inversion operate for these different tris(chelate) com¬
plexes; e.g. for L~L = diene or dppm the mechanism
may be that shown in Scheme 1 (a) where the low trans
influences of these ligands are responsible for their very
slow inversion rates, whereas for L~L = dppe or pdma
their low inversion rates may be attributable to the
steric constraints expected for a rigid bidentate ligand
on the basis of the mechanism shown in Scheme 2(a).
EXPERIMENTAL

Microanalyses were by the University of Edinburgh
Chemistry Department. I.r. spectra were recorded in the

* If any of the sulphur atoms takes up a position trans to Y the
mechanisms which result can all be shown to disobey the principle
of microscopic reversibility.

f It should also be pointed out that this seven-co-ordinate
intermediate is the least stcrically hindered of the ones shown in
Scheme 1.

line printer and experimental spectra were fitted to them by
finding the best fit between the ratio of maximum to mini¬
mum heights in the doublets. Spin-spin relaxation times
(T2) were obtained by measurement of the peak width at
half height under slow-exchange conditions. Life-times
obtained by this fitting procedure were then used to con¬
struct an Arrhenius plot (log106 against 7"_1) to which
a straight line was fitted by the least-squares method.
Activation parameters at 298 K were obtained from standard
equations. Analytical data for the new complexes are given
in Table 3. M.p.s were determined on a Kofler hot-stage
microscope and are uncorrected.

Materials.—Ruthenium trichloride trihydrate (Johnson
Matthey), bicyclo[2.2.1]hepta-2,5-diene (nbd) (Koch-
Light), cyclo-octa-l,5-diene (cot) (Ralph Emanuel), and o-
phenylenebis(dimethylarsine) (pdma) (Aldrich) were ob¬
tained as indicated. l,2-Bis(diphenylphosphino)methane
(dppm), l,2-bis(diphenylphosphino)ethane (dppe), sodium
dimethylphosphinodithioate, and ruthenium(n)-containing
starting materials were prepared by standard literature
methods. Operations were carried out under nitrogen and
in degassed solvents.

(Bicyclo[2.2. l]hepta-2,5-diene)bis(dimethylphosphinodi-
thioato)ruthenium(u).—(a) The complex [{RuCl2(nbd)}„] 8
(0-20 g) and Na[S2PMe2]*2H20 9 (0-40 g) were heated under

7 T. Nakagawa, Bull. Chem. Soc. Japan, 1966, 39, 1006.
8 E. W. Abel, M. A. Bennett, and G. Wilkinson, J. Chem. Soc.,

1959, 3178.
9 R. G. Cavell, W. Byers, and E. D. Day, Inorg. Chem., 1971,

10, 2710.



1264 J.C.S. Dalton
reflux in ethanol (25 cm3) for 5 h. After filtration and
cooling, the complex precipitated as orange crystals (0-20 g,
60%).

(b) The complex [{RuCl2(nbd)}„] (0-26 g) was added
to a hot solution of Na[S2PMe2]-2H20 (0-29 g) in NN-
dimethylformamide (8 cm"3). After cooling and addition

remove excess of fra«s-[RuClj(dppe)2] and NaCl and, on
cooling, the complex precipitated as orange crystals (0-06 g,
39%).

[ 1,2-Bis (diphenylphosphino)methane]bis(dimethylphosphi-
nodithioato)ruthenium(n).—The complex [Ru(S2PMe2)2-
(nbd)] (0-05 g) and dppm (0-10 g) were shaken in ethanol

Table 3

Analytical data for some ruthenium complexes
Analyses/%

i * ■ *

Found Calc.

Complex Colour M.p. (0c/°C) M * C H C H

[Ru (S2PMe2) 2(nbd)] Orange 167—170 443 ± 1 (443) 29-9 4-6 29-8 4-5
[Ru(S2PMe2)2(cot)] Orange 184—185 459 ± 1 (459) 30-7 51 31-3 5-2

[Ru(S2PMe2)2(dppe)] Orange 228—230 749 ± 1 (749) 47-7 4-9 48-0 4-8
[Ru (S2PMe2) 2(dppm)] Orange 230—233 47-5 4-8 47-3 4-6

(decomp.)
[Ru (S2PMe2) 2(pdma)] Orange 238—240 28-6 4-3 26-4 4-3

(decomp.)
frans-[Ru(S2PMe2)2(pdma)2] Pink 236—237 31-3 4-9 31-2 4-8

(decomp.)
* Molecular weight from parent-ion peak (101Ru isotope) in mass spectrum; calculated values are given in parentheses.

of water, the brown solid was filtered off and recrystallised
from aqueous acetone as orange crystals (0-17 g, 41%).

(Cyclo-octa-l,5-diene)bis(dimethylphosphinodithioato)ru-
thenium(u) was similarly prepared from [{RuCl2(cot)}n] 8
(0-28 g) and Na[S2PMe2]-2H20 (0-29 g) as orange crystals.

[l,2-Bis(diphenylphosphino)ethane~]bis(dimethylphosphino-
dithioato)ruthenium(u).—(a) The complex [Ru(S2PMe2)2-
(nbd)] (0-11 g) was heated under reflux with dppe (0-10 g) in
acetone for 24 h. Cooling and concentrating the solution
then afforded the complex as orange crystals which were
recrystallised from CH2Cl2-n-hexane (0-10 g, 58%).

(b) The complex fra«s-[RuCl2(dppe)2] 10 (0'20 g) and
Na[S2PMe2],2H20 (0-20 g) were heated under reflux in
ethanol (25 cm3) for 24 h. The solution was filtered hot to

10 J. Chatt and R. G. Hayter, J. Chem. Soc., 1961, 896.

(20 cm3) for 5 h. The orange crystals were filtered off and
washed with water, ethanol, and n-pentane (0-13 g, 80%).

tTa.ns-Bis(dimethylphosphinodithioato)bis[o-phenylenebis-
(dimethylarsine)]ruthenium(u).—The complex [Ru(S2PMe2)2-
(nbd)] (0-05 g) and pdma (0-2 cm3) were heated under re¬
flux in ethanol (10 cm3) for 10 min. The pink crystals were
filtered off and washed with water, ethanol, and n-pentane
(0-085 g, 97%). Recrystallisation from boiling toluene
gave orange crystals of the product in 100% yield.

We thank Johnson, Matthey Ltd. for loans of ruthenium
trichloride, the University of Edinburgh for an award (to
D. J. C-H), and the Atlas Computer Laboratory for a copy
of their shape-function program.

[4/2339 Received, 8th November, 1974]
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REACTION OF PALLADIUM DIENE AND 2-PHENYLAZOPHENYL
COMPLEXES WITH SOME SULPHUR-CONTAINING NUCLEOPHILES

M.C. CORNOCK, R.C. DAVIS, D. LEAVER and T.A. STEPHENSON*
Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ (Great Britain)

(Received December 10th, 1975)

Summary

The syntheses of [PdX(S-S)] 2 [X = CI, Br; (S-S)" = _S2CNR2,'S2COR]
via [C8H12PdCl2] or [PhN2C6H4Pd(OCOCH3)] 2 are reported and some
reactions of these compounds are described.

The activation of olefins towards nucleophilic attack by coordination to
palladium(II) is now well established and of commercial importance. Extensive
studies on reactions of [dienePdCl2] complexes with various nucleophiles
containing oxygen or nitrogen donor atoms (e.g. ~OR,~OCOR, NH2R etc.)
show that, usually, attack on one of the coordinated double bonds occurs to
give substituted alkenyl complexes [1].

We now report that the reaction between [C8H12PdCl2] (C8H12 = 1,5-cyclo-
octadiene) and S-containing nucleophiles such as N,N'-dialkyl- and O-alkyl-dithio
carbamate anions (S—S-) (1:1 molar ratios) leads, in contrast, to complete
diene displacement with formation of compounds of empirical formula
[PdCl(S—S)] „ **. Molecular weight measurements in chloroform reveal that
n = 2 and thus, these compounds are best formulated with the square planar,
chloride bridged structure (I). With excess (S—S)~, [Pd(S—S)2] is formed.
The probable mechanism of formation is given in eq. 1.

As outlined in Scheme 1 for (S—S)_ = ~S2 CNR2, these dimers prove to be
excellent precursors for a variety of reactions. For example, the chloride
bridges are readily cleaved by a wide range of Lewis bases (L) to give the
monomeric [PdCl(S2CNR2)L] (II) (L = PPh3, AsPh3, SbPh3, C5H5N, CO
etc.). For L = tertiary phosphine, these complexes can also be synthesised
by reaction of [PdCl2(PR3)] 2 with either Me2SnCl(S2CNR2) [3] or Na(S-S)
((S—S)_ = ~S2CNR2 [3,4], ~S2COR [4], ~S2 PR2 [4]) but, with weaker Lewis

r To whom correspondence should be addressed.
With the exception of CF3S [2], this appears to be the first reported reaction between anionic
sulphur-containing nucleophiles and [dienePdCl2] compounds.
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+ Na(S—S) Pd

Ik
+ NaCI

>[pd(S—S)2] + 2NaCI Na(S —S)

CI

S

J

S
\ /C'\ /'S

Pd Pd.

^Cl
(I)

(-diene)
dimerises

bases in the coordination sphere, only [Pd(S—S)2] are formed by this route.
Reaction of II with AgBF4 in tetrahydrofuran, followed by addition of
another Lewis base (L') and NaBPh4 readily gives the mixed ligand complexes
[Pd(S2CNR2)LL'] BPh4 (III) (e.g. L = PPh3, L' = AsPh3, CSHSN etc). Similarly,
reaction of I with Ph3PhCH2PCl/HCl gives the anionic Ph3PhCH2P[PdCl2(S2-
CNR2)] (IV). The related [Pd(S2COR)3]~ has been described elsewhere [5].

s s

\ .

Pd

s' s

tan)

(vi)\

(iv),

S CI S
/ \ / \ \

R2NC Pd^ Pd CNR2

^ N:,-"
(I)

s X s

RjNC^ ^Pd^ ^Pd^ ^CNR2
s x s

(V)

(V)

L

\ /
/Pd\ /-"CNR2

X

(21)

CI

Pd

L'/ V
(HI)

CNR,

S

tn)

BPh4

CNR?

SCjHEME 1. (i) L = PPh3, AsPh3, SbPh3, C5H5N, CO etc.; (ii) L = PPh3; L' = AsPh3, CSHSN etc.; (UO
M = Ph3i'HCH2P+; (iv) X" = Br , I", "SPh; (v) L = PPh3, X = "SPh; L = PPh3, X = Br"; (vi) (S—S)" = "S,PM«r
"SjCOEt.
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The chloride bridges in I can be readily exchanged for Br", I", PhS" (X")
oy treatment with the corresponding lithium or sodium salt, giving [PdX-
[S2CNR2)] 7 (V). The compound V with X = Br can also be prepared from
die (2-phenylazophenyl)dithiocarbamato complex (Z) by treatment with
aromine, the 2-phenylazophenyl ligand being removed as 2-bromoazobenzene.
Phe complexes Z are readily obtained by reaction of the known acetate
complex Y [6] with Et4N(S2CNR2) (1:2 molar ratio) (eq. 2).

[He related thiol bridged complex [Pd(S-t-Bu)(S2CNEt2)] 2 has been
ynthesised by reaction of [Pd(S-t-Bu)(S2CS-t-Bu)]2 [7] with Et^NH [8], Reaction
>f these compounds with PMePh2 is reported to give [Pd(S-t-Bu)(S—S)PMePh2 ]n,
iriginally formulated from !H NMR.studies as five coordinate dimers [8] *.
-lowever, we have found that reaction of [Pd(SPh)(S2CNEt2)] 2 with PPh3
jives the red, crystalline monomelic [Pd(SPh)(S2CNEt2)PPh3] (VI).

Finally, preliminary studies indicate that reaction of [PdCl(S2CNR2)] 2

vith other dithioacid anions gives the mixed [Pd(S2CNR2)(S—S)] (VII)
:omplexes (S—S" = ~S2PR2, ~S2COR)** and reactions of these compounds
vith Lewis bases are now in progress.
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(Received December 27th, 1975)

Summary

The dithioacid ligand complexes [176 -C6 H6 Ru(S2 PR2)2 ],
[r?5 -C5 Mes Rh(S-S)2 ], [(S—S)— = ~S2PR2, ~S2 CNR2, ~S2 COR],
[t?s -C5 Me5 RhCl(S2 CNR2)] and [77s -Cs Mes Rh(S2 PMe2 )(S2 CNMe2)] have
been synthesised by reaction of [176 -C5 H6 RuC12 ] 2 and [17s -Cs Mes RhCl2 ] 2

respectively with Na(S—S).

In recent papers, the synthesis of the complexes cis-[Ru(S—S)2 diene]
[(S-S)- = _S2CNR2 [1,2], ~S2PR2 [2];diene = 1,5-C8H12, C7H8] by reaction
of [RuC12 (diene)] „ with Na(S—S) have been described. In this note, we wish
to report the results of the related reactions between [176 -C6 H6 RuC12 ] 2 (I)
and various sulphur containing nucleophiles. Although the reactions of I with
various monodentate nucleophiles have been described [3,4], the only other
published work involving reaction with potential bidentate nucleophiles is
that of Ph2 P(CH2 )„PPh2 (n = 1, 4) giving [t?6 -C6 H6 RuC12 (Ph2 PCH2 PPh2)]
and [(i76-C6H6 RuC12)2 (Ph2 P(CH2 )4 PPh2} ] with mono- and bi-dentate
coordination respectively [3].

*To whom correspondence should be addressed. ( TT )
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Reaction of I with NaS2 PR2 in water (1:2 molar ratio) gives monomeric
■complexes of formula fr?6 -C6 H6 Ru(S2 PR2 )2 ] (R = Me, Ph, OMe, OEt). 'H
and 31P NMR studies reveal that these compounds are best formulated with
jnono- and bi-dentate ligands [structure (II)], e.g. for -S2PMe2, the 1H NMR
spectrum at 303 K consists of three doublets of relative intensity (2; 1; 1)
(V(PH) 12.0 Hz) in addition to a singlet at 6 5.88 ppm (t?6-C6 H6). However,
although they are stereochemically rigid at room temperature, ready decom¬
position in solution as indicated by the appearance of free benzene (JH and
i3C NMR) and ~S2PR2 (31P NMR) prohibits a detailed examination of possible
rearrangement processes in these complexes. Furthermore, reaction of I with
dialkyldithiocarbamate and O-alkyldithiocarbonate anions gives paramagnetic
products containing no coordinated benzene.

(W

Therefore, since I does not give a very wide range of arene complexes
containing dithioacid ligands, we have investigated similar reactions with the
isoelectronic [775 -C5 Me5 RhCl2 ] 2 (III) [5]. Thus; III reacts with ~S2PR2 (1:1
mole ratio) (R = Me, Ph) to give [77s -C5 Me5 Rh(S2 PR2 )2 ] (IV). Unlike I,
however, III reacts with the stronger nucleophiles ~S2CNR2 and~S2COR,
without loss of the 77-bonded ring, to give the analogous [77s -C5 Me5 Rh-
(S—S)2 ] (IV). NMR studies at ambient temperature confirm the presence of
inequivalent dithioacid ligands in all these compounds and variable temperature
studies at higher temperatures reveal that interconversion of mono- and bi-
dentate dithioacid ligands occurs. A detailed kinetic line-shape analysis of
ihis process is now in progress. Reaction of III with NaS2 CNMe2 (1:1 mole
ratio) gives [77s -C5 Mes RhCl(S2 CNMe2)], from which the mixed dithioacid
complex [77s -C5 Mes Rh(S2 PMe2 )(S2 CNMe2)] * can be synthesised. NMR
studies show the latter to have bidentate ~S2CNMe2 and unidentate -S2PMe2
groups.
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All the compounds reported in this note have been characterised satisfactorily by elemental
analyses and molecular weight determinations.
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SYNTHESIS AND CHARACTERISATION OF PLATINUM (II) AND PALLADIUM(II)
COMPLEXES CONTAINING DITHIOACID AND OTHER LIGANDS

M C Cornock and T A Stephenson

Department of Chemistry, University of Edinburgh, Edinburgh, Scotland.

(Received 25 November 1975)

In previous papers, we have reported the results of the reactions

of various tertiary phosphines, arsines and stibines (L) with the square

planar [M(S-S)^] compounds (M = Pd, Pt; S-S = S^PR^, S^COR and S^P^R)^].
In particular, a study of the various rearrangement reactions exhibited by
the products [M(S-S) L] and [M(S-S)L ]Y (Y = S- S", BPh4" , Cl" , PF6~) has
been described (1). One reaction was the conversion of [Pd(S PR^)—
(PPh^J-jBPh (R = Me,Ph) to [PdX^^PR^JPPh^] when dissolved in either
CH^X^ or CHX^ (X=C1, Br)(1). Unfortunately, this particular rearrangement
appears to be confined to compounds containing a combination of Pd, PPh^,

S PR^ and BPh^ and thus does not provide a general method of synthe-
sising the series (MX(S-S)PR^ ].

Although [NiX(S-S)PR^] [S-S = S^CNR^C^.S), S COR(4)] compounds
have recently been reported, [PdX(S^PR^)PPh^] represented the first
palladium complex of this type. In this preliminary communication, we

report the results of our attempts to find a general synthetic route to

palladium (II) and platinum (II) complexes of this type and also, some re¬

actions of these compounds.

Our initial efforts to develop a general synthetic method were

largely unsuccessful. Thus, in contrast to the preparation of

[NiX(S CNR )PR ] (2,3), reaction of PdCl (or K PtCl ), PR^ and
Lj Li J U 6 4 J

NaS^CNR^BH^O (or NaS^PR^) gave only [M^-S^]. Similarly, although
reactions of [Pd^PR^PR1^] with excess AgX (X=C1, Br, I, SCN) in acetone
readily gave [PdX(S^PR^)PR ^]> the corresponding exchange reactions with
[Pt(S-S)^PR (S-S = S^PR^, were very inefficient and produced
only low yields of the required product (especially for S-S = S^CNR^).

381
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TABLE 1

Analytical Data for some Platinum (II) and Palladium (II) Dithioacid Complexes

Complex C

„ Found / o .

H N Others M

Required °/o
X X

C H N Others M

[PtCl(S2CNEt2)PMePh2] 37. 2 4. 1 2.3 CI, 6. O /03a 37.4 4. O 2.4 CI,6.1 578

[PtCl(S2CNEt2)PMe2Ph] 29.4 4. O 2. 9 611a, 516tlb 30.2 4.1 2.7 - 516

[Pt(S2CNEt2)(S2PMe2)PMePh2J 36. O 4. 5 2. 2 - 35.9 4.3 2.1

[PdCl(S2CNEt2)PMe2Ph] 36.4 5. O 3.3 Cl.8.2 445a,428tlb 36.5 4.9 3.3 CI,8.3 427

[PdBr(S2CNEt2)PMe2Ph] 33. 2 4.3 2.9 533a,473tlb 33.1 4.4 3.O - 472

[Pdl(S2CNEt2)PMe2Ph] 30. 3 4.1 2.7 1,24.8 521+-lb 30.2 4.1 2.7 1,24.5 520

[PdCl(S2COEt)PMe2Ph] 33. O 4. O - - 33.O 4.O -

[PdBr(S2PMe2)PMe2Ph] 26.7 5.8 - - 26.7 3.8 -

[Pdl(S2PMe2)PMe2Ph] 24. 3 3. 5 - 496-lb 24.2 3.4 496

[Pd(S2CNEt2)(PMe2Ph)PPh3]BPh4 67. 8 6. O 1. 3 - 67.8 5.9 1.4

[Pd(S2CNEt2)(PMe2Ph)(C5H5N)]BPh4 63. 6 5. 8 3.2 - 63.8 5.8 3.5

a
Molecular weight measured osmometrically at 37° in chloroform

k
Molecular weight from parent ion peak (^^Pd or isotope) in mass spectrum

Hnmr Data in CDCL at 301K for some Platinum (II) and Palladium (II) Dithioacid Complexes

Dithio ligand

CH3b CH2b
[PtCl(S2CNEt2)PMePh2] 1.26(f), 1.19(t) 3- 64(q), 3. 47 (q) 2.16(t.d)d 7.32-7.82(m)

[PtCl(S2CNEt2)PMe2Ph] 1. 28(f), 1. 25(f) 3. 66(q), 3. 55{q) 1. 83 (t. d)G 7. 32-7.86(m)

[Pt(S2CNEt2)(S2PMe2)PMePh2] 1.29(f), 1.21(f) 3 . 68 (q), 3 . 50(q) 2. 29(t. d)h 7. 32-7. 80(m)
1. 99(d)*' 8

[PdCl(S2CNEt2)PMe2Ph] 1. 24(f), 1. 22(f) 3.72(q),3.62(q) 1. 80(d) 7. 38-7. 90(m)

[PdI(S2CNEt2)PMe2Ph] 1.25(f), 1.22(f) 3.70(q), 3. 59(q) 1.95(d) 7. 35-7. 80(m)

[PdCl(S2PMe2)PMe2Ph] 2. 00(d)* 1.77(d) 7. 32-7. 80(m)

d=doublet; t=triplet; q=quartet; m=multiplet
b c d e f g

t0"01 JCH3CH27-OHz 2jPHU-°Hz 3jP«H34-OHZ 3jptH35"5HZ ^PH13'™2 VM5'0"2
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However, we have found that reaction of the halide bridged dimers

[MX2(PR13)]2 (M = Pd; X = C1, Br, I; PR^PMe^h; M=Pt; X = C1; PR^PMe^Ph,
PMePh ) with various alkali metal dithioacid salts ( S PR , S^CNR ,Li Li Li Li Ct

S^COR) in 1:2 molar ratio in acetone (Pd) or acetone / CH^Cl^ (Pt) provides
an excellent general method of synthesising a wide range of these compounds^.
All compounds have been characterised by elemental analyses (Table 1),
infrared and nmr spectroscopy (Table 2) and, in several instances, the

monomeric nature of the products have been established by mass spectro¬

scopy and/or osmometric molecular weight measurement in chloroform

(Table 1).

NC ^ M

R ""

R ■

X

PR

(I)
1_

Full confirmation of structure (I) is obtained from the H nmr spectra of

the diethyldithiocarbamato derivatives which show two magnetically in-

equivalent ethyl groups at ambient temperature. As expected for a

structure of this type, the S^PMe^ compounds show only one methyl
resonance from the dithioacid group.

These compounds prove to be useful starting materials for a

variety of reactions. For example, reaction of [PtC^S^CNEt^PMePh^]
with NaS PMe gives the mixed dithio complex [Pt(S CNEt )(S_,PMe )PMePh£

^ £ L, Li Li Li L
shown by Hnmr spectroscopy (Table 2) to have structure (II). Unlike the

corresponding
w
,PMe, - .... +

S S
/ \ /

Et NC Pt
2 \ / \

S PMePh.

(II)

Et^NC Pd

'

PMe^Ph
(III)

+
Very recently, N Sonoda and T Tanaka, Inorg Chim Acta 12_ 261 (1975) have
independently reported the synthesis of the related [PdCl(XYCNR2)PR^3]
(R = Me,Et; PR13 = PMePh2, PPh3, PMe2Ph; X=S,Y=Se) by reaction of
[PdCl2(PRl3 )]z with Me 2SnCl(XYCNR2 ). [PdCl(S2CNR2)PR 3 ]
(R=Me, Et;PRl3 = PPh3, PMePh2) are also briefly described.
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[Pt(S CNEt?) PMePh ] (5) and [Pt(S PMe ) PMePh ] (1), this compound is
stereochemically rigid even at 330K. As expected, reaction of [PtCi^S^PMe^) —
PMePh ] with NaS CNEt 3H O gives Pt(S CNEt ) , indicating the greater

Cj L* C* Ct Ct L* Ld

nucleophilicity of S^CNEt^ compared to S^PMe^. Attempts to make a
wider range of mixed dithio and diseleno complexes of platinum (II) and

palladium (II) are now in progress.

Finally, reaction of [PdCl^^CNEt^JPMe^Ph] with AgBF^ in tetra-
hydrofuran produces a white precipitate of AgCl and a yellow solution

thought to contain the solvated cation [Pd^HF^S^CNEt^PMe^Ph]*.
Addition of various ligands (L) to this solution followed by treatment with

NaBPh^ readily gives the mixed ligand complexes [Pd^^CNEt^^PMe^Pl^L]
BPh, (III) (L=PPh , CrHrN etc) . Extension of this reaction to a wider4 3 5 5 '

range of ligands is also in progress.
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Crystal and Molecular Structure of Bis(/V/V-diethyldiselenocarbamato)-
selenium(n)
By Robert O. Gould," C. Lynn Jones, W. John Savage, and T. Anthony Stephenson, Department of

Chemistry, University of Edinburgh, Edinburgh EH9 3JJ

Crystals of the title compound (II) are monoclinic, space group P2Jn. with a = 6.707(5), b = 9.978(6), c =
25.41 (1) A, (3 = 90.75(5)'. Except for the terminal methyl groups, the molecules are planar with non-crystallo-
graphic C2„ (mm) symmetry. There are two types of Se-Se bond of length 2.45 and 2.80 A . The structure was
solved by a combination of direct and heavy-atom methods from 1 890 photographic data. It was refined by least-
squares techniques to R 0.08.

In an attempt to prepare bis(AW-diethylselenocarb- fractional crystallisation of the resulting orange solid
amoyl)diselenide (I), an aqueous solution of sodium from ethanol-chloroform: bis(AW-diethyldiseleno-
diethyldiselenocarbamate was allowed to react with carbamato)selenium(n) (II), and bis(A,T7V-diethylseleno-
atmospheric oxygen.1 Two products were obtained by i P. Barnard and D. T. Woodbridge, J. Chem. Son., 1961, 2922.
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carbamoyl)selenium(n) (III). The crystal structure of
(II) is reported here.

Et2NC(Se)-Se-SeC(Se)NEt2 Et2N-C(Se)Se-SeSe.C(Se)-NEt2
(I) (II)

Et2N'C(Se)-Se-C(Se)-NEt2
(III)

xs Sv
Et2NC Se CNEt2

\s/
(IV)

EXPERIMENTAL

Crystal Data.—C10H20N2Ses, M = 563, orange monoclinic
needles, a = 6.707(5), b = 9.978(6), c = 25.41(1) A, (3 =

90.75(5)°, U = 1 700 A3, Dm = 2.17, Z = 4, D0 = 2.20 g cm"3.
Space group P2Jn (non-standard setting of P2Jc, No. 14).
Cu-Kq, radiation, A = 1.5418 A; p^Gu-N^) = 144 cm"1.

Structure Determination.—Data for layers 0—5kl were

syntheses. Refinement of interlayer scale factors and the
positions and isotropic temperature factors of the selenium
atoms led to R 0.13. No attempt was made to locate
hydrogen atoms. For the final refinement cycles, all
positional parameters, isotropic thermal parameters for the
ethyl carbon atoms and anisotropic for all others, and a
single scale factor were varied. Weights were of the form
W = X . Y, where X — sin0/O.22 for sin0 < 0.22 and 1.0
otherwise, and Y = 150/|Fo| for |F0| > 150 and 1.0 other¬
wise. The final R was 0.08.

Final atomic parameters are given in the Table, and
intramolecular distances and angles in Figure 1. Among
the atoms found, there are no intermolecular distances
<3.6 A. Structure factor tables are deposited as Supple¬
mentary Publication No. SUP 21657 (4 pp., 1 microfiche).*
All standard crystallographic calculations were done by use
of the ' Af-Ray '72 ' program system 3 at the Edinburgh
Regional Computing Centre.

DISCUSSION

The projection of a molecule on its best plane is shown
in Figure 2. Within experimental error, the molecules

Fractional co-ordinates with standard deviations (x 104) and thermal parameters (x 103/A2) for (II)
Atom

Se(l)
Se(2)
Se(3)
Se(4)
Se(5)
N(l)
N(2)
C(l)
C(2)

2 174(40)
2 581(53)

-1 304(31)
-2 037(44)

1 984(3)
-665(3)
-568(3)
3 908(3)
4 049(4)

997(30)
797(24)

1 496(32)
1 310(26)

y
-1 352(26)
-2 433(38)

-666(21)
38(31)

y
3 248(2)
1 872(2)
4 836(2)

967(2)
5 384(2)
7 185(15)
-336(15)
6 016(21)

646(18)

7 687(10)
8 032(14)
7 756(8)
7 225(12)

z

8 842(1)
8 420(1)
9 124(1)
8 405(1)
9 298(1)
9 536(7)
7 889(7)
9 359(7)
8 196(6)

U
48
77
28
60

fii
37
27
35
30
37
57
29
45

4

C(7)
C(8)
C(9)
C(10)

26
27
30
41
40

5
20
29
24

U,s
23
43
42
39
53
46
14
13
18

2 537(44)
3 234(68)

-1 150(38)
-1 878(49)

Ult
1
3

-2
6
4

-1
12

2
8

y
8 189(31)
8 047(49)
7 600(26)
8 316(34)

Ui,

0
4
2

-5
-16

0
-7
-6

3

U„
-5

— 15
-14
-11
-14
-16
-8

-18
7

9 646(11)
10 208(18)

9 617(9)
9 138(13)

U
59

103
46
69

collected on multi-film packs, by the equi-inclination
Weissenberg method. The crystal chosen was approxi¬
mately cylindrical, elongated along [100] with a mean

Figure 1

cross-sectional area of 0.06 mm2. The intensities of 1 890

unique reflections were obtained by use of a Saab rotating-
drum film scanner. No absorption corrections were applied.

The positions of the selenium atoms were found un¬
ambiguously by the MULTAN procedure,2 and the remain¬
ing atoms were located by successive difference-Fourier

* See Notice to Authors No. 7 in J.C.S. Dalton, 1976, Index
issue. (Items less than 10 pp. are supplied as full-size copies.)

2 P. Main, M. M. Woolfson, and G. Germain, ' MULTAN, a
Computer Programme for the Automatic Solution of Crystal
Structures,' University of York, 1971.

have C, (m) symmetry; excluding terminal methyl
groups, they are planar with symmetry, the maxi¬
mum deviation from the plane being 0.4 A [C(7)].
The corresponding bis(iVAr-diethyldithiocarbamato)-
selenium(n) (IV) has been reported.4 Its molecular
structure is very similar: mean Se-S distances in (IV)

Ose on mc . i A .

Figure 2 Projection of a molecule of (II) on its best plane

are 2.32 and 2.76 A, while in (II) the mean Se-Se
distances are 2.46 and 2.82 A. As would be expected,

* ' A-Ray' program system, Technical Report TR 192,
Computer Science Center, University of Maryland, version of
June 1972.

4 S. Husebye and G. Helland-Madsen, Acta Chem. Scand.,
1970, 34, 2273.
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the difference between the two bonds in the SeSe4
system is much less than that in the SeS4 system.
Similarly, the angles about the central atom are sig¬
nificantly nearer 90° in (II) than they are in (IV). The
structures have very similar cell dimensions, but (IV)
forms orthorhombic crystals, space group P212121.4 If
the atom co-ordinates of (IV) are transformed to
1 /4 -f- z, 3/4 — x, I — y, the two molecules may virtually
be superimposed, as may the two projections down the
shortest axis of the entire structure. Clearly there is
little difference in energy between the two packing
arrangements, and this may explain the high thermal
parameters for terminal groups, and the disorder found
in (IV).4

Brondmo et al.5 distinguish three classes of structures
for complexes of sulphur(n), selenium(n), and tellurium-
(n) with bidentate dithio- and related ligands. Classes
(I) and (II) both have four-co-ordinate structures with
two long and two short bonds, but in class (I) two

6 N. J. Brondmo, S. Esperas, and S. Husebye, Acta Chem.
Scand., 1975, A29, 93.

' S. Husebye and G. Helland-Madsen, Acta Chem. Scand.,
1969, 23, 1398.

bidentate ligands form a discrete complex molecule,
while in class (II) the ligands are bridging and the
' intermolecular' bonds are particularly long. Both
compounds (II) and (IV) are examples of class (I),
while bis(diethyldiselenophosphinato)selenium(n) 6 is in
class (II). In terms of their arguments, the diseleno-
carbamate ligand should thus have a greater donor
capacity than the diselenophosphinate ligand. This
distinction is well established for the sulphur analogues
where, for example, the Ni-S bonds in bis(diethyl-
dithiocarbamato)nickel(n) (2.202 A) 7 are significantly
shorter than those in bis(dimethyldithiophosphinato)-
nickel(n) (2.240 A).8

We thank the S.R.C. for financial support (of C. L. J. and
W. J. S.) and Professor E. A. V. Ebsworth and Dr. D. W. H.
Rankin for encouragement and discussion.

[5/1757 Received, 12th September, 1975]

' P. E. Jones, G. B. Ansell, and L. Katz, Acta Cryst., 1969,
B25, 1939.

8 M. Bonamico, G. Dessy, C. Mariani, A. Vaciago, and L.
Zambonelli, Acta Cryst., 1965, 19, 619.
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Metal Complexes of Sulphur Ligands. Part 1Q.1 Reaction of mer-
Trichlorotris(dimethylphenylphosphine)osmium(iu) with Dimethyldi-
thiocarbamate. Dimethyl- and Diphenyl-phosphinodithioate, and 0-
Ethyl Dithiocarbonate Ligands
By David J. Cole-Hamilton and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh,

Edinburgh EH9 3JJ

Reactions of the complex mer-[OsCI3(PMe2Ph)3] (1) with excess of [S—S]— ion (S—S~ = S2CNMe2~, S2PMe2-
S2PPh2_, or S2COEt) have been thoroughly studied. For [S2CNMe2]~, refluxing in methanol for 90 min gives a
high yield of c/'s-[Os(PMe2Ph)2(S2CNMe2)2] (2), whereas shaking in methanol gives /77er-[OsCI(PMe2Ph)3-
(S2CNMe2)] (3). Reaction of (3) with Na[S2CNMe2]-2H20 in refluxing ethanol gives (2) together with small
amounts of 7ac-[OsCI(PMe2Ph)3(S2CNMe2)] (5) and /tac-[Os(OEt)(PMe2Ph)3(S2CNMe2)] (6), whereas with
K[S2COEt] these three complexes and c/s-[Os(PMe2Ph)2(S2CNMe2)(S2COEt)] (4) are formed. Similarly, for
[S—S]- = S2PMe2~ or S2PPh2~, reaction with (1) in refluxing ethanol gives c/'s-[Os(PMe2Ph)2(S2PR2)2] [R = Me (7)
or Ph (8)]. However, shaking in methanol gives paramagnetic /7?e/--[OsCI2(PMe2Ph)3(S2PR2)] [R = Me (9) or
Ph (10)]. Recrystallisation of (9) from boiling benzene gives rrar7s-[OsCI2(PMe2Ph)2(S2PMe2)] (11). whereas
prolonged standing in cold benzene gives a purple oil containing the cation [OsCI(PMe2Ph)3(S2PMe2)]+ (12)
together with (1) and brown crystalline mer-[OsCI(PMe2Ph)3(S2PMe2)] (13). Carbonylation of (7) in refluxing
ethanol in thepresenceof sulphur givesc/'s-[Os(CO)(PMe2Ph)(S2PMe2)2](14) together with a brown oil containing
PMe2PhS and a complex of probable formula [Os(CO)2(PMe2Ph) (S2PMe2)2] (15). In the presence of PMe2Ph,
carbonylation of (7) gives [Os(CO) (PMe2Ph) (S2PMe2)2] (1 6) whereas in cold CH2CI2—C6H14 a different isomeric
form of [Os(CO)(PMe2Ph)2(S2PMe2)2] (17) is produced. In contrast, reaction of (1) with K[S2COEt] under all
conditions gives only /77e/--[OsCI(PMe2Ph)3(S2COEt)] (1 8). The complexes have been characterised by elemental
analyses and mass, i.r.. and n.m.r. spectroscopy (3H and 31P), and detailed mechanisms for the overall reaction and
the carbonylation of (7) are postulated.

In Part 7 of this series 2 the investigation of the reactions
of mer-[RhCl3(PMe2Ph)3] with dithioacid ligands gave
considerable insight into the possible nature of some of
the paramagnetic intermediates which might be formed
in the preparation of cts-[Ru(PMe2Ph)2(S2PR2)2] (R =
Me or Ph) from wer-[RuCl3(PMe2Ph)3].3 However,
because of the stability of rhodium(m) complexes with
respect to reduction to Rh11, no information could be
gleaned about the step at which reduction to Ru11
occurs or the nature of any ruthenium(n) intermediates.
It was therefore felt, since osmium has stable oxidation

1 Part 9, D. J. Cole-Hamilton, T. A. Stephenson, and D. R.
Robertson, J.C.S. Dalton, 1975, 1260.

2 D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 1818.

states of both n and hi and is also less labile than
ruthenium in both of these oxidation states,4 that an

investigation of the reactions of mer-[OsCl3(PMe2Ph)3]
with dithioacid ligands might shed some extra light on the
mechanism of formation of cfs-[Ru(PMe2Ph)2(S2PR2)2]
from mer-[RuCl3(PMe2Ph)3],

With the exception of a very recent paper on osmium
dialkyldithiocarbamates and O-alkyl dithiocarbon-
ates,5 very little work has been published on osmium

3 D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 739.

1 See W. P. Griffith, ' The Chemistry of the Rarer Platinum
Metals,' Interscience, London, 1967.

6 P. B. Critchlow and S. D. Robinson, J.C.S. Dalton, 1975,
1367.
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complexes containing dithioacid ligands. Earlier ex¬
amples include the synthesis of [Os^CNR^J from the
reaction of [NH4]2[OsC16] with Na^CNRJ,6 a brief
mention of [0s02(S2CNR2)2],7 and [QsCl(bipy)2{S2CN-
(CH2)5}] (bipy = 2,2'-bipyridyl) from the interaction of
[OsCl2(bipy)2] and K[S2CN(CH2)5]/

Analytical data for the new complexes are given in
Table 1 and spectroscopic properties in Tables 2—4.

Dimethyldithiocarbamato-complexes.—When complex
(1) was heated under reflux with excess of NafS^NMeg]*
2H20 in ethanol for 90 min, a yellow complex of com¬
position [Os(PMe2Ph)2(S2CNMe2)2] (2) was isolated in

Table 1

Analytical data for some osmium dithioacid complexes
Analysis (%)

1—

Found Calc.
1

Complex Colour M.p. (ec/°c) C H N
t—

C H N (La. »/B.M.
m«r-[OsCl2(PMe2Ph)3(S2PMe2)] (9) Purple 140—142 39.8 4.9 39.0 4.9 1.82
mer-[OsCl2(PMe2Ph)3(S2PPh2)] (10) Purple 104—105 46.6 4.6 46.7 4.7 1.81
lmMs-[OsCl2(PMe2Ph) 2(S2PMe2)] (11) Red 207—210 4 32.6 4.3 32.6 4.2 1.97
m«r-[OsCl(PMe2Ph)3(S2PMea)] (13) Brown 198—200 39.9 4.7 40.8 5.1

mer-[OsCl(PMe2Ph)3(S2CNMe2)] (3) Yellow 140—150 4 42.6 5.3 1.7 42.7 5.1 1.8

>c-[OsCl(PMe2Ph)3(S2CNMe2)] (5) Yellow 172—174 4 42.4 5.2 1.9 42.7 5.1 1.8

/ac-[Os(OEt) (PMe2Ph) 3(S2CNMe2)] (6) Yellow 206—210 4 41.5 5.2 1.7 45.3 5.7 1.8
mer-[OsCl(PMe2Ph)3(S2COEt)] (18) Orange 123—125 42.5 5.2 42.6 5.0

m-[Os(PMe2Ph)2(S2PMe2)s] (7) Orange 189—190 4 33.5 4.9 33.5 4.8
«'s-[Os(PMe2Ph)2(S2PPh2)2] (8) Orange 238 4 49.5 4.5 49.7 4.4

cts-[Os(PMe2Ph)2(S2CNMe2)2] (2) Yellow 172—174 37.5 4.9 4.1 37.4 4.8 4.0
cis-[Os(PMe2Ph)2(S2CNMe2) (S,COEt)] (4) Orange 84—86 37.1 4.6 1.8 37.3 4.7 2.0
eis-[Os(CO)(PMe2Ph)(S2PMe2)8] (14) Yellow 120—122 25.8 3.8 25.7 3.8
[Os (CO) (PMe,Ph) ,(S2PMe2) J (16) Yellow 155—158 4 34.0 4.7 33.9 4.6

" Obtained in CH2C12 at 301 K by Evans' method. 1 B.M. as 9.27 X 10" 24 A m2. 4 Decomposition.

Complex
mer-[OsCl3(PMe2Ph)3] (1)
m«r-[OsCl,(PMe,Ph),(S,PMe,)] (9)
mer-[OsCl2(PMe2Ph)3(S2PPh2)] (10)
<ra«s-[OsCl2(PMe2Ph)2(S2PMe2)] (11)
»»er-[OsCl(PMe2Ph)3(S2PMe2)] (13)
mer-[OsCl(PMe2Ph)3 (S2CNMe2)] (3)
fac-[OsCl (PMe2Ph) 3(S2CNMe2)] (5)
/ac-[Os(OEt) (PMe2Ph)3(S2CNMe2)l (6)
mer- [OsCl (PMe2Ph) 3(S2COEtl] (18)
eis-[Os(PMe2Ph)2(S2PMe2)J (7)
cis-[Os(PMe2Ph)2(S2PPh2)2] (8)
C!s-[Os(PMe2Ph)2(S2CNMe2)2] (2)
cis-[Os(PMe,Ph)2(S2CNMe,)(S,COEt)] (4)
cis-[Os(CO)(PMe2Ph)(S2PMe2) 2] (14)
[Os(CO)2(PMe2Ph) (S2PMe2)J (15)
[Os CO)(PMe2Ph).(S,PMe2)2] (16)
[Os(CO) (PMe2Ph),(S,PHe2) 2] (17)

Table 2
I.r. spectra (cm-1) of various osmium ditliioacid complexes as mulls

Dithioacid ligand
absorptionsv(OsCl)

350m, 312s, 270m
350w, 310s
350w, 318m
300s, br
340\v
348w
330v\v

350w

Others

600vs,"
645s," 540s "
528m 4
580m 4

1 510m 4
1 505m c
1 515m 4
1 250vs •

583m 4
608w,4 571vs 4

1 510vs, br"
1 520m, br," 1 230s, br«

580s b
600vs,
602s," 570m 4
602s,° 575m 4

1 040vs 4

1 908vs t
2 010s/ 1 950s 1
1 923vs'
1 942vs/ 1 923vs/ [1 941vs5*]

" Band(s) for unidentate [S2PR2]~ (J. M. C. Alison, T, A. Stephenson, and R. O. Gould, /. Chem. Soc. (A), 1971, 3690; D. F. Steele
and T. A. Stephenson, J.C.S. Dalton, 1973, 2124). 4 Bands for bidentate [S2PR2]_ (refs. as in a). c v(CN) (bidentate [S2CNMe2]-)
(D. C. Bradley and M. H. Gitlitz, J. Chem. Soc. (A), 1969, 1152, and refs. therein; C. O'Connor, J. D. Gilbert, and G. Wilkinson,
ibid., p. 84). 4 v(C—O) (of OEt- group).12 ' v(C—0) ([S2COEt]~ group) (D. Coucouvanis, Progr. Inorg. Chem., 1970, 11, 305 and refs.
therein). < r(CO). > Mixture of (14) and (15) so lower r(PS) is masked. 4 In CDC13 solution.

RESULTS AND DISCUSSION

It is reported that wer-[OsCl3(PMe2Ph)a] can be pre¬
pared either by reaction of Os04 with PMe2Ph in hydro¬
chloric acid or, in low yield, by refluxing [NH4]2[OsC16]
with excess of PMe2Ph in 2-methoxyethanol.8 We have
found that quantitative yields of the complex are
obtained in the latter reaction by addition of con¬
centrated HC1 to the mixture and by prolonging the
reflux for 16 h. The reactions of mer-[OsCl3(PMe2Ph)3]
(1) with various dithioacid anions are described below.

6 R. A. Bozis, University Microfilms, 72-14,064 (Chem. Abs.,
1972, 77, 108887y).

7 L. F. Shvydka, Yu. I. Usatenko, and F. M. Tulyupa, Zhur.
neorg. Khim., 1975, 18, 756.

80% yield and the remaining solution was shown (by
t.l.c.) to contain small quantities of three other coloured
compounds together with some white tetramethyl-
thiuram disulphide. Shaking the two reactants in
methanol for 10 min produced a single yellow complex of
formula [OsCl(PMe2Ph)3(S2CNMe2)] (3), white S2(SCN-
Me2)2, and a very small quantity of (2). When, however,
this latter reaction was carried out in the presence of
excess of PMe2Ph, the previously known, pale yellow,
complex [OsCl2(PMe2Ph)4] 9 was isolated and this was

8 J. Chatt, G. J. Leigh, D. M. P. Mingos, and R. J. Paske, J.
Chem. Soc. (A), 1968, 2636.

9 J. Chatt, G. J. Leigh, and R. L. Richards, J. Chem. Soc. (A),
1970, 2243.
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oxidised quantitatively to wer-[OsCl3(PMe2Ph)3] and
PMe2PhO on standing in CDC13 {cf. the reaction of

Table 3

Main peaks in the mass spectrum of
mer-[OsCl(PMe2Ph)3(S2CNMe2)] (3) at 200 °C

mje of 1,2Os peak '
795
761
708
658
623
570
520
485
458 4
432
354
328 4

Probable ion

[OsCl2(PMe,Ph),(S,CNMe,)] +
[OsCl(PMe2Ph)3(S2CNMe2)]+
[Os(PMeJPh)2(S2CNMe2)t] +
[OsCl2(PMe2Ph)2(S2CNMe2)] +
[OsCl(PMe2Ph) 2(S2CNMe2)] +
[Os (PMe2Ph) (S2CNMe2) J+
[OsCl2(PMe2Ph) (S2CNMe2)]+
[OsCl(PMe2Ph) (S2CNMe2)] +
708 —570
[Os(S2CNMe2)2] +
[Os(PMe2Ph)2(S2CNMe2)2]2+
570 —432

" All the peaks showed the characteristic osmium isotopic
pattern. 4 Metastable.

[RhCl2(PMe2Ph)4]
(PMe2Ph)3] «}.

with CDC13 to give mer-[RhCl3-

refluxing ethanol in the absence of excess of PMe2Ph
to produce, after 90 min, (2) together with the three
other coloured complexes obtained earlier. In this
instance, (2) was only obtained in 50% yield.

Reaction of (3) with K[S2COEt] in refluxing ethanol
again produced several compounds, four of which were
the same as those obtained from the reaction of (3) with
Na[S2CNMe2]*2H20 and the fifth was an orange com¬
pound of higher RF value than the others. In this case,
the five compounds were separated on a dry alumina
column,10 and, after recrystallisation, shown to have the
following composition in decreasing order of Rv value:
[Os(PMe2Ph)2(S2CNMe2)(S2COEt)] (4), (1), [OsCl(PMe2-
Ph)3(S2CNMe2)] (5) [but with different spectral
properties from (3)], [Os(OEt)(PMe2Ph)3(S2CNMe2)] (6),
and a red oil which was not successfully recrystallised
or identified.

The stereochemistries of these complexes are dis¬
cussed later but it is of interest to note that, although
reaction of (3) with Na[S2CNMe2]-2H20 does give rise

Table 4

Hydrogen-1 n.m.r. data for various osmium(n) dithioacid complexes (in CDC13)

Complex
m«r-[OsCl(PMe2Ph)3(S2PMe2)] (13)

m«r-LOsCl(PMe2Ph)3(S3CNMe2)] (3)

/ac-[OsCl(PMe2Ph)3(S2CNMe2)] (5)

/ae-[Os(OEt) (PMe2Ph)3(S2CNMe2)] (6)

»ner-[OsCl(PMe2Ph)3(S2COEt)] (18)

mer-[OsBr(PMe2Ph)3(S2COEt)] (19)

c»s-[Os(PMe2Ph)2(S2PMe2)2] (7)

cts-[Os(PMe,Ph)2(S2PPh2)2] (8)
ct's-[Os(PMe2Ph) 3(S2CNMe2) J (2)

cj's-[Os(CO) (PMe2Ph) (S2PMe2) J (14)

[Os(CO) ,(PMe,Ph) (SjPMe,)J (15)

[Os(CO) (PMe2Ph) 2(S2PMe2) 2] (16)

[Os(CO) (PMe2Ph) 2(S2PMe8) J (17)

8 "/p.p.m. Phenyl
T/K Dithio-ligand Phosphine Me groups groups
301 1.53 (d) (14.5) 4 2.0 (t) (8.0),4 1.82 (t) (8.5)," 7.9—7.0

1.36 (d) (10.5) 4
301 3.08 d 1.80 (s), 1.66 (s), 1.34 (d) 7.6—6.6

(7.0) 4
301 2.90 (s) 2.00 4 (8.0)," 1.97 « (9.0),4 00CD100

1.55 (d) (12.0) 4
253 2.76 (s) 1.98" (7.0),4 1.96 4 (7.0),4 7.8—6.7

1.35 (d) (8.0) 4
301 2.79 (s) 1.92" (8.0),4 1.32 (d) (8.0) 4 7.8—6.7

301 4.30 (q) (7.0)/ 1.82 (t) (6.5),4 1.65 (t) (6.5),4 7.6—6.8
1.43 (t) (7.0) / 1.41 (d) (8.5) 4

301 4.20 (q),/ 1.39 (t) 1.85 (t) (6.5),4 1.75 (t) (6.5),4 7.6—6.6
(7.0)/ 1.50 (d) (8.0) 4

273 2.10 (d) (12.5),4 1.71 4 (8.5),4 1.64 4 (8.5) 4 7.3—6.7
1.68 (d) (12.5) 4

333 1.89 d 1.67 4 (8.5) 4 7.3—6.7
301 1.574 (12.5)4 8.1—6.7
253 3.25 (s), 3.18 (s) 1.62 4 (8.0),4 1.54 4 (8.0)4 7.3—6.9
313 3.16 (s) 1.60 4 (8.5),4 1.55 4 (8.5) 4 7.3—6.9
233 2.15 (d) 12.5),4 2.04 (d) (9.5),4 2.02 (d) (9.5) 4 7.7—6.3

1.96 (d) 12.5) 4
1.93 (d) 12.5),4
1.48 (d) 12.5) 4

333 2.09 (d) 13.0),4 1.97 (d) (9.5) 4 7.7—6.3
1.89 (d) 12.5) 4
1.44 (d) 12.5) 4

301 2.09 (d) 11.0),4 2.09 (d) (11.0),4 2.02 (d) 8.1—7.9
2.07 (d) 12.0) 4 (10.0) 4
1.21 (d) 12.5) 4

301 1.91 (d) 12.0),4 2.21 (t) (7.0) 4 7.8—7.2
1.00 (d) 12.0) 4

301 2.06 (d) 12.5),4 1.78 (d) (9.5),4 1.74 (d) (9.5) 4 7.6—6.8
2.02 (d) 12.0) 4 1.62 (d) (9.5)4
2.01 (d) 12.5),4
1.46 (d) 12.0) 4

Other
resonances

4.64 (q;, 1.33 (t),
(7.0)/
4.61 (q), 1.28 (t),
(7.0)/

s = singlet, d = doublet, t = triplet, q = quartet.
• ±0.001. 4 /(PH) in Hz. 4 Since H,PP'H3' type spectrum, coupling constant is |/(PH) + /(PH')| in Hz. d Broad singlet,

'pseudo-doublet. / /(CH3-CH2) in Hz.

Attempts to prepare complexes of formula [Os(PMe2-
Ph)3(S2CNMe2)2] by shaking (3) with Na[S2CN-
MeJ^HgO in the presence of excess of PMe2Ph were
unsuccessful, giving only unchanged starting material.
However, (3) did react with Na[S2CNMe2]*2H20 in

to the formation of (2), the yield of (2) (50%) is not as
high as from the reaction of raer-[OsCl3(PMe2Ph)3]
(1) with Na[S2CNMe2]-2H20 (80%). Thus, although (3)

10 For details see B. Loev and M. M. Goodman, Chem. and
Ind., 1967, 2026.
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may be an intermediate in the formation of (2) from (1),
a parallel path which does not involve (3) as an inter¬
mediate must also be operating to form (2). The
mechanistic implications of this observation are discussed
later.

Diphenyl- and Dimethyl-phosphinodithioato-complexes.
—As for dithiocarbamate, reactions of (1) with excess of
Na[S2PMe2]-2H20 or [NH4] [S^PhJ in refluxing ethanol
led to the formation of orange solutions from which
crystalline complexes of formula [Os(PMe2Ph)2(S2PR2)2]
[R = Me (7) or Ph (8)] may be isolated in high yield.
Solutions of these complexes rapidly turn green in the
presence of air and, as with cfs-[Ru(PMe2Ph)2(S2-
PMe2)2],3 broadening of the previously sharp 1H n.m.r.
signals is observed, indicating that oxidation to a para¬
magnetic species is probably occurring. Again as for the
ruthenium complexes, sharp peaks appeared in these
spectra after several weeks but these clearly arise from
non-metal-containing decomposition products since the
ruthenium and osmium spectra were superimposable
and one of the doublets in the spectrum is assignable to
PMe2PhS. During one of the preparations of (7), a pale
yellow solid was also isolated. This is the well known
[Os2Cl3(PMe2Ph)6]Cl which is formed when (1) is heated
under reflux in aqueous ethanol.8

As with mer-[RhCl3(PMe2Ph)3],2 shaking (1) with
excess of Na[S2PMe2]-2H20 in methanol produced a
complex of formula [OsCl2(PMe2Ph)3(S2PMe2)] (9). In
this case, the complex is purple and a reaction time of
90 min (cf. 10 min for Rh 2) was required for complete
conversion. The analogous complex [OsCl2(PMe2Ph)3-
(S2PPh2)] (10) was also prepared by reaction of (1) in
CH2C12 with a methanolic solution of Na[S2PPh2],
followed by evaporation of the CH2C12 and collection of
the methanol-insoluble product. Since (10) is more
difficult to prepare than (9) and less amenable to 1H
n.m.r. studies, its reactions were not investigated further
but those of (9) were studied in some detail.

Thus, (9) was recovered unchanged when it was
recrystallised rapidly from dichloromethane-n-hexane
in the cold {cf. the facile formation of fnms-[RhCl2-
(PMe2Ph)2(S2PMe2)] on recrystallisation of wer-[RhCl2-
(PMe2Ph)3(S2PMe2)]2}, but when the solution was
warmed and allowed to stand quantitative conversion
into red ?«er-[OsCl3(PMe2Ph)3] occurred, whilst prolonged
reaction of (9) with PMe2Ph in cold CH2C12 produced a
yellow solution from which [Os2Cl3(PMe2Ph)6]Cl was
isolated. Recrystallisation of (9) from boiling benzene in
air gave a red complex of formula [OsCl2(PMe2Ph)2(S2-
PMe2)] (11) together with some PMe2PhO, whereas when
(9) was allowed to stand in cold benzene for 2 weeks, three
compounds were isolated from the resulting brown solu¬
tion by fractional crystallisation with n-hexane. These
were a purple strongly conducting oil, which is thought
to contain the cation [OsCl(PMe2Ph)3(S2PMe2)]+ (12),
a brown crystalline solid of formula [OsCl(PMe2Ph)3-
(S2PMe2)] (13), and mer-[OsCl3(PMe2Ph)3] (1). Longer
reaction times in cold benzene (4 weeks) produced only
(13) and (1). Finally, shaking (9) in acetone for several

days again produced a highly conducting purple oil,
as well as (1), but, in this instance, no (13).

As in the case of cfs-[Ru(PMe2Ph)2(S2PMe2)2],3
[Os(PMe2Ph)2(S2PMe2)2] (7) reacted with carbon mono-
oxide under mild conditions. Thus, reaction of (7)
with CO in refluxing ethanol, in the presence of a small
amount of elemental sulphur, produced a complex of
formula [Os(CO)(PMe2Ph)(S2PMe2)2] (14) together with
a brown oil which contained (i.r. and n.m.r. evidence)
both PMe2PhS and a complex with two cis-CO groups,
of probable formula [Os(CO)2(PMe2Ph)(S2PMe2)2] (15).
When the carbonylation reaction was carried out in
the presence of excess of PMe2Ph, a yellow crystalline
complex of formula [Os(CO)(PMe2Ph)2(S2PMe2)2] was
exclusively formed. Finally, reaction of (7) with CO in
cold CH2C12-C6Hu gave another yellow complex, prob¬
ably also of formula [Os(CO)(PMe2Ph)2(S2PMe2)2],
which rapidly becomes green on air exposure and whose
structure will be discussed later.

O-Ethyl Dithiocarbonato-complexes.—The reaction of
(1) with K[S2COEt] is rather different from those with
the other dithioacid anions studied since both refluxing
the reactants in ethanol for 1 h or shaking them in
methanol for 10 min produced only one complex which
has the formula [OsCl(PMe2Ph)3(S2COEt)] (18). At¬
tempts to persuade this complex to react further with
either K[S2COEt] or Na[S2CNMe2]*2HaO were abortive
yielding only unchanged starting materials in both
cases. An attempt to prepare the complex [Os(PMe2-
Ph)2(S2COEt)2] by reaction of wer-[OsBr3(PMe2Ph)3]
with K[S2COEt] was also fruitless since, although no
solid product could be isolated, a JH n.m.r. spectrum of
the resulting orange oil indicated that [OsBr(PMe2-
Ph)3(S2COEt)] (19) was the only identifiable product.

Spectroscopic Properties of the Dithioacid Complexes.—
I.r. spectra. Like mer-fRhCl^PMeaPhJj],2 mer-[OsCl3-
(PMe2Ph)3] has three i.r.-active v(OsCl) stretching
vibrations and these are assigned to the absorptions at
350, 312, and 270 cm-1 (Table 2). Again, by analogy
with the rhodium complex, the band of lowest energy
(270 cm"1) is assigned as arising predominantly from the
Os-Cl bond trans to the highest /raws-influence ligand
(PMe2Ph). Then, the two absorptions at 350 and 312
cm-1 are assigned as arising predominantly from the
symmetric (vsym) and asymmetric (v^y,,,) Cl-Os-Cl
stretching vibrations. Although the exact assignment
of these two absorption frequencies to vsym and Vasym is not
possible, since in a molecule of this size mixing with
other vibrations of the same symmetry will occur,11 this
region may be used as a ' fingerprint' in assigning stereo¬
chemistries to related molecules.

Analysis of the v(OsCl) region of [OsCl2(PMe2Ph)3(S2-
PR2)] (R = Me or Ph) (Table 2) indicates that in both
cases the chloride ion trans to phosphine has been re¬
moved, as expected in view of the greater trans influence
of PMe2Ph compared to chloride. This fact, coupled
with the observations that absorptions in the v(PS)

11 See D. M. Adams, ' Metal Ligand and Related Vibrations,'
E. Arnold, London, 1967.



f

2400

region indicate that only unidentate [SgPRJ- groups
are present and that [RhCl(PMe2Ph)3(S2PMe2)J has a
meridional configuration,2 leads to the conclusion that
complexes (9) and (10) have the structure shown in
Scheme 1. The complex [OsCl2(PMe2Ph)2(S2PMe2)]
(11) has a strong absorption at 300 cm"1 indicative of a
trans-OsCl2 arrangement.

P Me2Ph
PhMe2P-. | , C I

PMe 2 Ph

( 1 )

J.C.S. Dalton
The similar v(OsCl) of complexes (13), (3), and (18),

all of which have formula [OsCl(PMe2Ph)3(S~S)] (S~
S~ = S2PMe2," S2CNMe2_, and S2COEt" respectively),
indicate that these complexes probably have a common
stereochemistry. Since the other isomer of [OsCl-
(PMe2Ph)3(S2CNMe2)] (5) has a lower v(OsCl), it is likely
that here the chloride ion is trans to a phosphine group,
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whilst the other complexes (13), (3), and (18) have a
meridional configuration (see Scheme 1). The other
complexes, apart from those containing CO, all have
dithioacid absorptions characteristic of bidentate co¬
ordination (Table 2) and little information as to their
stereochemistries can be gleaned from their i.r. spectra,
although the presence of a v(CO) stretching vibration at
1 030 cm-1 in [Os(OEt)(PMe2Ph)3(S2CNMe2)] (6) is in the
region expected for an ethoxy-group directly bound to a
metal (1 000—1 100 cm-1).12

For the carbonyl-containing species, although the
500—700 cm"1 region in their i.r. spectra is complicated
by the presence of carbonyl bending modes, it can be
seen from Table 2 that the two complexes of formula
[Os(CO)(PMe2Ph)2(S2PMe2)2] [(16) and (17)] as well as
[Os(CO)2(PMe2Ph)(S2PMe2)2] (15) probably contain both
uni- and bi-dentate [S2PMe2]~ groups and that (15) has
the two CO groups in a cis configuration [having two
v(CO)]. The higher value of v(CO) for (17) compared to
the other two monocarbonyl complexes indicates that the
CO group in (17) may be trans to PMe2Ph {cf. [Ru(CO)-
(PMe2Ph)2(S2PMe2)2] (D) in ref. 3}. Finally, the
absence of a peak at 600 cm"1 in the i.r. spectrum of
[Os(CO)(PMe2Ph)(S2PMe2)2] indicates that this complex
probably does not contain unidentate [S2PMe2]" groups.

Mass spectra. The mass spectra of [Os(CO)(PMe2Ph)-
(S2PMe2)2] (14) and [Os(CO)(PMe2Ph)2(S2PMe2)2] (16)
were identical since (16) readily loses PMe2Ph at high
temperatures to form (14). Their mass spectra showed
well defined, intense, osmium isotope patterns which
correspond to [Os(CO)(PMe2Ph)(S2PMe2)2]+ (608),* [Os-
(PMe2Ph)(S2PMe2)2]+ (580), [Os(S2PMe2)2]+ (442), and
[Os(PMe2Ph)(S2PMe2)2]2+ (290), as well as several weaker
patterns corresponding to loss of methyl groups and large
metastable-ion signals at mje 560 and 347 which cor¬
respond to loss of CO from [Os(CO)(PMe2Ph)(S2PMe2)2] +
and of PMe2Ph from [Os(PMe2Ph)(S2PMe2)2]+ respec¬
tively.

The mass spectrum of [OsCl (P.Me2Ph)3(S2CN Me2)J
(3) is also of interest since it not only showed the parent
ion and fragmentation pattern corresponding to this
complex, but also those for two other complexes,
[Os(PMe2Ph)2(S2CNMe2)2] (2) and [OsCl2(PMe2Ph)3-
(S2CNMe2)] (9) (Table 3). Since there is no evidence for
(2), or an isomer of (2), in the 1H n.m.r. spectrum of (3)
and since the relative intensities of the mass-spectral
signals arising from these two complexes are comparable
in two different samples, it seems likely that (2) is formed
from (3) under the extreme conditions present in the mass
spectrometer (200 °C). However, since the intensities of
the mass-spectral signals arising from [OsCl2(PMe2Ph)3-
(S2CNMe2)] (9) vary considerably relative to those of
(3) from one sample to another, it is likely that this

* Numbers in parentheses refer to mje of the 192Os peak.

f A ' pseudo-doublet ' is a sharp doublet with additional signal
intensity situated between the doublet. This spectral pattern is
indicative of a small, but non-zero, /(PP') value when compared
to |/(PH) + /(PH')|."

complex is an impurity in (3). This is quite possible
since the mode of preparation of (3) is similar to that of
(9), and the presence of this osmium(m) impurity might
also explain the broadness of the signals observed in the
1H n.m.r. spectrum of (3) (see below).

Hydrogen-1 n.m.r. spectra. The XH n.m.r. spectra of
wer-[OsCl2(PMe2Ph)3(S2PR2)] [R = Me (9) or Ph (10)]
and of [OsCl2 (PMe2Ph) 2 (S2PMe2)] (11) all showed ill
defined contact-shifted resonances from which very little
structural information may be obtained. These spectra
are indicative of paramagnetic species, and solution
magnetic moments obtained by Evans' method 13 (see
Table 1) lie well within the range expected for one un¬
paired electron and are consistent with the formulation
of these complexes as containing Osm. However, the
structures of (9), (10), and (11) as indicated by their
i.r. spectra are consistent with those of the analogous
diamagnetic rhodium(m) complexes2 as well as with
their modes of preparation, which involve replacement
of the most labile chloride ion in (1) by a unidentate
[S~S]~ ligand [(9) and (10)] followed by chelation of this
dithioacid ligand with concomitant loss of phosphine
to form (11) (see Scheme 1). The remaining complexes
are all diamagnetic and gave rise to sharp n.m.r. signals
from which their structures in solution may be un¬
equivocally assigned (Table 4). The methyl groups on
the phosphine ligands of [OsX(PMe2Ph)3(S~S)] [X = CI,
S-S- = S2PMe2-(13) or S2COEt"(18); X = Br, S-S" =
S2COEt"(19)] gave rise to two virtually coupled triplets
and a sharp doublet in their 1H n.m.r. spectra. This,
together with only one methyl doublet from the [S2-
PMe2]~ group of (13), confirms that these com¬
plexes have the meridional structure shown in
Scheme 1.

At low temperature, the 1H n.m.r. spectra of
[OsX(PMe2Ph)3(S2CNMe2)] [X = CI (5) or OEt (6)] con¬
sisted of two pseudo-doublets f and a sharp doublet
arising from the phosphine methyl groups as well as a
sharp singlet from the dithiocarbamate methyl
groups. For (6), there were also a quartet and
a triplet arising from the OEt group. This indicates
that the complexes do not contain mutually trans
phosphine groups and hence must have a facial
configuration (Scheme 1). Then, the phosphines trans
to the sulphur atoms are chemically equivalent giving
rise to the pseudo-doublets, and there are two such
pseudo-doublets since there is no plane of symmetry
through the Os-P bonds. The phosphine trans to X is
unique, giving rise to a single methyl doublet.

The Hln.m.r. spectrum of [OsCl(PMe2Ph)3(S2CNMe2)]
(3) is more difficult to interpret since, although im¬
mediately after the solution was made up the resonances
were relatively sharp, they rapidly broadened. This
is presumably because the complex is rapidly oxidised in
air or because a paramagnetic impurity is present in the

12 W. J. Reagan and C. H. Brubaker, Inorg. Chem., 1970, 9,
827.

13 D. F. Evans, J. Chem. Soc., 1959, 2003.
14 R. Harris, Canad. J. Chem., 1964, 42, 2275.
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solution.* Complex (3) is assigned a mer configuration
on the basis of heteronuclear-decoupling studies and
because it is different from (5) which is definitely the
fac isomer. Irradiation in the 31P resonance region
produced sharpening of the slightly broad singlets at
S 1.80 and 1.66 p.p.m. which indicates that these are
separate resonances with some P-H coupling. Irradi¬
ation at a different frequency in the same region de¬
coupled the doublet at S 1.34 p.p.m. to a singlet and thus
it is most likely that the 1H n.m.r. spectrum of the
phosphine methyl groups is similar to those of the mer
complexes (13), (18), and (19) and that (3) also has this
mer configuration.

The low-temperature 1H n.m.r. spectra of [Os(PMe2-
Ph)2(S-S)2] [S-S- = S2PMe2- (7), S2PPh2" (8), or
S2CNMe2 (2)] are all consistent with cis stereochemistry,
although the non-equivalence of the methyl groups of
(8) was not seen even at 213 K. As for cfs-[Ru(PMe2-
Ph)2(S2PMe2)2],3 the two doublets arising from the
[S^MeJ- groups of (7) broadened and coalesced on
warming, but in this case the coalescence temperature
was ca. 328 K and the fast-exchange limit was not
reached in CDC13. The two pseudo-doublets from the
phosphine methyl groups also coalesced on warming to
give a sharp signal at higher temperatures. This
behaviour is again attributed to rapid interconversion
of the two possible optical isomers of (7) 15 and rates
together with related activation parameters for the inver¬
sion in CDC13 and C6H6 are given in Table 5. Since there
is negligible difference in AH* for the inversion on chang¬
ing the solvent from CDC13 to C6H6, it is unlikely that a

doublets from the phosphine methyl groups gradually
moved together without broadening. This behaviour is
similar to that found for «s-[Ru(PMe2Ph)2(S2-
CNMe^J 3-15 and ds-[Rh(PMe2Ph)2(S2CNMe2)2][BPh4]2
and cannot be explained in terms of a metal-centred
inversion, but rather by separate processes involving
increases in the rates of rotation about the C-luN
bonds of the [S2CNMe2]- ligands and coincidental
equivalence of the signals from different rotamers at
higher temperatures.

The low-temperature JH n.m.r. spectrum of [Os(CO)-
(PMe2Ph)(S2PMe2)2] (14) consisted of six doublets
arising from the six inequivalent methyl groups in the
molecule indicating cis stereochemistry (see Scheme 2).
However, on warming, the two doublets arising from
the methyl groups on the phosphine (c and c') became
coincident, but also, more surprisingly, two of the
dithioacid doublets (b and b') move together until at
ca. 283 K they were exactly coincident. The large
doublet so formed broadened on further heating, which
presumably indicates that the chemical shifts of these two
doublets are no longer identical. Phosphorus-31 de¬
coupling studies indicate that these two doublets arise
from two methyl groups attached to the same phos¬
phorus atom (presumably with one of the methyl groups
syn to CO), and the only explanation for this behaviour
appears to be that small structural changes occur on
warming the complex and these give rise to different
shielding effects on the two methyl groups at different
temperatures.f

The presence of a triplet from the methyl groups of the
Table 5

Rates and activation parameters for the inversion process cis A = : cis A for [Os(PMe2Ph)2(S2PMe2)2]

Solvent

CDC13
CaH,

togioWs b
at 298 K

0.50 ± 0.04
-0.20 ± 0.10

Et

kj mol"1
94.0 ± 4
93.4 ± 4

kj mol-1
91.5 ± 4
91.0 ± 4

A S2! AG„,

J K"1 mol"1
72 ± 18
57 ± 12

kj mol 1
70.1 ± 0.2
74 1 ± 0.1

solvent-assisted process is operating here.16'17 However,
the large positive AS* values together with the com¬
parable values of the activation parameters for the
inversions of cts-[M(PMe2Ph)2(S2PMe2)2] (M = Ru or
Os) in benzene suggest that a similar mechanism to that
shown in Scheme 2b (ref. 1) is operating for the inversion
of «s-[Os(PMe2Ph)2(S2PMe2)2] in both CDC13 and C6H6.

On increasing the temperature, the HI n.m.r. spectrum
of (2) also underwent interesting changes. The two
[S2CNMe2]~ methyl singlets coalesced to give a sharp
singlet at higher temperatures, whilst the two pseudo-

* A weak e.s.r. signal was observed in the solid, but since its
position is not reproducible it is probably due to a small amount
of paramagnetic impurity rather than to any inherent para¬
magnetism of the complex itself. The nature of this impurity is
unclear although the presence of [OsCl2(PMe2Ph)3(S2CNMe2)]+
in the mass spectrum of (3) (Table 3) could indicate that
[OsCl2(PMe2Ph)3(S2CNMe2)j is the impurity, but this could also
be formed in the mass spectrometer.

f Since the four-membered rings in cis-IRufPMejPh^SjPEt^j]
are not planar in the solid state,18 it may be that this is also the
case at low temperature for eis-[Os(CO)(PMe2Ph)(S2PMe2)2] in
solution, and that on warming fast ' inversion ' of these rings
occurs which fortuitously causes equal shielding effects of the two
methyl groups on one [S2PMe2]~ ligand at 283 K.

phosphines and two doublets from the [S2PMe2]~ methyl
groups in the XH n.m.r. spectrum of [Os(CO)(PMe2Ph)2-
(S2PMe2)2] (16) is consistent with a structure containing
trans phosphines, as shown in Scheme 2, provided that
there is free rotation about the metal-phosphorus
bonds. For the analogous [Ru(CO)(PMe2Ph)(S2PMe2)2]
(complex C, Figure 8 in ref. 3) the XH n.m.r. spectrum
indicates that rotation about the Ru-P bonds is slow at
room temperature. Another important difference bet¬
ween these two complexes is that, whereas at elevated
temperatures the ruthenium complex readily loses
PMe2Ph to give czs-[Ru(CO)(PMe2Ph)(S2PMe2 (16)
may be kept in solution at 323 K for several hours or may
be recovered unchanged on recrystallisation from CH2-
C12-C6H14. This is presumably a reflection of the greater
inertness of Os11 compared to Ru11.

15 D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 754.

16 D. A. Case and T. J. Pinnavia, Inorg. Chem., 1971, 10, 482.
17 A. Y. Girgis and R. C. Fay, J. Amer. Chem. Soc., 1970, 92,

7061.
18 J. D. Owen and D. J. Cole-Hamilton, J.C.S. Dalton, 1974,

1867.
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The other isomer of [Os(CO)(PMe2Ph)2(S2PMe2)2]
(17) gave rise to seven doublets in the 1H n.m.r. spectrum
and, apart from small changes in chemical shift, this
spectrum was temperature invariant up to 323 K and
again showed no detectable decomposition at this
temperature. Phosphorus-31 decoupling studies indi¬
cate that the doublet at S 1.74 p.p.m., which has twice
the intensity of the other doublets, is composed of two
accidentally degenerate resonances from methyl groups

cts-[Os(PMe2Ph)2(S2PMe2)2] in the presence of sulphur
show that it consists of a mixture of (14), PMe2PhS, and
complex (15) whose n.m.r. spectrum is given in Table 4.
The best interpretation of this spectrum is that the
complex contains one PMe2Ph ligand, in which the
methyl groups are inequivalent, and two [S^MeJ-
ligands in one of which the methyl groups are inequi¬
valent whilst in the other they are equivalent. We
assign this complex the structure shown in Scheme 2
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Scheme 2 Proposed mechanism of carbonylation of £t's-[Os(PMe2Ph)2(S2PMe2) J (7). (i) CO; (ii) PMe2Ph

on different phosphine ligands. Thus, all the methyl
groups in this complex are inequivalent, and in view of
the similarity of preparation of this complex and that of
[Ru(CO)(PMe2Ph)2(S2PMe2)2] (complex D, Figure 8 in
ref. 3) as well as the similarity in their spectroscopic
properties (17) is assigned the structure shown in Scheme
2.

Finally, 31P decoupling studies on the 1H n.m.r.
spectrum of the brown oil obtained from carbonylation of

because this fits the evidence and is the most likely
dicarbonyl to be formed from further carbonylation of
cfs-(Os(CO)(PMe2Ph)(S2PMe2)2] (14). It is also the
only isomer with no plane of symmetry through the
Os-P bond in which there is a methyl group syn to PMe2-
Ph on the bidentate [S2PMe2]^ ligand, which is required
to explain the large shift to low frequency of one of these
methyl groups (e'). Since the osmium atom in this
complex is a chiral centre, the two methyl groups of the
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unidentate [S2PMe2]_ ligand would be expected to be
inequivalent [as in (17)], but in this case it appears that
the chemical-shift difference is only very small.

Stereochemical Path for Conversion of mer-[OsCl3-
(PMe2Ph)3] into cis-[Os(PMe2Ph)2(S~S)2].—Since the
only complex obtainable from the reaction of (1) with
K[S2COEt] is »wer-[OsCl(PMe2Ph)3(S2COEt)], it is clear
that this complex does not react with K[S2COEt] and
that the chloride ion in this complex is inert. This
indicates that the sulphur atom of the [S2COEt]~ moiety
has a low trans effect and is not able to labilise the
chloride ion trans to it to any large extent. Although
little information is available on the trans effects of

sulphur-containing ligands, work on the reactions of
/ac-[Cr(NO)(OH2)3(S-S)] [S-S" = S2CNR2,~ S2CORr or
S2PR2~] with Lewis bases 19 has shown that the trans
effects of these dithioacid ligands are low but of com¬
parable magnitude. Thus, since 7wer-[OsCl(PMe2Ph)3-
(S2CNMe2)] (3) reacts with [S~S']~ to give cis-[Os(PMe2-
Ph)2(S2CNMe2)(S-S')] [S-S'- = S2CNMe2"(2) orSXOEf-
(4)], the mechanism of these reactions cannot involve
direct displacement of chloride ion by [S-S']~. How¬
ever, since /ac-[OsCl(PMe2Ph)3(S2CNMe2)] (5) is also
obtained from these reactions, it is probable that they
proceed by isomerisation of (3) to give (5) followed by
displacement of CI" by [S—S']— since in the fac isomer
the chloride ion is trans to the high ^raws-effect ligand,
PMe2Ph. The formation of /ac-[Os(OEt)(PMe2Ph)3-
(S2CNMe2)] (6) is then explained as arising from inter¬
action of (5) with solvent ethanol and loss of HC1 gas.

As has already been noted, the reaction of (1) with
Na[S2CNMe2]-2H20 gives higher yields of (2) than does
the corresponding reaction of (3). This can only mean
that another path which does not involve (3) as an inter¬
mediate is operative in the formation of (2) from (1).
This path probably involves ionic osmium(ni) inter¬
mediates with the reduction to Os11 occurring as the last
step (see Scheme 1).

Since mer-[OsCl(PMe2Ph)3(S2PMe2)] (13) is only formed
on prolonged standing of wer-[OsCl2(PMe2Ph)3(S2PMe2)]
(9) in non-polar solvents and since no (13) but only a purple
ionic oil and (1) are formed from (9) in polar solvents, it
seems likely that the formation of cfs-[Os(PMe,Ph)2-
(S2PMe2)2] (7) from (1) in refluxing ethanol does not
involve (13) as an intermediate but rather goes by the
path which involves osmium(in) cations. Then, the
purple ionic oil probably contains [OsCl(PMe2Ph)3-
(S2PMe2)]+ (12), and the formation of (1) on allowing (9)
to stand in polar or non-polar solvents is easily explained
since the chloride ion released in the formation of

(12) from (9) might then attack (9) to release [S2PMe2]~
and give mer-[OsCl3(PMe2Ph)3] (1).

It still remains to explain why neither of the paths
shown in Scheme 1 is open to the reaction of (1) with
K[S2COEt] in refluxing ethanol. The latter is thought
to be excluded because the strongly reducing nature of

19 See O. I. Kondrat'eva, A. D. Troitskaya, N. A. Chadaeva,
G. M. Usacheva, and A. E. Ivantstov, Zhur. obschei Khim., 1973,
43, 2087 and refs. therein.

[S2COEt]~ causes reduction to Os11 before [OsCl(PMe2-
Ph)3(S2COEt)]+ can react with more [S2COEt].~ Since
it is well documented that the ease with which isomeris-
ations of complexes occur is dependent on the sub-
stituents in the molecule,20 we propose that mer-[OsCl-
(PMe2Ph)3(S2COEt)] (18) isomerises less readily to its
fac isomer than does (3) and that, in fact, harsher condi¬
tions than refluxing in ethanol are required to effect this
isomerisation for (18) and thus to allow further reaction
to occur.

EXPERIMENTAL

Microanalyses were by the University of Edinburgh
Chemistry Department. I.r. spectra were recorded in the
250—4 000 cm"1 region on a Perkin-Elmer 457 grating
spectrometer using Nujol and hexachlorobutadiene mulls on
caesium iodide plates. Solution spectra were recorded in
potassium bromide cells. Mass spectra were obtained on an
A.E.I. MS9 spectrometer and conductivity measurements on
a Portland Electronics 310 conductivity bridge. Hydrogen-
1 n.m.r. spectra and solution magnetic moments (Evans'
method) 13 were obtained on a Varian Associates HA-100
spectrometer and 31P n.m.r. spectra on a Varian XL-100
spectrometer operating in the pulse and Fourier-transform
mode at 40.5 MHz (31P chemical shifts are given in p.p.m.
to high frequency of 85% H3P04). Kinetic line-shape
analysis on cis-[Os(PMe2Ph)2(S2PMe2)2] was made as
described elsewhere.15 Heteronuclear-decoupling experi¬
ments were carried out on the HA-100 spectrometer using
a second radio-frequency field provided by a Schlumberger
FS30 frequency synthesiser. Melting points were deter¬
mined with a Kofler hot-stage microscope and are uncor¬
rected.

Materials.—Ammonium hexachloro-osmate(iv) (Johnson,
Matthey Ltd), carbon mono-oxide (Air Products), dimethyl-
phenylphosphine (B.D.H.), Na[S2CNMe2]-2H20 (Ralph
Emanuel), and K[S2COEt] (B.D.H.) were obtained as
indicated. Sodium dimethylphosphinodithioate, and so¬
dium and ammonium diphenylphosphinodithioate were
prepared as described earlier.2 All the solutions were
degassed before use and reactions were carried out under a
nitrogen atmosphere unless otherwise stated.

Preparations.— mer-Trichlorotris(dimethylphenylphos-
phine)osmium(ui) (1).—The salt [NH4]2[OsC16] (2.0 g) and
PMe2Ph (3 cm3) were heated under reflux in 2-methoxy-
ethanol (50 cm3) containing concentrated HC1 (5 cm3) for
16 h. The resulting red solution was filtered hot to remove
[NH4]C1 and allowed to crystallise. The red crystals were
collected and washed with water, ethanol, and n-pentane
(3.0 g, 93%).

mer- Tribromotris (dimethylphenylphosphine) osmium (in).
The complex TO«r-[OsCl3(PMe2Ph)3] (0.35 g) and LiBr
(2.0 g) were heated under reflux in ethanol (20 cm3) for 36 h
and allowed to cool. The resulting purple needles were
filtered off and washed with water, ethanol, and n-pentane
(0.30 g, 72%).

m.eT-Dichlorotris(dimethylphenylphosphine)(diphenyl-
phosphinodithioato)osmium(\u) (10). Solutions of (1) (0.15
g) in CH2C12 (15 cm3) and Na[S2PPh2] (0.20 g) in methanol
(10 cm3) were mixed and after passing nitrogen the purple
solution was evaporated to half its volume. The purple

20 J. Chatt, R. S. Coffey, and B. L. Shaw, J. Chetn. Soc., 1965,
7391.
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product was collected and washed with water, methanol,
and n-pentane (0,10 g, 51%).

mei-Dichlorotris(dimethylphenylphosphine)(dimethyl-
phosphinodithioato)osmium(in) (9). Complex (1) (0.30 g)
and Na[S2PMe2]-2H20 (0.30 g) were shaken in methanol
(25 cm3) for 90 min. The resulting purple crystals were
collected and washed with water, methanol, and n-pentane
(0.31 g, 92%). Slow recrystallisation of (9) from CH2C12-
C5H12 gave red crystals of (1).

meT-Chloro(dimethyldithiocarbamato)tris(dimethylphenyl-
phosphine)osmium(u) (3), from (1) (0.30 g) and Na[S2-
CNMe2]-2H20 (0.25 g) in methanol (25 cm3) for 10 min as
yellow crystals (0.22 g, 69%), and mer-chlorotris(dimethyl-
phenylphosphine) (O-ethyl dithiocarbonato)osmium{u) (18),
from (1) (0.15 g) and K[S2COEt] (0.10 g) in methanol
(15 cm3) for 10 min and evaporation to near dryness as
orange crystals (0.11 g, 70%), were similarly prepared.
Complex (18) was also prepared by refluxing (1) (0.15 g)
with K[S2COEt] (0.10 g) in ethanol (20 cm3) for 60 min,
evaporating to dryness, and recrystallising the orange oil
from CH2C12-C6H14 (0.10 g, 62%). Phosphorus-31 n.m.r. in
CDC13 at 303 K: (3) AB2 pattern with vA -39.8, vB —37.8
p.p.m., 8Ab 81.0 Hz, and /AB 11.1 Hz; (18) AB2 pattern
with vA —37.3, vB —38.8 p.p.m., SAB 61.7 Hz, and /AB
18.2 Hz.

mer-Bromotris(dimethylphenylphosphine) (O-ethyl dithio-
carbonato)osmium(u) (19). The complex mer-[OsBrs-
(PMe2Ph)3] (0.10 g) and K[S2COEt] (0.07 g) were heated
under reflux in ethanol (15 cm3) for 60 min and the orange
solution was evaporated to dryness. The resulting orange
oil could not be recrystallised.

mer-Chlorotris(dimethylphenylphosphine)(dimethyl-
phosphinodithioato)osmium(u) (13).—The complex mer-
[OsCl2(PMe2Ph)3(S2PMe)2] (9) (0.10 g) was dissolved in
benzene (5 cm3) and allowed to stand in air for 2 weeks.
Addition of n-hexane to the solution then precipitated a
purple oil (12) from which the brown solution was decanted
and allowed to crystallise slowly. The complex precipitated
in low yield as brown needles and after filtration the filtrate
deposited red crystals of (1). When the reaction was
allowed to proceed for 4 weeks, no purple oil was formed but
approximately equal molar ratios of (13) and (1). The
purple oil (12) may also be prepared by allowing mer-
[OsCl2(PMe2Ph)3(S2PMe2)] (9) to stand in acetone in the
presence of air for several days; (12) and (1) were then the
sole products.

tTa.ns-Dichlorobis(dimethylphenylphosphine)(dimethyl-
phosphinodithioato)osmium(iu) (11). This complex was
prepared by refluxing >«er-[OsCl2(PMe2Ph)3(S2PMe2)] (0.07
g) in benzene (10 cm3) for 30 min and evaporating to near
dryness. The red needles were collected and washed with
n-pentane (0.063 g, 97%).

cis-Bis(dimethylphenylphosphine)bis(dimethylphosphino
dithioato)osmium(u) (7). Complex (1) (0.60 g) and Na[S2-
PMe2]-2H20 (0.50 g) were heated under reflux in ethanol
(25 cm3) for 60 min. The orange solution was cooled with
nitrogen bubbling through it and the resulting orange
crystals were collected and washed with water, ethanol,
and n-pentane (0.40 g, 66%). On one occasion, the filtrate
deposited a small quantity of yellow [Os2Cl3(PMe2Ph)6]Cl.

Similarly prepared were cis-bis(dimethylphenylphosphine)-
bis(diphenylphosphinodithioato)osmium(u) (8) from (1) (0.15
g) and [NH4][S2PPh2] (0.20 g) as orange crystals (0.10 g;
50%) and c\s-bis(dimethyldithiocarbamato)bis(dimethyl-
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phenylphosphine)osmium(n) (2) from (1) (0.10 g) and Na-
[S2CNMes]'2H20 (0.10 g) in ethanol (10 cm3) for 90 min,
as yellow crystals (0.08 g, 80%). A thin-layer chromato-
graph of the filtrate from (2) (toluene on alumina) showed
four weak bands, one of which corresponded to (2). Com¬
plex (2) was also prepared by the reaction of mer-[OsCl-
(PMe2Ph)3(S2CNMe2)] (3) (0.026 g) with Na[S2CNMe2]-2H20
(0.02 g) in refluxing ethanol (5 cm3) for 90 min, the yellow
solid crystallising out on cooling (0.01 g, 37%). T.l.c.
(toluene on alumina) of the resulting solution showed four
bands of approximately equal intensity, identical in Rp
values and colours to those obtained from the reaction of

(1) with Na[S2CNMe2] *2H20. Thus, the total yield of
(2) was ca. 50%.

c\s-(Dimethyldithiocarbamato)bis(dimethylphenylphos-
phine) (O-ethyl dithiocarbonato)osmium(u) (4), i&c-chloro-
(dimethyldithiocarbamato)tris(dimethylphenylphosphine)-
osmium(u) (5), and ia,c-(dimethyldithiocarbamato)tris(di-
methylphenylphosphine)ethoxo-osmium(n) (6). The complex
mer-[OsCl(PMe2Ph)3(S2CNMe2)] (3) (0.147 g) and K[S2COEt]
(0.031 g) were heated under reflux in ethanol (15 cm3) for 90
min. T.l.c. of the resulting orange solution (toluene on
alumina) revealed that it consisted of five complexes, four of
which were identical to those produced in the reaction of (1)
with Na[S2CNMe2]-2H20, and the fifth orange band was of
higher Ry value than the other four. After evaporation of
the solution to dryness, the orange oil was dissolved in
toluene and eluted from a dry alumina column with toluene.
The five bands were washed off with diethyl ether and after
evaporation to dryness the complexes were recrystallised
from CH2Cl2-CeH14. The products in order of decreasing

value were (4) (orange), (2) (yellow), (5) (yellow), and
(6) (yellow). The band of lowest 1?F value produced an
orange oil whose identity is unknown.

c,\s-Carbonyl(dimethylphenylphosphine)bis(dimethyl-
phosphinodithioato)osmium(n) (14). The complex cis-[Os-
(PMe2Ph)2(S2PMe2)2] (7) (0.10 g) and sulphur (0.01 g) were
heated under reflux in ethanol (15 cm3), with CO bubbling,
for 30 min. The yellow solution was cooled, filtered through
celite, and evaporated to dryness. The resulting yellow
oil was recrystallised from CH2C12-C6H14 to give a brown oil
which contained (15), (14), and PMe2PhS. The yellow
supernatant was decanted and allowed to crystallise to give
the product as yellow crystals (0.04 g, 47%).

Carbonylbis(dimethylphenylphosphine)bis(dimethylphos-
phinodithioato)osmium(u) (16). The complex czs-[Os(PMe2-
Ph)2(S2PMe2)2] (7) (0.10 g) and PMe2Ph (0.20 cm3) were
carbonylated in refluxing ethanol (15 cm3) for 30 min. On
cooling, the resulting yellow solution gave yellow crystals
of the product (0.07 g, 67%).

Carbonylbis (dimethylphenylphosphine)bis (dimethylphos-
phinodithioato)osmium(n) (17). The complex czs-[Os(PMe2-
Ph)2(S2PMe2)2] (7) (0.05 g) was carbonylated in CH2C12-
C6H14(1 : 1 v/v) at room temperature for 2 min. The solvent
was evaporated by passing nitrogen and the yellow solid
was collected in quantitative yield.

We thank Johnson, Matthey Ltd for generous loans of
ammonium hexachloro-osmate(iv), the University of Edin¬
burgh for an award (to D. J. C-H), and Dr. A. S. F. Boyd
and Mr. J. R. A. Millar for obtaining the 3lP and *H n.m.r.
spectra respectively.
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Metal Complexes of Sulphur Ligands. Part 11.1 Reactions of Platin-
um(n) and Palladium(n) Dithiocarbonates with Dithiocarbonate Ions
By Margaret C. Cornock, Robert O. Gould, C. Lynn Jones, John D. Owen, David F. Steele, and T.

Anthony Stephenson,* Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ

Reaction of the complexes [Pt(S2COR)2] with K[S2COR] (R = Et or Pr1) followed by addition of [AsPh4]CI
generates [AsPh4][Pt(S2COR)3j. Variable-temperature 1H n.m.r. studies indicate rapid unidentate-bidentate
exchange at ambient temperature. Attempted recrystallisation from CH2CI2 or CDCI3 results in an intramolecular
rearrangement to give [AsPh4] [Pt(S2CO) (S2COR)]. Reaction of [Pd(S2COEt)2] with K[S2COEt] and [AsPh„]CI
gives [AsPh4] [Pd(S2CO) (S2COEt)] as the main product. Reaction of [Pt(S2COR)2] with K[S2COR] (R = Me.
or CH2Ph) and [AsPh4]CI generates [AsPh4] [Pt(S2CO)(S2COMe)] or [AsPh4]2[Pt(S2CO)2], both of which give
[PtL2(S2CO)] on addition of various Lewis bases L (L = PPh3, PMe2Ph, or JPh2PC2H4PPh2). The salt [AsPh4]-
[Pt(S2COEt)3] is shown by X-ray diffraction analysis to have square-planar stereochemistry with one bi- and
two uni-dentate [S2CQEt]- groups. The crystals are monoclinic, space group P2Jc with a = 9.95, b = 14.26,
c = 25.82 A. p = 99.3°.

It is now well established that when reaction occurs

between [Ni(S~S)2] {S-S~ = [S2CNR2]~, [S2COR]~,
[S2P(OR)2]~, [S2PR2]~, etc.} and most nitrogen- or
phosphorus-donor ligands (L) either five-co-ordinate
[NiL(S~S)2] and/or six-co-ordinate [NiL2(S~S)2] adducts
are formed, depending on the nature of the ligand used.2
Furthermore, it has been shown that reaction of NiCl2*
6H20, Na[S2COEt], and [NMe3Ph]Cl gives the dark
green complex [NMe3Ph][Ni(S2COEt)3] which was
assigned a six-co-ordinate octahedral structure on the
basis of electronic-spectral evidence3 and preliminary
A"-ray studies.4 In contrast, some of the earlier papers
in this series 5 have shown that the reaction of the iso-

morphous [M(S-S)2] complexes (M = Pd or Pt) with
tertiary phosphines occurs by stepwise cleavage of
metal-sulphur bonds to generate the four-co-ordinate
square-planar complexes [M(PR'3)(S~S)2] and [M-

1 Part 10, D. T. Cole-Hamilton and T. A. Stephenson, J.C.S.
Dalton, 1976, 2396.

2 (a) For detailed references see D. Coucouvanis, Progr. Inorg.
Chern., 1970, 11, 233; (b) J. R. Wasson, G. M. Woltermann, and
H. J, Stoklosa, Topics Current Chem., 1973, 35, 65.

3 D. Coucouvanis and J. P. Fackler, jun., Inorg. Chem., 1967,
6, 2047,

(PR'3)2(S-S)][S~S] which exhibit unidentate-bidentate
and bidentate-ionic modes of bonding of the dithioacid
groups respectively.

In this paper, we report the full results 6 of reactions
between various platinum(n) and palladium(n) dithio¬
carbonates with dithiocarbonate ion which provide
further evidence for the substantial differences in

chemistry exhibited by nickel on the one hand and pal¬
ladium and platinum on the other.

results and discussion

Reaction of [Pt(S2COEt)2] with excess of [AsPh4]-
[S2COEt] in dichloromethane followed by the addition
of diethyl ether gave a yellow crystalline solid which was
a 1 : 1 electrolyte in nitromethane and analysed closely
for [AsPh4][Pt(S2COEt)3] (1). This complex could also
be prepared by treating [Pt(S2COEt)2] with excess of

4 A. D'Addario, Ph.D. Thesis, 1970, University Microfilms,
Ann Arbor, Michigan.

5 For detailed references see D. F. Steele and T. A. Stephenson,
J.C.S. Dalton, 1973, 2124.

6 Preliminary communication: M. C. Cornock, D. F. Steele,
and T. A. Stephenson, Inorg. Nuclear Chem. Letters, 1974, 10,
785.
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K[S2COEt] in acetone followed by addition of methanolic
[AsPh4]ChHCl. An X-ray structural analysis of (1)
(see below) shows that, unlike the nickel analogue, the
platinum(n) ion remains four-co-ordinate and square
planar by binding to one bidentate and to two unidentate
dithiocarbonate groups {cf. [Au(S2CNEt2)3] '}. The
complex [AsPh4][Pt(S2COPr')3] (2) could be similarly
prepared. Furthermore, the close similarity of the mull
and solution i.r. spectra of these complexes together
with the similarity between their electronic spectra and
those of well established square-planar platinum(n)
complexes strongly suggests that this four-co-ordinate
structure is retained in solution.

Further evidence for this statement comes from the

low-temperature (233 K) n.m.r. spectrum of (1) in

again this change was reversible.8 Hence, these observ¬
ations are indicative of a facile intramolecular uniden-
tate-bidentate scrambling process at higher temper¬
atures, similar to that already proposed to explain the
temperature-dependent n.m.r. changes of the neutral
[M(PR'3)(S-S)2] complexes.5 Unfortunately, because
of decomposition and irreversible rearrangement pro¬
cesses which occur before the coalescence temperatures
of complexes (1) and (2) could be reached (>320 K)
(see below), useful kinetic information was not obtained
from the limited data available.

Crystal Data for [AsPh4][Pt(S2COEt)3] (1).—C^Hjj-
As03PtS6, M = 942, yellow monoclinic needles, a =
9.95(1), b = 14.26(1), c = 25.82(2) A, (3 = 99.3(2)°,
U = 3 615 A3, Dm = 1.70, Z = 4, Dc = 1.73 g cm"3.

Table 1

Fractional co-ordinates (X 104) and thermal parameters (X 103/A2) for (1) . Mean standard deviations for atomic

positions are: Pt, 0.003; As, 0.007; S, 0.02; O, 0.05; C, 0.08; ring centres, 0.03 A
Atom X y z V Atom X y z U

Pt(l) 3 648 1 196 992 * C(12) 1 330 2 297 4 096 91
As(l) -90 1 019 3 452 * C( 13) 1 088 1 869 3 164 31
S(l) 5 679 1 312 658 59 C(14) 1 622 2 683 3 421 109
S(2) 1 465 957 1 168 76 C(15) 2 553 3 234 3 204 85

S(3) 3 358 4 594 559 111 C(16) 2 951 2 971 2 728 93
S(4) 3 225 2 768 1 068 66 C(17) 2 419 2 157 2 471 71
S(5) 4 391 -326 991 63 C(18) 1 487 1 605 2 688 71
S(6) -120 -163 1 718 113 C( 19) 396 -299 3 499 25
O(l) 2 446 -301 1 799 96 C(20) -137 -1 207 3 436 93
0(2) 4 125 3011 263 103 C(21) 732 -1 984 3 521 79
0(3) 6703 -366 644 64 CC22) 2 136 -1 850 3 670 112
C(l) -1 795 983 3 018 47 C(23) 2 669 -942 3 733 103
C(2) -1 959 1 210 2 484 63 C(24) 1 799 -166 3 648 123

C(3) -3 228 1 096 2 167 58 C(25) 4 420 3 728 -198 174
C(4) -4 335 754 2 384 40 C(26) 4 667 3 090 -582 144

C(5) -4 171 527 2 917 67 C(27) 2 430 -1 259 2 165 240
C(6) -2 901 641 3 235 108 C(28) 3 809 -1 733 2 294 156
C(7) -442 1 537 4 087 26 C(29) 1 488 156 1 540 89

C(8) 244 1 164 4 558 65 C(30) 3 559 3 570 609 50
C(9) 41 1 551 5 038 66 C(31) 7 814 12 388 61

C(10) -847 2 310 5 046 32 C(32) 8 657 -1 011 274 71

C(ll) -1 533 2 682 4 576 81 C(33) 5 556 96 736 40
* Anisotropic thermal parameters

Atom Un U22 u12 u13 vn
Pt(l) 56 163 37 8 4 -3

As(l) 57 117 35 0 -6 -6

CDC13 which consisted of two sharp methyl triplets at
8 1.45 and 1.28 p.p.m. of relative intensity 1 : 2. Two
overlapping methylene quartets centred at 8 4.43 p.p.m.
were also observed. Similarly, for (2) at 223 K, two
sharp doublets were observed for the methyl protons at
8 1.47 and 1.29 p.p.m. also of relative intensity 1 : 2, in
addition to a weak multiplet at 8 4.50 p.p.m. from the
methine protons. The 19F n.m.r. spectrum of a related
complex [NPr4][Pd(S2PF2)3] at 209 K also shows two
doublets of relative intensity 1 : 2 with P-F coupling
constants consistent with bi-and uni-dentate co-ordin¬
ation of the [S2PF2]- groups respectively.8

On warming (1) to higher temperatures (303 K),
broadening of the methyl signals occurred and these
n.m.r. changes were reversible and concentration
independent. For (2), the two methyl doublets also
broadened on raising the temperature. For the [Pd-
(S2PF2)3]_ ion, the 19F n.m.r. spectrum at ambient
temperature consisted of a single broad doublet and

Space group P21/c, No. 14; Cu-Xa radiation, X =
1.541 8 A, [r(Cu--Ka) = 119 cm-1.

Structure determination. Considerable difficulty was
experienced in choosing a suitable crystal. Layers
hO—51 were eventually collected by the equi-inclination
Weissenberg method using multiple film packs. Inten¬
sities were estimated photometrically, using a Saab
rotating-drum film scanner, and 1 292 independent data
were taken as significant above background. No absorp¬
tion corrections were made. From the Patterson
function, positions could be assigned to the platinum and
arsenic atoms. Subsequent difference-Fourier syntheses
gave approximate positions for the sulphur and oxygen
atoms. Carbon atoms were generally ill defined, and
alternative positions were tried for ethyl groups. Ideal¬
ised phenyl rings, with C~C 1.40 A, were fitted to regions

7 J. H. Noordik, Crystal Struct. Comm., 1973, 2, 81.
8 F. N. Tebbe and E. L. Muetterties, Inorg. Chem., 1970, 9,

629.
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of electron density near the arsenic atom, and these
were refined as groups. Layer scale factors were initially
allowed to refine, but were fixed in the last few cycles
when the platinum and arsenic atoms were given aniso¬
tropic thermal parameters. Reflections were given unit
weight except for those with [Fc| > 125, which were

C(27) S(6^-

0(26)

/C(32)
Perspective view of the anion of (1)

given a weight of 125/|F0|. At convergence, by full-
matrix refinement, R was 0.12. Final values of the
fractional co-ordinates and thermal parameters are given

is essentially planar, the maximum deviation from the
plane of Pt(l),S(l),S(2),S(4),S(5) being 0.18 A. The
unco-ordinated sulphur atoms of the unidentate groups
are almost at the maximum possible distance from Pt(l),
and lie 0.9 and 0.6 A from the plane of co-ordination.
There are no other platinum-sulphur distances of less
than 5 A. The oxygen atoms of these molecules approxi¬
mate very roughly to axial ligands, but are still >3 A

Table 2

Bond lengths (A) and angles (°) for the platinum
co-ordination in (1)

(a) Bond lengths
Pt(l)-S(l)
Pt(l)-S(2)
Pt(l) • • • S(3)
Pt(l)-S(4)

(b) Angles
S(l) Pt( 1) S(2)
S(l)-Pt(l)-S(4)
S(l)-Pt(l)-S(5)

from the platinum. They both lie 1.5 A from the plane
of co-ordination, but make angles of ca. 60 or 120° at
Pt(l) with the co-ordinated sulphur atoms. Within
the very large standard deviations of the determination,
the arsenic co-ordination and the geometry of the dithio-
carbonate groups are normal.

Thus, crystallographic and spectroscopic evidence
clearly show that these tris(dithiocarbonato)platinate(n)
anions contain both bi- and uni-dentate dithiocarbonate

2.327(17) Pt(l)—S(5) 2.293(27)
2.315(19) Pt(l) • • -S(6) 4.85(3)
4.97(3) Pt(l) • • • 0(1) 3.34(6)
2.294(32) Pt(l) • ■ ■ O(2) 3.28(6)

169.0(6) S/2)-Pt(l)-S(4) 86.3(9)
98.3(10) S(2) Pt(l) S(5) 99.9(9)
76.5(10) S(4)-Pt(l)-S(5) 171.1(6)

/S\
R0CC COR

[S2cor]
COR

A°s,
c

\ /s\
s XS

'COR

&

COR.

0=<S/«N/C0R
+■ RSjCOR

Scheme 1 Proposed intramolecular mechanism for conversion of [M(S2COR)3]- into [M(S2CO)(S2COR)]_

in Table 1, and the table of structure factors is deposited
as Supplementary Publication No. SUP 21964 (4 pp.).*

Description of the structure. Distances and angles
relating to the co-ordination of the platinum atom are
given in Table 2, and a view of the complex anion is
shown in the Figure. The co-ordination of the platinum

* For details see Notices to Authors No. 7, J.C.S. Dalton, 1976,
Index issue (items less than 10 pp. are supplied as full-size copies).

• B. F. Hoskins and B. P. Kelly, Inorg. Nuclear Chem. Letters,
1972, 8, 875.

groups in both the solid and solution states. Although
several main-group dithiocarbonates such as [NEt4]-
[Cd(S2COEt)3] 9 and [NEt4][Te(S2COEt)3]10 have recently
been shown to possess five-co-ordinate structures with two
bi- and one uni-dentate O-ethyl dithiocarbonate groups,
complexes (1) and (2) are two of the few examples of
transition-metal complexes shown unequivocally to

10 R. D. MacDonald and G. Winter, Inorg. Nuclear Chem.
Letters, 1974, 10, 305; B. F. Hoskins and C. D. Pannan, J.C.S.
Chem. Comm., 1975, 408.
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contain unidentate dithiocarbonate groups. Other
recent possible examples are [M(PPh3)(S2COEt)2] (M =
Pd or Pt),11 TPd(l—3-71-2-methylallyl)(PMe2Ph)(S2-
COMe)],12 and [RhCl2(PMe2Ph)3(S2COEt)].13

Attempted recrystallisation of (1) from either di-
chloromethane or chloroform solutions gave an orange-

(R3P)2 ^C-O-R

of dithiocarbonate ion on a M-S bond gives the tris-
(dithiocarbonato) complex and this is followed by intra¬
molecular generation of a dithiocarbonate group accom¬
panied by the formation of a dithiocarbonate ester. The
following related rearrangement process has been des¬
cribed earlier: 11

s2 cor (R-iP 1

S.

,mC C=0 rs2cor

yellow crystalline complex (3) containing extra i.r. bands
at 1 678m, 1 600s, and 1 576m cm"1. These values are

reasonably close to the characteristic frequencies
reported for the dithiocarbonate ion in [Pt(PMePb2)2-
(S2CO)][l 696s, 1 681(sh), and 1 615s cm""1] 14 and trans-
[Rh(PMe2Ph)2(S2CO)(S2COEt)] (1 670br and 1 698s
cm-1),13 and analytical data confirm that (3) is [As-
Ph4][Pt(S2CO)(S2COEt)]. A similar complex [AsPh4]-
[Pt(S2CO)(S2COPr')] (4) was formed from (2) either by
recrystallisation from CH2C12 or CHC13 or by leaving

As expected, this intramolecular rearrangement is
inhibited in more solvating solvents since increasing
solvation of the unidentate dithiocarbonate groups will
decrease the nucleophilicity of the free sulphur atoms.
The alternative intermolecular mechanism shown in
Scheme 2 is considered unlikely because if true some re¬
arranged product would be expected to form immediately
on reaction of [Pt^CORJg] with K[S2COR],

Attempts to extend the range of [Pt(S~S)3]~ anions
were unsuccessful. For O-benzyl dithiocarbonate, the

cor

, s, CHjCIj or CHCI3 s
^ sROC^ M ^ ^ C-^O^-R + sjcor

5. S.
/ \ \

roc mv nc = 0

+ rsjcor
Scheme 2 Alternative intermolecular mechanism for conversion of [M(S2COR)3]_ into [M(S2CO)(S2COR)p

methanol-diethyl ether or acetone solutions of (2) to
stand for 24 h.

Reaction of [Pd(S2COEt)2] with excess of K[S2COEt]
in acetone followed by filtration into a methanolic
solution of [AsPh4]Cl*HCl gave a bright orange-yellow
precipitate with an i.r. spectrum almost identical to that
of (3) and the formulation [AsPh4][Pd(S2CO)(S2COEt)]
was confirmed by elemental analyses. However, on
carrying out the same reaction in methanol, a very small
yield of a buff powder with an i.r. spectrum almost
identical to (1) was obtained. These observations
suggest that the [Pd(S2COEt)3]~-anion rearranges very
rapidly to [Pd(S2CO)(S2COEt)]~ which is consistent with
the known lability of Pd~S compared to Pt~S bonds.

A possible mechanism of formation of these various
species which is consistent with the above evidence is
outlined in Scheme 1. Thus, initial nucleophilic attack

11 See j. M. C. Alison and T. A. Stephenson, J.C.S. Dalton,
1973, 254 and refs. therein.

12 j. Powell and A. W. L. Chan, /. Organometallic Chem., 1972,
35, 203.

only complex which could be isolated at all molar
ratios of [Pt(S2COCH2Ph)2] to K[S2COCH2Ph] (from
1:1 to 1:5) was [AsPh4]2[Pt(S2CO)2] (5). The i.r.
spectrum of this yellow crystalline solid showed no
bands between 1 200 and 1 300 cm-1 (dithiocarbonate) 2a
but strong absorptions at 1 690(sh), 1 670m, 1 590s,
and 1 574s cm"1 indicative of dithiocarbonato-ligands.
Confirmation of this formulation was obtained from the

high conductivity value of (5) in nitromethane, character¬
istic of a 1 : 2 electrolyte,15 and the reactions of (5) with
various Lewis bases L (L = PPh3, PMe2Ph, or JPh2-
PC2H4PPh2) which readily gave [PtL2(S2CO)] {cf. the
reaction of [Pt(S2CS)2]2" with PMePh2 giving [Pt-
(PMePh2)2(S2CS)]16}. The same complexes were obtained

13 D. j. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 1818.

14 j. M. Burke and j. P. Fackler, jun., Inorg. Chem., 1972, 11,
2744.

15 R. D. Feltliam and R. G. Hayter, /. Chem. Soc., 1964, 4587.
16 j. P. Fackler, jun., and W. C. Seidel, Inorg. Chem., 1969, 8,

1631.
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from the reactions of [AsPh4][Pt(S2CO)(S2COEt)] and
excess of L.

For [Pt(S2COMe)2] and K[S2COMe] (1 : 5 molar ratio),
the only product isolated was the bis(dithiocarbonato)-
anion (5). However, when 1:1 or 1:2 molar ratios
were used, orange-yellow crystals of [AsPh4][Pt(S2CO)-
(S2COMe)] were deposited. Presumably, the inability
to isolate the [Pt(S2COCH2Ph)3]~ and [Pt(S2COMe]~
anions is a reflection of the great stability of the benzyl-
carbonium ion generated in the transition state in the
mechanism shown in Scheme 1 and of the high nucleo-
philicity of the [S2COMe]~ group. The final step in
formation of (5) is probably intermolecular attack of
[S2COR]~ on the co-ordinated alkoxy-group in [Pt-
(S2CO)(S2COR)]".

Finally, reactions of [Pt(S~S)2] (S~S~ = [S2PMe2],"~
[S2PPh2]~, or [S2CNEt2]-) with Na[S-S] under similar
conditions gave only starting materials and, unlike the
recent synthesis of [NBu4][Zn(S2CNR2)2(S2CNMe2)]
(R = Me or Et) by reaction of [Zn(S2CNR2)2] and [NBu4]-
[S2CNMe2],17 no reaction was observed between [Pd-
(S2CNEt2)2] and [NBu4][S2CNEt2] or [Pt(S2CNMe2)2] and
[NBU4] [S2CN Me2].
EXPERIMENTAL

Microanalyses were by A. Bernhardt, West Germany, and
the University of Edinburgh Chemistry Department.
Infrared spectra were recorded in the 250—4 000 cm 1 region
on Perkin-Elmer 225 and 457 grating spectrometers using
Nujol and hexachlorobutadiene mulls on caesium iodide
plates. Solution spectra were run in potassium bromide
cells. Conductivity measurements were made on a Port¬
land Electronics 310 conductivity bridge in nitromethane
at 298 K. Hydrogen-1 n.m.r. spectra were obtained on a
Varian Associates HA-100 spectrometer equipped with a
variable-temperature probe. Electronic spectra were re¬
corded on a Unicam SP 800 spectrophotometer using un¬
matched silica cells. Melting points were determined with
a Kofler hot-stage microscope and are uncorrected.

Potassium tetrachloroplatinate(u) and palladium(n)
chloride (Johnson Matthey Ltd.), [AsPh4]Cl-HCl (Koch
Light Ltd.), PPh3 and K[S2COEt] (B.D.H.) were used as
obtained. The salts K[S2COR] (R = Me, Pr', or CH2Ph)
were synthesised as described in ref. 2a and [M(S2COR)2]
(M = Pd or Pt) as described earlier.18 Operations were
carried out under nitrogen and in degassed solvents.

Tetraphenylarsonium Tris(0-ethyl dithiocarbonato)plati-
nate(u) (1).—An excess of K[S2COEt] (0.50 g) was added
to [Pt(S2COEt)2] (0.20 g) in acetone (10 cm3) and the
resulting yellow solution was gently warmed and then imme¬
diately filtered into a methanolic solution (20 cm3) of
[AsPh4]Cl-HCl (0.25 g). On cooling, yellow needles of the
product formed which were filtered off, washed with water,
methanol, benzene, and diethyl ether, m.p. 112 °C (Found:
C, 41.9; H, 3.8; S, 20.2. Calc. for C33H35As03PtS6:
C, 42.1; H, 3.7; S, 20.4%), A (1 X 10"3 mol dm"3) in Me-
NOj, = 59.5 S cm4 moL1, v(C-O) (S2COEt") at 1 285s and
1 200s cm-1 (mull).

Tetraphenylarsonium. tris(0-isopropyl dithiocarbonato)-
platinate(n) (2) was similarly prepared from K[S2COPr']
and [Pt(S2COPr')2], m.p. 117—119 °C (Found: C, 43.9;

17 J. A. McCleverty and N. J. Morrison, J.C.S. Chem. Comm.,
1974, 1048.

H, 4.2; S, 19.3. Calc. for C36H41As03PtS6: C, 43.9; H,
4.2; S, 19.5%), A(1 X 10~3 mol dm"3) in MeN02 = 51.0 S
cm2 mol"1, v(C-O) (S2COPr'~) at 1 280s and 1 210s cm"1
(mull), 1 280s and 1 205s cm"1 (in CH2C12). Tetraphenyl¬
arsonium tris(0-ethyl dithiocarbonato)palladate(u) was pre¬
pared in like manner using methanol instead of acetone.
The very small amount of buff product was characterised by
i.r. spectroscopy.

Tetraphenylarsonium (Dithiocarbonato)(0-ethyl dithio-
carbonato)platinate(u) (3).—This complex was formed as
orange-yellow crystals by the recrystallisation of [As-
Ph4][Pt(S2COEt)3] from CH2C12 or CHC13 or by leaving
methanol-diethyl ether or acetone solutions of [AsPh4]-
[Pt(S2COEt)3] to stand for 24 h, m.p. 141 °C (Found: C,
42.5; H, 3.1; S, 15.9. Calc. for C28H25As02PtS4: C, 42.5;
H, 3.2; S, 16.2%), A(1 X 10"3 mol dm"3) in MeN02 =
57.5 S cm2 mol"1, v(C-O) (S2COEt~) at 1 250s cm"1, v(C-O)
(S2COa") at 1 678m, 1 600s, and 1 575m cm"1 (mull).

Tetraphenylarsonium (dithiocarbonato)(0-isopropyl dithio-
carbonato)platinate(u) (4) was similarly prepared from
[AsPh4][Pt(S2COPr')3], m.p. 122—124 °C (Found: C, 42.8;
H, 3.2; S, 15.7. Calc. for C29H27As02PtS4: C, 43.2; H,
3.3; S, 15.9%) A(1 X 10"3 mol dm"3) in MeN02 = 43.4 S
cm2 mol"1, v(C-O) (S2COPri_) at 1 270s and 1 210s cm"1,
v(C:z:0) (S2C02~) at 1 680w, 1 600s, and 1 575m cm"1 (mull).

Tetraphenylarsonium (Dithiocarbonato)(0-methyl dithio-
carbonato)platinate{n).—The complex [Pt(S2COMe)2] and
K[S2COMe] (1:1 or 1:2 molar ratio) were dissolved in
acetone and the resulting yellow solution was filtered into
a methanolic solution of [AsPh4]Cl*HCl. Potassium chlo¬
ride was then filtered off and the filtrate evaporated almost
to dryness to produce orange crystals of the product which
were filtered off and washed with water, methanol, and
diethyl ether, m.p. 136—138 °C (Found: C, 41.5; H, 3.1;
S, 16.6. Calc. for C27H23As02PtS4: C, 41.7; H, 3.0; S,
16.5%), A(1 X 10"3 mol dm"3) in MeN02 = 54.2 S cm2
mol"1, v(C-O) (S2COMe~) at 1 270s cm"1, v(C=0) (S2C02")
at 1 680s, 1 600s, and 1 575(sh) cm"1 (mull).

Tetraphenylarsonium Bis(dithiocarbonato)platinate(u) (5).—
The complex [Pt(S2COCH2Ph)2] and K[S2COCH2Ph] (1:1
to 1 : 5 molar ratio) were dissolved with heating in acetone.
The hot solution was then filtered into a methanolic solution
of [AsPh4]ChHCl to give a yellow precipitate on cooling.
This was filtered off and washed with water, methanol,
and diethyl ether, m.p. 255—258 °C (decomp.) (Found:
C, 52.1; H, 3.9; S, 11.4. Calc. for C50H40As2O2PtS4:
C, 52.4; H, 3.5; S, 11.2%), A(1 X 10"3 mol dm"3) in
MeNOa = 137.6 S cm2 mol"1, v(C=0) (S2C02") at 1 690(sh),
1 670m, 1 590s, and 1 574s cm"1 (mull). The same product
was obtained from the reaction of [Pt(S2COMe)2] and a five¬
fold excess of K[S2COMe].

Tetraphenylarsonium (Dithiocarbonato){0-ethyl dithiocar-
bonato)palladate(n).—This complex was prepared from
[Pd(S2COEt)2], K[S2COEt], and [AsPh4]Cl-HCl using the
same method as used for [AsPh4][Pt(S2COEt)3]. The pro¬
duct precipitated as orange-yellow crystals which were
washed and dried as before, m.p. 155 °C (Found: C, 47.8,
H, 3.6, S, 18.3. Calc. for C28H25As02PdS4: C, 47.9, H,
3.6, S, 18.3%), v(C~0) (SXOEt") at 1 250s cm"1, v(C=0)
(S2C02-) at 1 678m, 1 600s, and 1 575m cm"1 (mull).

Dithiocarbonatobis(triphenylphosphine)platinum(n).— The
salt [AsPh4]2[Pt(S2CO)2] and excess of PPh3 were heated
under reflux in dichloromethane for 3 h to give a pale yellow

18 G. W. Watt and B. J. McCormick, J. Inorg. Nuclear Chem.,
1965, 27, 898.
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solution. Removal of solvent gave a yellow oil which
yielded a white solid on addition of diethyl ether. This was
filtered off and washed with water, methanol, and diethyl
ether, m.p. 258—259 °C (Found: C, 54.9; H, 3.9. Calc. for
C37H30OP2PtS2: C, 54.8; H, 3.7%), v(C=0) (S2C02~) at
1 690m and 1 615s cm-1 (mull). The same product was
obtained from the reaction of [AsPh4][Pt(S2CO)(S2COEt)]
and excess of PPh3 in dichloromethane.

Dithiocarbonatobis(dimethylphenylphosphine)plalinum(u).
—Excess of PMe2Ph was added to a suspension of [AsPh4]2-
[Pt(S2CO)2] in dichloromethane and the mixture shaken for
ca. 1 h. The resulting pale yellow solution was filtered to
remove unchanged starting material and the filtrate was
concentrated. Addition of diethyl ether then gave a white
solid which was filtered off and washed with water, methanol,
and diethyl ether (Found: C, 36.6; H, 4.1. Calc. for
C17H22OP2PtS2: C, 36.2; H, 3.9%), v(C=0) (S2C02-) at
1 670br and 1 595m cm-1 (mull). Similarly, [1,2-bis(di-

phenylphosphino)ethane] (dithiocarbonato)platinum(ll) was
obtained from [AsPhJ2[Pt(S2CO)2] and Ph2PC2H4PPh2,
m.p. 262—265 °C (Found: C, 47.2; H, 3.5. Calc. for
C27H21OP2PtS2: C, 47.3; H, 3.5%), v(C=0) (S2CO*-) at
1 690s and 1 620s cm-1 (mull).

Crystallographic calculations were made using the ' X-
Ray 74 ' system.19

We thank Johnson, Matthey Ltd. for loans of potassium
tetrachloroplatinate(u) and palladium(n) chloride, the
S.R.C. for support (to M. C. C., C. L. J., J. D. O., and
D. F. S.), Mr. J. C. MacKay for experimental assistance, and
Dr. W. D. S. Motherwell of Cambridge University for a plot¬
ting program.

[6/1468 Received, nth July, 1976]

19 ' X-Ray' Program System, Computer Science Center,
University of Maryland, Technical Report TR 192, version of
January 1974.
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Metal Complexes of Sulphur Ligands. Part 12.1 Synthesis, Characteris¬
ation, and Reactions of Palladium(n) and Platinum(n) Complexes of Type
[MX(PR'3)(S-S)] (X = halide, S-S = [S2PR2]", [S2CNR2]-, or [S2COR])
By Margaret C. Cornock and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh,

Edinburgh EH9 3JJ

Reaction of [Pd(PR'3)(S2PPh2)2] (PR'3 = PPh3 or PMe2Ph) with excess of AgX in acetone (X = CI, Br, I, or SCN)
leads to facile replacement of the unidentate [S2PPh2]- group by X" to give [PdX(PR'3)(S2PPh2)]. Similar
reactions with [Pt(PR'3)(S-S)2] (S—S- = [S2PPh2]- or [S2CNEt2]-) are not very efficient and a better general
method of synthesising [MX(PR'S) (S-S)] complexes (M = Pd or Pt; X= CI, Br, or I; S-S- = [S2PMe2]~.
[S2CNEt2]-. [S2CNPr'2]-, or [S2COEt]~) is by reaction ofequimolar amounts of [{MX2(PR'3)}2] and alkali-metal
dithioacid salts. The complexes [MX(PR'3)(S-S)] have been characterised by elemental analyses and molecular-
weight, *H n.m.r.. and i.r. measurements and some of their reactions have been investigated.

In previous papers in this series 2 the results of the
reactions of various tertiary phosphines, arsines, and
stibines (L) with the square-planar complexes
{M = Pd or Pt; S"S" = [S2PR2]-, [S2COR]", [S2CNR2]-,
or [S2P(OR)2]-} have been reported. In particular, a
study of the various rearrangement reactions exhibited
by the products [M(S-S)2L] and [M(S-S)L2]Y (Y =

complexes of this type, and also some reactions of these
complexes.

results and discussion

In contrast to the method of preparation of [NiX-
(PR'3)(S2CNR2)],3"5 reaction of PdCl2 (or K2[PtCl4]),

[BPh4] , CI , or [PFe] ) has been described. One PR'3. an(i Na[S2CNR2]-3H20 (or Na[S2PR2]*2H20) gave
reaction was the conversion of [Pd(PPh3)2(S2PR2)][BPh4]
(R = Me or Ph) into [PdX(PPh3)(S2PR2)] when dissolved
in either CH2X2 or CHX2 (X = CI or Br).2 Unfortunate¬
ly, this particular rearrangement was confined to com¬
plexes containing a combination of Pd, PPh3, [S2PR2]~,
and [BPh4]_ and thus does not provide a general method
of synthesising the series [MX(PR'S) (S-S)] (X = halide).

Although [NiX(PR'3)(S-S)] {S'S" = [S2CNR2]- (refs.
3—5) or [S2COR]- (ref. 6)} complexes have recently
been reported, [PdX(PPh3)(S2PR2)] represented the first
palladium complex of this type. In this paper, we
report the full results 7 of our attempts to find a general
synthetic route to palladium(n) and platinum(u)

1 Part II, M. C. Cornock, R. O. Gould, C. L. Jones, J. D. Owen,
D. F. Steele, and T. A. Stephenson, preceding paper.

2 See D. F. Steele and T. A. Stephenson, J.C.S. Dalton, 1973,
2124, and refs. therein.

3 P. L. Maxfield, Inorg. Nuclear Chem. Letters, 1970, 6, 693.
1 J. A. McCleverty and N. J. Morrison, J.C.S. Dalton, 1976,

641.

only [M(S-S)2]. However, reactions of [Pd(PR'3)~
(S2PR2)2] with excess of AgX (X = CI, Br, I, or SCN) in
acetone readily gave high yields of the required [PdX-
(PR'3)(S2PR2)] by replacement of the unidentate [S2-
PR2]- group by X" under mild conditions. Unfortun¬
ately, this method cannot be used to prepare the analo¬
gous [PdX(PR'3)(S2CNR2)] because of the inability to
isolate the corresponding [Pd(PR'3)(S2CNR2)2] complexes.
Furthermore, the corresponding exchange reactions with
[Pt(PR'3)(S-S)2] (S-S- = [S2PR2]" or [S^NRJ") were
very inefficient and produced only low yields of the
required products [PtX(PR'3)(S-S)] (especially for
S-S" = [S2CNR2]-) even on prolonged refluxing. Pre¬
sumably, this is a reflection of the high lability of Pd~S

6 j. P. Fackler, jun., personal communication.
8 C. Blejean and J. L. Chenot, J. Inorg. Nuclear Chem., 1971,

33, 3166.
7 Preliminary communication: M. C. Cornock and T. A.

Stephenson, Inorg. Nuclear Chem. Letters, 1976, 12, 381.
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compared to Pt~S bonds and the fact that dithiocarb-
amates form stronger bonds to platinum than phosphin-
odithioates.2

However, an excellent general method of synthesising
a wide range of these complexes is by careful reaction of
the well known halide-bridged dimers [{MX2(PR'3)}j]

and in several instances the monomeric nature of the

products was established by mass spectroscopy and/or
osmometric molecular-weight measurements in chloro¬
form or acetone (Table 1).

The i.r. spectra of these complexes show bands charac¬
teristic of bidentate dithioacid co-ordination (see

Table 1

Analytical data for some palladium(u) and platinum(n) dithioacid complexes
Found (%) Calc. (%)

Complex C H N M C H N M

[Pd (PPh3) (SCN) (S2PPh2)] 55.3 3.7 2.0 711 « 55.2 3.7 2.1 675

[PdCl(PPh3)(S2PPh2)J 54.5 4.0 55.2 3.8

[PdBr(PPh3)(S2PPh2)] 51.9 3.9 722 « 51.6 3.6 697

[PdI(PPh3)(S2PPh2)] 50.0 3.7 48.4 3.4

[Pdl (PMe2Ph) (S2PPh2)] 39.2 3.3 38.7 3.1

[PdCl(PMe2Ph) (S2PMe2)] 29.7 4.2 29.7 4.2

[PdBr(PMe2Ph) (S2PMe2)] 26.7 3.8 26.7 3.8

[PdI(PMe2Ph)(S2PMe2)] 24.3 3.5 496 ± 14 24.2 3.4 496

[PdCl(PMe2Ph)(S2CNEt2)] « 36.4 5.0 3.3 445,4 428 ± 1 4 36.5 4.9 3.3 427

[PdBr(PMe2Ph) (S2CNEt2)] 33.2 4.3 2.9 533,4 473 ± 1 4 33.1 4.4 3.0 472

[Pd I (PMe2Ph) (S2CNEt2)] • 30.3 4.1 2.7 521 ± 14 30.2 4.1 2.7 520

[PdCl(PMe2Ph)(S2CNPr>,)] 39.3 5.5 2.9 39.5 5.5 3.1

[Pd(PMe2Ph) (PPh3) (S2CNEt2)] [BPh4] 67.8 6.0 1.3 67.8 5.9 1.4

[Pd(NC5H5) (PMe2Ph) (S2CNEt2)] [BPh4] 63.6 5.8 3.2 63.8 5.8 3.5

[PdCl(PMe2Ph) (S2COEt)] 33.0 4.0 33.0 4.0

[PtCl (PMePh2) (S2CNEt2)] / 37.2 4.1 2.3 703 d 37.4 4.0 2.4 578

[PtCl(PMe2Ph) (S2CNEt2)] 29.4 4.0 2.9 611,d 516 ± 1 4 30.2 4.1 2.7 516

[PtBr(PPh3) (S2PPh2)] 47.7 3.2 45.8 3.2

[Pt (PPh3) (SCN) (S2PPh2) ] 49.7 3.4 1.4 48.7 3.3 1.8

[Pt(PMePh2) (S2CNEt2) (S2PMe2)] 36.0 4.5 2.2 35.9 4.3 2.1

[Pt(AsPh3) (PPh3) (S2PMe2)] [BPh4] 60.0 4.5 61.6 4.6
• Molecular weight measured osmometrically at 37 °C in acetone. 4 From parent-ion peak (106Pd or 195Pt isotope) in mass

spectrum. ' CI, 8.2
(Calc.: 6.1%).

(Calc.: 8.3%). d Measured osmometrically at 37 °C in chloroform. ' I, 24.8 (Calc.: 24.5%). t CI, 6.0

Table 2

Hydrogen-1 n.m.r. data in CDC13 at 301 K for some palladium(n) and platinum(n) dithioacid complexes
8 " /p.p.m.

Dithio-ligand
Me of

Complex CH34 CH24 phosphine" Ph

[PdCl(PMe2Ph) (S2PMe2)] 2.00 (d) <• 1.77 (d) 7.32--7.80 (m)
[PdCl(PMe,Ph) (s2CNEt2)] 1.24 (t), 1.22 (t) 3.72 (q). 3.62 (q) 1.80 (d) 7.38--7.90 (m)
[PdCl(PMe2Ph)(s2CNPr'2)J 1.45 (d), 1.33 (d) 4.60 (m) « 1.75 (d) 7.32--7.90 (m)
[PdI(PMe2Ph)(S2CNEt2)] 1.25 (t), 1.22 (t) 3.70 (q), 3.59 (q) 1.95 (d) 7.35--7.80 (m)
[PdCl(PMe2Ph) (S2COEt)] 1.45 (t) 4.60 (q) 1.88 (d) 7.32--7.80 (m)
[Pd(PMe2Ph) (PPh3) (S2CNEt2)][BPh4] 1.20 (t) 3.63 (q), 3.50 (q) 1.17 (d) 6.70--7.70 (m)
[Pd (NC5H5) (PMe2Ph) (S2CNEt2)] [BPh4] 1.27 (t) 3.70 (q), 3.58 (q) 1.46 (d) 6.70--7.80 (m) '
[PtCl(PMePh2) (S2CNEt2)] 1.26 (t), 1.19 (t) 3.64 (q), 3.47 (q) 2.16 (t of d) » 7.32--7.82 (m)
[PtCl (PMc2Ph) (S2CN Et,)] 1.28 (t), 1.25 (t) 3.66 (q), 3.55 (q) 1.83 (t of d) 4 7.32--7.86 (m)
[Pt(PMePh2) (S,CNEt,) (S2PMe2)] 1.29 (t), 1.21 (t), 3.68 (q), 3.50 (q) 2.29 (t of d) i 7.32--7.80 (m)

1.99 (d of t) d-'
" T0.01; d = doublet, t = triplet, q = quartet, m = multiplet. 4 2/(CH3CH2) 7.0 Hz. ' V(pH) 11.0 Hz. * V(pH) 13.0
Hz.
Hz.

e Methine resonance, t Pyridine resonances at 8.56 (dj p.p.m.
4 V(PtH) 35.5 Hz. ' 4/(ptH) 5.0 Hz. i 3/(ptH) 36.0 Hz.

Others masked by phenyl resonances. » 3/(PtH) 34.0

(M = Pd, X = CI, Br, or I, PR'3 = PMe2Ph; M = Pt,
X = CI, PR'3
alkali-metal dithioacid

PMe2Ph or

salts
PMePh2

([S2PMe2]'
with various

, [S2CNEt2]-,

Experimental section). However, full confirmation of
structure (1) was obtained from the JH n.m.r. spectra

[S2CNPr'2]~, or [S2COEt]-) in 1 : 2 molar ratio in acetone
(Pd) or acetone-dichloromethane (Pt).* All these
complexes were characterised by elemental analyses
(Table 1) and i.r. and HI n.m.r. spectroscopy (Table 2),

* Recently, N. Sonoda and T. Tanaka, Inorg. Chim. Acta,
1975, 12, 261 have independently reported the synthesis of the
related [PdCl(PR'3)(XYCNR2)] (R = Me or Et; PR3'=
PMePh,, PPh3 or PMe,Ph; X = S; Y = Se) by reaction of
[{PdCl2(PR'3)}2] with SnMe2Cl(XYCNR2). The complexes
[PdCl(PR'3)(S2CNR2)] (R = Me or Et; PR'3 = PPh3 or PMePh2)
are also briefly described.

NC

(1)

•PR'

< /S
R'

Pt

^PR\

of the dialkyldithiocarbamato-derivatives which showed
two magnetically inequivalent alkyl groups at ambient
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temperature. As expected for a structure of this type, the
[SgPMeJ" complexes exhibited only one methyl resonance
from the dithioacid group (Table 2). Up to 330 K (the
limit of our studies) the 4H n.m.r. spectra of the dithio-
carbamato-complexes were temperature invariant. How¬
ever, Fackler5 showed that, at >390 K, magnetic
equivalence of the alkyl groups was obtained and he
ascribed this to the onset of facile rotation about the
-CN partial double bond.

The observation of magnetically inequivalent dithio-
carbamato-alkyl groups in complexes (1) at ambient
temperature indicates that our earlier explanation 8 of
the apparent magnetic equivalence of R3 and R4 in
[Pt(PR'3)(S2CNR2)2] (2) at low temperature [namely that
the atoms (S and P) inducing the magnetic inequival¬
ence in R3 and R4 are well removed (six bonds) from
these groups so that the separation between the R3 and

P2
(a)

_LlL

(A)

M

A
6/ p.p.m.

8 2.28 p.p.m. [with 3/(PtH) 38.0 and 2/(PH) 10.0 Hz].8
This is also evident from the 31P n.m.r. spectra of [Pt-
(PMe2Ph)(S2PPh2)2] (Figure) which show that ^/(PtP1)
remains practically invariant from 218 to 383 K. These
spectra also provide good evidence that the solid-state
structure (3) is maintained in solution with 2/(PtP3)
276.6 Hz (P3 87.8 p.p.m.) and2/(PtP2) 105.3 Hz (P2 57.1

S^p2/Ph
PhVp3/S^pt/^ ^
Ph<^ P1Me,Ph

(3)

PMe,
Et <5 c ^ l

NC Pt
Ef' ^PMePh2

U)

p.p.m.) at 218 K {cf. [Pt(PPh3)2(S2PPh2)][PF6],27(PtP)
254.7 Hz; S2PPh2, 92.1 p.p.m.}. At 383 K rapid
intramolecular scrambling of uni- and bi-dentate
[S2PPh2]~ groups produced, as expected, an averaged
signal at 70.5 p.p.m. with 2J(PtP2>3) 191.0 Hz. This
evidence confirming the retention of the four-co-ordinate
square-planar structure in solution strongly suggests that
the apparent magnetic equivalence of R3 and R4 in (2) at
low temperature can only be produced by the fortuit¬
ously similar electronic effects of the PR'3 and [S2CNR2]-
groups.

Reaction of excess of Na[S2CNR2]*3H20 (R = Et or
Pr') with [{MC12(PR'3)}2] gave [M(S2CNR2)2],* whereas
excess of Na[S2PMe2]*2H20 gave the well known2
[M(PR'3)(S2PMe2 The difference in behaviour is

Phosphorus-31 n.m.r. spectrum (proton decoupled) of [Pt-
(PMe2Ph)(S2PPh2)J in CDC13 at: (a) 218 K, P1 —14.3 p.p.m.,
V(PtP') 3 563.9 Hz, P2 57.1 p.p.m., 2/(PtP2) 105.3 Hz, P3
87.8 p.p.m., 2i(PtP3) 276.6 Hz, 3/(P3P1) 7.0 Hz; (5) 302 K,
P1 -16.2 p.p.m., VfPtP1) 3 639.4 Hz: (c) 373 K, P1 -17.0
p.p.m., 1 /(I^tP") 3 679.0 Hz, average of P2 and P3 70.5 p.p.m.,
2/(PtP2'3) 191.0 Hz.

R4 resonances may well be too small to be resolved] is
clearly incorrect. Furthermore, unlike [NiX(PR'3)(S2-
CNR2)] where the inability to observe magnetically
inequivalent dithiocarbamato-alkyl groups at ambient
temperature is ascribed to facile phosphine 4 or halide
exchange,5 there is no evidence of facile phosphine
exchange in [Pt(PMePh2)(S2CNEt2)2] since in the 4H
n.m.r. spectrum between 213 and 301 K the PMePh2
group exhibited a sharp triplet of doublets centred at

* For Na[S2CNMe2], the only product at all molar ratios of
[{MC12(PR'2)}2] to [S2CNMeJ- is [M(S2CNMe2)2] which can be
attributed to a combination of the insolubility of [M(S2CNMe2)2]
and the high nucleophilicity of the dithioacid anion.

8 J. M. C. Alison and T. A. Stephenson, J.C.S. Dalton, 1973,
254.

again presumably a reflection of the higher nucleo¬
philicity of [S2CNR2]- compared to [S2PMe2]-. In
contrast, reaction of [{MX2(PR'3)}2] with silver carboxy-
lates gives the dimeric [{MX(02CR)(PR'3)}2] (1 : 2 molar
ratio) 9 and [{M(02CR)2(PR'3)}2] (1 : 4 molar ratio) 10
respectively.

The complexes [MX(PR'3)(S~S)] are useful starting
materials for a number of reactions. For example,
reaction of [PtCl(PMePh2)(S2CNEt2)] with Na[S2PMe2]*
2H20 gave the mixed dithio-complex [Pt(PMePh2)-
(S2CNEt2)(S2PMe2)]. The i.r. spectrum of this complex
had bands at 600 and 1 530 cm-1 indicative of unidentate
[S2PMe2]~ (ref. 2) and bidentate [S2CNEt2]~ co-ordin¬
ation 11 respectively. The 4H n.m.r. spectrum (Table 2)
confirmed structure (4) with bidentate [SaCNEtJ- and
unidentate [S2PMe2]~ groups. Unlike the corresponding
[Pt(PMePh2)(S2CNEt2)2] 8 and [Pt(PMePh2)(S2PMe2)2],2
this complex is stereochemical^ rigid even at 330 K. In
contrast, reaction of [PtCl(PMePh2)(S2PMe2)] with
Na[S2CNEt2]*3H20 gave [Pt(S2CNEt2)2], indicating the
greater nucleophilicity of [S2CNEt2]~ compared to
[S2PMe2]_. Similarly, reaction of [NiCl(PPh3)(S2CNR2)]
and Na[S2CNR2]-3H20 (R = Me or Et) gave only
[Ni(S2CNR2)2].4

Finally, reaction of [PdCl(PMe2Ph)(S2CNEt2)] with
9 J. Powell and T. R. Jack, Inorg. Chem., 1972, 11, 1039.

10 T. R. Jack and J. Powell, Canad. J. Chem., 1975, 53, 2558.
11 See D. C. Bradley and M. H. Gitlitz, /. Chem. Soc. (A), 1969,

1152, and refs. therein.
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Ag[BF4] in tetrahydrofuran (thf) produces a white
precipitate of AgCl and a yellow solution which probably
contains the solvated cation [Pd(thf)(PMe2Ph)(S2-
CNEt2)]+. Addition of various ligands (L) to this
solution followed by treatment with Na[BPh4] then gave
the mixed-ligand cationic complexes [PdL(PMe2Ph)-
(S2CNEt2)][BPh4] (L = PPh3 or C5H5N) which, as
expected, showed magnetically inequivalent ethyl groups
in their 1H n.m.r. spectra at ambient temperature
(Table 2). The related mixed-ligand complex [Pt-
(AsPh3)(PPh3)(S2PMe2)][BPh4] can be synthesised by re¬
action of [Pt(PPh3)(S2PMe2)2], AsPh3, and Na[BPh4],

EXPERIMENTAL

Microanalyses were by B.M.A.C. and the University of
Edinburgh Chemistry Department. Molecular weights
were determined on a Mechrolab vapour-pressure osmometer
(model 301A) calibrated with benzil. Infrared spectra were
recorded in the 250—4 000 cm"1 region on a Perkin-Elmer
457 grating spectrometer using Nujol and hexachlorobuta-
diene mulls on caesium iodide plates. Conductivity
measurements were made on a Portland Electronics 310

conductivity bridge. Hydrogen-1 n.m.r. spectra were
recorded on a Varian Associates HA-100 spectrometer
equipped with a variable-temperature probe, and 31P n.m.r.
spectra on a Varian XL 100 spectrometer operating in the
pulse and Fourier-transform modes at 40.5 MHz (31P
chemical shifts quoted in p.p.m. to high frequency of 85%
H3P04). Mass spectra were obtained on an A.E.I. MS9
spectrometer. Melting points were determined with a
Kofler hot-stage microscope and are uncorrected.

Potassium tetrachloroplatinate(u) and palladium(n)
chloride (Johnson, Matthey Ltd.), triphenylphosphine,
sodium diethyldithiocarbamate, and sodium tetraphenyl-
borate (B.D.H.), dimethylphenylphosphine and methyl-
diphenylphosphine (Maybridge Chemical Company) were
obtained as indicated. The compounds Na[S2PMe2]-2H20,12
[{PdX2(PMe2Ph)}2] (X = CI, Br, or I),13 [{PtCl2(PR3)}2]
(PR', = PMePh2 or PMe2Ph),14 [Pd(PPh3)(S2PPh2)2],15 [Pd-
(PMe2Ph)(S2PPh2)2],15 [Pt(PPh3)(S2PPh2)2]16 [Pt(PMe2Ph)-
(S2PPh2)2],16 and [Pt(PPh3)(S2PMe2)2]2 were synthesised
as described earlier.

Infrared bands diagnostic of bidentate [S2PPh2]~,16
[S2PMe2]",2 and [S2CNR2]~ co-ordination 11 are listed for
each complex.

Palladium Complexes.—Diphenylphosphinodithioato(thio-
cyanato)(triphenylphosphine)palladium(\i). The complex
[{Pd(PPh3)(S2PPh2)}2] and Ag[SCN] (1 : 6 molar ratio) were
shaken together in acetone for 1 h after which the solution
was filtered to remove insoluble silver salts. Removal of
solvent in vacuo then yielded a yellow solid which was

recrystallised from benzene-light petroleum (b.p. 60—80 °C),
m.p. 216—218 °C, v(PS2) at 603 and 570 cm"1, v(CN) at 2 100
cm"1. Similarly, bromo(diphenylphosphinodithioato)(tri-
phenylphosphine)palladium(n), m.p. 211—213 °C, v(PS2) at
600 and 570 cm"1, diphenylphosphinodithioato(iodo)(triphenyl-
phosphine)palladium(n), v(PS2) at 603 and 570 cm"1,
dimethylphenylphosphine(diphenylphosphinodithioato)iodo-
palladium(u), v(PS2) at 602 and 570 cm"1, and dimethyl-

12 R. G. Cavell, W. Byers, and E. D. Day, Inorg. Chern., 1971,
10, 2710.

13 J. M. Jenkins and B. L. Shaw, J. Chem. Soc. (A), 1966, 770.
14 S. O. Grim, R. L. Keiter, and W. McFarlane, Inorg. Chem.,

1967, 6, 1133.

phenylphosphine(diphenylphosphinodithioato)thiocyanato-
palladium(n), v(PS2) at 603 and 572 cm"1 were prepared by
reaction of [Pd(PR'3)(S2PPh2)2] with the appropriate silver
salt.

Chloro (dimethylphenylphosphine) (dimethylphosphinodithio-
ato)palladium(n). The salt Na[S2PMe2]-2H20 (0.03 g) was
added to an acetone solution of [{PdCl2(PMe2Ph)}2] (0.10 g)
(2 : 1 molar ratio) and the mixture shaken for ca. 2 h. The
resulting cloudy yellow solution was filtered through Celite
to give a bright yellow filtrate. Removal of solvent gave a
yellow solid which was recrystallised from acetone-light
petroleum (b.p. 60—80 °C), v(PS2) at 570 cm"1, v(PdCl) at 340
cm"1. Similarly, bromo(dimethylphenylphosphine)(dimethyl-
phosphinodithioato)palladium(u), v(PS2) at 570 cm"1, and
dimethylphenylphosphine (dimethylphosphinodithioato)iodo-
palladium(u), m.p. 238—240 °C, v(PS2) at 570 cm"1, were
prepared from [{PdBr2(PMe2Ph)}2] and [{PdI2(PMe2Ph)}2]
respectively.

Chloro(diethyldithiocarbamato) (dimethylphenylphosphine) -

palladium(u). The complex [{PdCl2(PMe2Ph)}2] and Na-
[S2CNEt2]-3H20 (1 : 2 molar ratio) were shaken in acetone
for ca. 1 h to give a white precipitate of sodium chloride and
a yellow solution. After filtering through Celite, the
filtrate was evaporated to dryness to give a yellow-orange
solid which was recrystallised from acetone-light petroleum
(b.p. 60—80 °C), m.p. 162—164 °C, v(CN) at 1 530 cm"1,
v(PdCl) at 300 cm"1. Similarly, bromo(diethyldithiocarbam-
ato)(dimethylphenylphosphine)palladium(\i), m.p. 164—166
°C, v(CN) at 1 530 cm"1, and diethyldithiocarbamato(dimethyl-
phenylphosphine)iodopalladium(u), m.p. 145—147 °C, v(CN)
at 1 530 cm"1, were prepared from [{PdBr2(PMe2Ph) }2] and
[{PdI2(PMe2Ph)}2] respectively, and chloro(di-isopropyl-
dithiocarbamato) (dimethylphenylphosphine)palladium(u),
v(CN) at 1 500 cm"1, was obtained from [{PdCl2(PMe2Ph)}2]
and NafSaCNPr'J-SH^. Likewise, reaction of [{PdCl2-
(PMe2Ph)}2] and K[S2COEt] (1:2 molar ratio) gave chloro-
(dimethylphenylphosphine)(0-ethyldithiocarbonato)palladium-
(ii), m.p. 148—150 °C (decomp.), v(CO) at 1 260 cm"1,
v(PdCl) at 300 cm"1.

Diethyldithiocarbamato(dimethylphenylphosphine)(tri-
phenylphosphine)palladium(ii) tetraphenylborate. The com¬
plex [PdCl(PMe2Ph)(S2CNEt2)] (0.10 g) and Ag[BF4]
(0.04 g) in tetrahydrofuran were shaken together to give
a white precipitate of AgCl and an orange solution. After
filtering through Celite, an excess of triphenylphosphine
was added to the filtrate to give a pale yellow solution.
Removal of the solvent in vacuo produced a yellow oil.
Methanol was then added to give a white solid (unchanged
PPh3) and a yellow solution which was filtered into a
methanolic solution of Na[BPh4] to give the pale yellow
product, m.p. 78—80 °C, v(CN) at 1 525 cm"1, A(1 x 10"3
mol dm"3) in CH2C12 = 38.0 S cm2 mol"1.

Diethyldithiocarbamato(dimethylphenylphosphine)pyridine-
palladium(u) tetraphenylborate was prepared as above by
adding an excess of pyridine to the orange solution of
[Pd(thf)(PMe2Ph)(S2CNEt2)][BF4] to give a pale yellow
solution. Removal of solvent followed by addition of
Na[BPh4] in methanol then gave a yellow precipitate which
was washed with water, methanol, and diethyl ether, m.p.
126—128 °C, v(CN) at 1 520 cm"1, A(1 X 10"3 mol dm"3) in
CH2C12 = 35.0 S cm2 mol"1.

15 T. A. Stephenson and B. D. Faithful, J. Chem. Soc. (A),
1970, 1504.

18 J. M. C. Alison, T. A. Stephenson, and R. O. Gould, J.
Chem. Soc. (A), 1971, 3690.
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Platinum. Complexes.—Diphenylphosphinodithioato(thio-
cyanato)(triphenylphosphine)platinum(u). The complex
[Pt(PPh3)(S2PPh2)2] and an excess of Ag[SCN] in acetone
were heated under reflux for 2 h. After filtration and re¬

moval of solvent, the pale yellow solid was dissolved in a
minimum volume of benzene and reprecipitated with light
petroleum (b.p. 60—80 °C) to give the pale yellow product,
v(PS2) at 600 and 570 cm_I,v(CN) at 2 100 cm"1. Similarly,
bromo{diphenylphosphinodithioato)(triphenylphosphine)plat-
inum(n) was prepared from [Pt(PPh3)(S2PPh2)2] and AgBr,
v(PS2) at 600 and 570 cm"1.

Dimethylphosphinodithioato{triphenylarsine){triphenylphos-
phine)platinum{u) tetraphenylborate. The complex [Pt-
(PPh3)(S2PMe2)2] was dissolved in acetone-methanol and
a slight excess of AsPh3 was added followed immediately
by an excess of Na[BPh4], Removal of acetone then gave an
off-white precipitate which was washed with methanol and
light petroleum (b.p. 60—80 °C), v(PS2) at 574 cm"1.

Chloro[diethyldithiocarbamato)(methyldiphenylphosphine)-
platinum(u). The salt Na[S2CNEt2]-3H20 (0.045 g) was
dissolved in acetone, added to [{PtCl2(PMePh2)}2] (0.10 g)
in dichloromethane (2:1 molar ratio), and the mixture
shaken for 1 h. A white precipitate of sodium chloride
formed together with a yellow solution. After filtration,
evaporation of the solution almost to dryness followed by
addition of light petroleum (b.p. 60—80 °C) gave a pale

yellow precipitate which was washed with water, methanol,
and diethyl ether, v(CN) at 1 534 cm"1, v(PtCl) at 310 cm"1.
Similarly, chloro(diethyldithiocarbamato) (dimethylphenylphos-
phine)platinum(u) was prepared from [{PtCl2(PMe2Ph)}2]
and Na[S2CNEt2]-3H20, m.p. 163—165 °C, v(CN) at 1530
cm"1, and chloro(dimethylphosphinodithioato) (methyldiphenyl-
phosphine)platinum(n) was obtained from [{PtCl2(PMePh2) }2]
and Na[S2PMe2]-2H20, v(PS2) at 573 cm"1.

Diethyldithiocarbamato(dimethylphosphinodithioato) (methyl-
diphenylphosphine)platinum(\i). The complex [PtCl-
(PMePh2)(S2CNEt2)] (0.06 g) and Na[S2PMe2]-2H20 (0.02 g)
were shaken in acetone-dichloromethane for ca. 1 h. A
white precipitate of NaCl was then filtered off and the yellow
filtrate was evaporated almost to dryness. Addition of
diethyl ether-pentane gave a yellow solid which was washed
with water, methanol, and diethyl ether, v(CN) at 1 530 cm"1,
v(PS2) at 600 cm"1.

We thank Johnson, Matthey Ltd. for loans of potassium
tetrachloroplatinate(u) and palladium(n) chloride, the
S.R.C. for support (to M. C. C.), Professor J. P. Fackler, jun.,
for furnishing results prior to publication, Dr. A. S. F. Boyd
for obtaining the 31P n.m.r. spectra, and the Department of
Chemistry, Glasgow University, for the use of their Mechro-
lab osmometer.
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Metal Complexes of Sulphur Ligands. Part 13.1 Reaction of Dichloro-
(in-cyclo-octa-1,5-diene)-palladium and -platinum Complexes with some
Sulphur-containing Nucleophiles
By Margaret C. Cornock and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh,

Edinburgh EH9 3JJ

Reaction of [Pd(C8H12)CI2] (C8H12 = cyclo-octa-1,5-diene) with equimolar amounts of various alkali-metal
dithioacid salts ([S—S-] = [S2CNEt2]~. [S2COEt] _,or [S2PMe2]_) gives the chloride-bridged dimers [{ Pd CI (S—S)}2]
(1). Metathetical reactions of these give the corresponding [{PdX(S2CNEt2)}2] (X = Br- or [SPh]-). Cleavage
of these complexes with Lewis bases gives [PdCI(S—S)L] (2: L = PPh3, [S—S-] = [S2CNEt2]_. [S2COEt]-, or
[S2PMe2]-; L = AsPh3, SbPh3, or C5H5N, [S-S-] = [S2CNEt2]-), and with M'CI-HCI. M'[PdCI2(S2CNEt2)]
(3: M' = [AsPh4]+ or [PPh3(CH2Ph)]+) are formed. Reaction of (1 ; [S—S]_ = [S2CNEt2]-) with Na[S2PMe2]-
2H20 gives [Pd(S2CNEt2)(S2PMe2)] (4a) which partially disproportionates in solution to [Pd(S2CNEt2)2]
and [Pd(S2PMe2)2]. Complex (4a) reacts with PPh3 to give [Pd(PPh3) (S2CNEt2) (S2PMe2)] (5a) which possesses
bidentate [S2CNEt2]- and unidentate [S2PMe2]~ groups. In contrast, reaction of [Pt(C8H12)CI2] and
Na[S2CNEt2]-3H20 (1 :1 mol ratio) gives [{PtCI(S2CNEt2)}2C8H12] (6a) which in turn reacts with PPh3 to give
[PtCI(PPh3)(S2CNEt2)] and with excess of PPh3 to give [Pt(PPh3)2(S2CNEt2)]CI-H20. Reaction of (6a) and
Na[S2PMe2]-2H20 gives [Pt(S2CNEt2) (S2PMe2)] (4b) which on treatment with PPh3 gives [Pt(PPh3) (S2CNEt2)-
(S2PMe2)] (5b).

The activation of olefins towards nucleophilic attack by
co-ordination to palladium(n) and platinum(n) is now
well established and of commercial importance. Exten¬
sive studies on reactions of [M(diene)Cl2] complexes
(M = Pd or Pt) with various nucleophiles containing
oxygen- or nitrogen-donor atoms (e.g. [OR]", [02CR]~,
NRH2, etc.) show that, usually, attack on one of the
co-ordinated double bonds occurs to give substituted
alkenyl complexes.2 fn contrast, in the only previously
reported reaction of [M(diene)Cl2] complexes with
sulphur-containing nucleophiles, reaction of [Pt(C7H
Cl2] with Ag[SCF3] gives [Pt(C7H8)(SCF3)2
[Pd(C7FI8)Cl2] the nortricyclyl derivatives
(C7H8SCF3)2Cy and [Pd(C7H8SCF3)2Cl(SCF3)]
tained.3

In this paper, we report the full results 4 of reactions
between [M(C8H12)C12] (M = Pd or Pt; C8H12 = cyclo-
octa-1,5-diene) and various dithioacid anions where
quite different behaviour from that previously observed
with other nucleophiles has been found.

was formulated with the square-planar chloride-bridged
structure (1). Further evidence for this formulation

whereas with

[Pd2-
are ob- Solvent

+ [S-S]~ —-

(;>

+ ci"

results and discussion

(a) Palladium Complexes.—Addition of an acetone
solution of NafSaCNEtJ-SHgO to [Pd(C8H12)Cl2] in
methylene chloride (1 : 1 mol ratio) gave an orange
solution from which an orange solid of empirical formula
[{PdCl(S2CNEt2)}n] was isolated.! With excess of
Na[S2CNEt2]-3H20, the well known6 [Pd(S2CNEt2)2]
was obtained. Molecular-weight measurements in
chloroform indicated that n = 2 and thus this complex

t Fackler5 very recently synthesised the complex [{PdCl-
(SjCNBu' 2)}2] both by reaction of [Pd(S2CNBu' 2)2] with K2[PdCl4]
(1 : 1 mol ratio) in aqueous acetone and by direct reaction of
Na[S2CNBu'2]-3H20 with K2[PdCl4] (<1:1 mol ratio) in
aqueous acetone.

1 Part 12, M. C. Cornock and T. A. Stephenson, J.C.S. Dalton,
1977, 501.

2 For detailed references see (a) F. R. Hartley, 'The Chemistry
of Platinum and Palladium,' Applied Science Publishers, 1973,
p. 386: (b) P. M. Henry, Adv. Organometallic Chem., 1973, 13, 363;
(c) M. Green, M.T.P. Internat. Rev. Sci. Inorg. Chem. Ser. 1, 1972,
6. 183.

s /Cl "s^Pd Xxpd/''

in

<««>
2[ pd(s - s)21 + 2c1"

Scheme Mechanism of formation of [{PdCl(S—S)}2] ([S—S]~
= [S2CNEt2]-, [S2COEt]-, or [S2PMe2]-). (i) - C8H12:
(ft) Dimerisation; (iff) excess of [S—S]-

came from the far-i.r. spectrum which showed a strong
band at 300 cm-1 [bridging v(PdCl)],7 not present in
[{PdBr(S2CNEt2)}2] which can be prepared either by
reaction of [PdBr2(C8H12)] with Na[S2CNEt2]-3H20 (I : 1
mol ratio) or by reaction of [{PdCl(S2CNEt2)}2] with
excess of lithium bromide. Similarly, the chloride

3 R. B. King and A. Efraty, Inorg. Chem., 1971, 10, 1376.
4 Preliminary communication, M. C. Cornock, R. C. Davis,

D. Leaver, and T. A. Stephenson, J. Organometallic Chem., 1976,
107, C43.

5 J. P. Fackler, jun., personal communication.
6 C. K. Jorgensen, J. Inorg. Nuclear Chem., 1962, 24, 1571.
7 J. R. Allkins and P. J. Hendra, J. Chem. Soc. (A), 1967, 1325.
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bridges in (1) were readily exchanged for [SPh]- by
treatment with Na[SPh] to give [{Pd(SPh)(S2CNEt2)}2].
The 1H n.m.r. spectra of these complexes (Table 1),
which showed magnetically equivalent ethyl groups, also
support the proposed structure (1). However, with
[Pd(C8H12)Cl2] and Na[S2CNMe2]'2H20, the only product
isolated was [Pd(S2CNMe2)2] which can almost certainly
be attributed to the high insolubility of [Pd(S2CNMe2)2].*

The analogous [{PdCl(S2COEt)}2] was similarly pre¬
pared by reaction of [Pd(C8H12)Cl2] and K[S2COEt]

chloride bridges in [{PdCl(S2CNEt2)}2] were readily cleaved
by a wide range of Lewis basis (L) to give the monomeric
[PdCl(S2CNEt2)L] (L = PPh3, AsPh3, SbPh3, or C5H5N).
As reported elsewhere, these complexes (for L = tertiary
phosphine) can also be synthesised by reaction of
[{PdCl2(PR'3)}2] with either SnMe2Cl(S2CNR2) 11 or
Na^CNRjj'xHgO.1 However, with weaker bases in
the palladium co-ordination sphere, only [Pd(S2CNR2)2]
were formed by this route. As found earlier for
[PdX(PMe2Ph)(S2CNEt2)] (X = CI, Br, or I),1 all these

Table 1

Hydrogen-1 n.m.r. data in CDC13 at 301 K for some palladium(n) and platinum(n) dithioacid complexes
8 ± 0.01 p.p.m."

Complex
Dithio ligand

CHa ch2 Other ligand resonances
[{PdCl(S2CNEt2)}2] 1.33 (t) 3.69 (q)«
[{PdCl(S2COEt)}2] 1.53 (t) 4.67 (q)
[{PdBr (S2CNEt2)} 2] 1.33 (t) 3.70 (q) «
[{Pd(SPh)(S2CNEt2)}2] 1.18 (t) 3.58 (q) 7.00—8.00 (m) i
[PdCl(PPhj) (S2CNEt2)] 1.24 (t), 1.18 (t) 3.71 (q), 3.56 (q) 7.38—7.80 (m) d
[Pd(AsPh3)Cl(S2CNEt2)] 1.13 (t), 1.07 (t) 3.60 (q), 3.46 (q) 7.38—7.80 (m) "
[PdCl(NC6H5)(S2CNEt2)] 1.29 (t), 1.28 (t) 3.69 (q), 3.66 (q) 7.40 (t), 7.82 (t), 8.82 (d) «
[PdCl(PPh3)(S2COEt)] 1.47 (t) 4.67 (q) 7.00—8.00 (m) d
[Pd(PPh3) (SPh) (S2CNEt2)] 1.14 (t), 1.12 (t) 3.61 (q), 3.59 (q) 6.95—7.80 (m) d
[PdCl(PPh3)(S2PMe2)] 2.03 (d) I 7.20—7.80 (m) d
[PPh3(CH2Ph)][PdCl2(S2CNEt2)] 1.15 (t) 3.54 (q) 5.32 (d)," 7.00—7.80 (m) d
[AsPhJ [PdCl2(S2CNEt2)] 1.17 (t) 3.53 (q) 7.30—7.90 (m) d
[Pd(S2CNEt2)(S2PMe2)] 4 1.25 (t), 2.12 (d) ' 3.65 (q)
[Pd (PPh3) (S2CNEt2) (S2PMe2)] 1.27 (t), 1.19 (t), 1.96 (d) > 3.70 ' 7.00—8.00 (m) d
[PtCl(PPh3) (S2CNEt2)] 1.27 (t), 1.17 (t) 3.60 (q), 3.45 (q) 7.20—7.80 (m) d
[Pt(PPh3)2(S2CNEt2)]Cl-H20 1.22 (t) 3.60 (q) 7.00—7.50 (m),d 2.50 (s) '
[Pt(S2CNEt2) (S2PMe2)] 1.30 (t), 2.06 (d) > 3.55 (q)
[Pt(PPhj) (S2CNEt2) (S2PMe2)] 1.30 (t), 1.17 (t), 1.90 (d) I 3.67 (q), 3.47 (q) 7.20—7.70 (m) d
s = Singlet, d = doublet, t = triplet, q = quartet, and m = mu ltiplet. 4 V(CH3CH2) 7.0 Hz. 'Broad. * Phenyl

ces. 'Pyridine resonances. ^2/(PH) 13.0 Hz. "Methylene, 2/(PH)
{[Pd(S2PMe2)2]} and at 1.27 (t) and 3.71 (q) p.p.m. {rPd(S2CNEt2)2J}.
(S2CNEt2)2],

14.0 Hz. * Solution also gave resonances at 2.02 (d)
' Very broad due to superimposition of some [Pd(PPh3)-

(1 : 1 mol ratio). However, unlike |{PdCl(S2CNEt2)}2],
this orange-red solid slowly turned brown on standing
and rapidly decomposed when heated in methylene
chloride. Reaction of [Pd(C8H12)Cl2] with equimolar
amounts of Na[S2PMe2]*2H20 in CH2Cl2-Me2CO also
gave an immediate red solution but this rapidly turned
brown precipitating an intractable brown material of
unknown composition. However, although attempts
to isolate a compound from the red solution were un¬
successful, reactions of the red solution (see below)
strongly suggest that [{PdCl(S2PMe2)}2] is initially
formed. With excess of Na[S2PMe2]*2H20, [Pd-
(S2PMe2)2] 9 was readily isolated. In the Scheme, the
probable mechanism of formation of these chloride-
bridged dimers is outlined. Presumably, the difference
in behaviour compared to oxygen and nitrogen nucleo-
philes is the class (b) (soft-base) character of the sulphur
ligands and the consequent affinity for Pd11.

In common with other halide-bridged dimers, e.g.
[{Rh(CO)2Cl}2],1° these complexes were excellent pre¬
cursors for a variety of reactions. For example, the

* The complex [{PdBr(S2CNMe2)}2] can however by syn¬
thesised by reaction of (dimethyldithiocarbamato)(2-phenylazo-
phenyl)palladium(n) with bromine, the 2-phenylazophenyl ligand
being removed as 2-bromoazobenzene.8

t Throughout this paper: 1 atm = 101 325 Pa.

complexes showed two magnetically inequivalent ethyl
groups at ambient temperature in their XH n.m.r.
spectra (Table 1) confirming structure (2).

\SX ^Et_LX"
(2)

M = Pd X = CI, L = PPh3, AsPh3,
SbPhj, or C5H5N ; X = SPh, L = PPh3
M = Pt X=Cl, L='PPh3

Carbon mono-oxide also reacted with [{PdCl-
(S2CNEt2)}2] in methylene chloride to give a yellow
solution. Unfortunately, on solvent removal, only the
original orange dimer was isolated. Attempts to record
the JH n.m.r. spectrum of the expected [PdCl(CO)-
(S2CNEt2)] in CDC13 even under 1 atm f of CO also
failed, presumably due to ready loss of CO and reform¬
ation of (1).

8 R. C. Davis, Ph.D. Thesis, Edinburgh University, 1976.
9 D. F. Steele and T. A. Stephenson, J.C.S. Dalton, 1973, 2124

and refs. therein.
10 L. M. Vallarino, Inorg. Chem., 1965, 4, 161; D. N. Lawson

and G. Wilkinson, J. Chem. Soc., 1965, 1900.
11 N. Sonoda and T. Tanaka, Inorg. Chim. Acta, 1975, 12, 261.
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Reaction of [{Pd(SPh)(S2CNEt2)}2] with PPh3 gave
the red, crystalline, monomeric [Pd(PPh3)(SPh)-
(S2CNEt2)] whose 1H n.m.r. spectrum shows the mag¬
netically inequivalent ethyl groups expected for a
structure of type (2). Earlier, Andrews et al.12 syn-
thesised [{M(SBut)(S2CNEt2)}2] (M = Pd or Pt) by
reaction of [{M(SBut)(S2CSBut)}2] with NEt2H.13 Re¬
action of these complexes with PMePh2 was reported to
give [{M(PMePh2)(SBut)(S-S)}J originally tentatively
formulated from JH n.m.r. studies (since solid materials
could not be isolated) as five-co-ordinate dimers 13 but
recently reformulated 5 as four-co-ordinate monomers of
structure (2).

Reaction of [{PdCl(S2COEt)}2] with excess of PPh3
in methylene chloride gave a yellow solution from which
the yellow solid [PdCl(PPh3)(S2COEt)J was isolated.
Treatment of the red solution (formed by reaction of
[Pd(C8H12)Cl2] and Na[S2PMe2]*2H20} with excess of
PPh3 gave an orange solution from which an orange
crystalline solid was obtained. The i.r. spectrum
showed the presence of PPh3 and a band at 580 cm"1
assigned to a bidentate [S2PMe2]~ group.9 The complex
analysed for [PdCl(PPh3)(S2PMe2)] which strongly
suggests that the red solution contains [{PdCl(S2PMe2)}2].

Hence, the order of stability of the chloride-bridged
dimers is [{PdCl(S2CNEt2)}2] > f{PdCl(S2COEt)}2] >
[{PdCl(S2PMe2)}2] and this can be correlated with the
established order of Pd~S bond strengths, i.e. [S2-
CNEt2]" > [SjjCOEt]" > [S2PMe2]".9

A typical reaction of halide-bridged dimers is reaction
with halide ion to give anionic complexes, e.g. [NMe4]-
[Rh(CO)2Cl2] from reaction of [{Rh(CO)2Cl}2] and

CI .S '
\ \ /Et

Pd CN
X \ X ^Et

L CI S

(3) M'=[AsPh4P or [PPh3(CH2Ph)r

Et

L Et

\
hNC

-Me

-Me

Since the chloride bridges in [{PdCl(S2CNEt2)}2] can be
cleaved with excess of [S^NEtJ" ion to give [Pd-
(S2CNEt2)2], the dimer was treated with Na S2PMe2]*2H20
in an attempt to synthesise [Pd(S2CNEt2)(S2PMe2)] (4a).
However, the JH n.m.r. spectrum in CDC13 of the
orange-yellow product contained more signals than
expected for (4a). Comparison with the :H n.m.r.
spectra of [Pd(S2CNEt2)2] and [Pd(S2PMe2)2] showed
that both these products were present in solution.
Hence, the remaining signals centred at 1.25 (t), 2.12 (d),
and 3.65 (q) p.p.m. (Table 1) were assigned to (4a).
Support for this conclusion came from the observation
that mixing equimolar amounts of [Pd(S2CNEt2)2] and
[Pd(S2PMe2)2] in CDC13 at 301 K gave the same JH
n.m.r. spectrum. The equilibrium shown in equation
(1) was established after ca. 1 h and lies predominantly to
the right-hand side.

[Pd(S2CNEt2)2] + [Pd(S2PMe2)2] =^=
2[Pd(S2CNEt2)(S2PMe2)] (1)

Similarly, Tackier5 recently showed that mixing
[Ni{S2CN(CH2Ph)2}2] and [Ni(S2CNBui2)2] in CDC13
produced extra resonances in the 4H n.m.r. spectrum
ascribed to the mixed complex [Ni{S2CN(CH2Ph)2}-
(S2CNBu'2)]. In contrast, the JH n.m.r. spectrum of a
mixture of [ Pt(S2CNEt2)2] and [Pt(S2PMe2)2] in CDC13
at 301 K showed no evidence for the formation of

rPt(S2CNEt2)(S2PMe2)], which can again be attributed
to the decreased lability of Pt~S compared to Pd-S and
Ni-S bonds. In accordance with this, [Pt(S2CNEt2)-
(S2PMe2)] (4b) (see later) does not disproportionate at
ambient temperature and showed the expected three
signals centred at 1.30 (t), 2.06 (d), and 3.55 (q) p.p.m.
(Table 1).

Addition of an excess of PPh3 to a suspension of
'

[Pd(S2CNEt2)(S2PMe2)J ' in benzene produced a yellow
solid analysing closely for [Pd(PPh3)(S2CNEt2)(S2PMe2)J
(5a). The i.r. spectrum of (5a) was virtually identical
with that of ]Pt(PPh3)(S2CNEt2)(S2PMe2)] (5b) indicating
unidentate [S2PMe2]~ [v(PS2) at 605 cm"1] 9 and bidentate
[S2CNEt2] ' [v(CN) at 1 515 cm"1] 14 co-ordination.
However, although the XH n.m.r. spectrum of the
platinum complex was completely consistent with
structure (5) (Table 1), that of the palladium complex

(4a) M = Pd
(4b) M = Pt

[NMe4]Cl.10 Similarly, reaction of [{PdCl(S2CNEt2)}2j
with M'Cl-HCl in acetone gave M'[PdCl2(S2CNEt2)]
(M' = [AsPh4]+ or [PPh3(CH2Ph)]+). The JH n.m.r.
spectrum of this anion consisted of a single triplet (CH3)
and quartet (CH2) pattern (Table 1) and its i.r. spectrum
showed v(PdCl) at 300 and 275 cm"1, consistent with
structure (3). An attempt was made to generate the
complex [AsPh4][Pd(S2CNEt2)3] by reaction of [AsPh4]-
[PdCl2(S2CNEt2)] with Na[S2CNEt2]'3H20 but the only
product was [Pd(S2CNEt2)2],

12 J. A. M. Andrews, J. P. Fackler, jun., and D. Coucouvanis,
Inorg. Chem., 1972, 11, 494.

Et
\

t
/

Et

NC
^S.

PPh,

PMe,

(5a) M = Pd

(5b) M = Pt

contained small additional resonances superimposed on
some of those of (5a). These appear to correspond to

13 J. A. M. Andrews, Ph.D. Thesis, Case Western Reserve
University, 1971.

14 D. C. Bradley and M. H. Gitlitz, J. Chem. Soc. (A), 1969,
1152 and rets, therein.
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[Pd(PPh3)(S2CNEt2)2] and [Pd(PPh3)(S2PMe2)2],9 sug¬
gesting partial disproportionation of (5a) occurs in
solution [equation (2)].

2[Pd(PPh3) (S2CNEt2) (S2PMe2)] ^
[Pd(PPh3)(S2CNEt2)2] + [Pd(PPh3)(S2PMe2)2] (2)

(b) Platinum Complexes.—Addition of an acetone
solution of Na[S2CNEt2]*3H20 to [Pt(C8H12)Cl2] in
methylene chloride (1:1 mol ratio) gave an immediate
yellow solution and a white precipitate (NaCl), and
after ca. 30 min a pale yellow solid was precipitated.
This was too insoluble for n.m.r. spectroscopy but the
i.r. spectrum showed the presence of bidentate
[S2CNEt2]~ groups and a band at 310 cm-1 which could
be assigned to a v(PtCl) stretching mode. Investigation
of the mother liquor showed it to be a mixture of
|Pt(S2CNEt2)2J and [Pt(C8H12)Cl2], On the basis of
analytical data, the insoluble yellow material was
formulated as j{PtCl(S2CNEt2)}2C8H12] (6a). An analo¬
gous, insoluble, yellow complex [{PtMe(S2CNEt2)}2C8H12]
(6b) * was recently prepared by Manzer15 by the

X

Pt^s
I I
S~~-CNEt2

(6a) X = CI
(6b) X = Me

reaction of rPtMe(C8H12)(HOMe)][PF6n with an equi-
molar amount of Na[S2CNEt2>3H20. This then reacts
with PPh3 and AsPh3 (1.) to give the soluble neutral
complexes [PtMe(L)(S2CNEt2)J plus free cyclo-octa-
1,5-diene which is consistent with the behaviour ex¬

pected for a complex with structure (6b).15 These
complexes were also prepared by reaction of [PtMe-
(C8H12)L][PF6] with an equimolar amount of Na-
ISaCNEtJ-SHgO.15 Similarly, reaction of [{PtCl-
(S2CNEt2)}2C8H12] with PPh3 (1 : 1 mol ratio) readily
gave 'PtCl(PPh3)(S2CNEt2)] and free C8H12 was also
detected supporting our formulation (6a). As expected,
the !H n.m.r. spectrum of the latter complex showed
magnetically inequivalent ethyl groups at ambient
temperature. With excess of PPh3 in methylene

* Another structurally related complex is [{PtCl2(PPh3)}2-
CjpHjJ containing a bridging dicyclopentadiene group and ter¬minal chloride groups. This reacts with Na(OMe) to give
[{PtCl2(PPh3)}2].16

t Fackler 5 recently prepared [Pt(PMe2Ph)2(S2CNMePh)][BPh4]
by this method.

J The complex [{PtCl(S2CNBu'2)}2] has in fact recently been
synthesised by reaction of equimolar amounts of [Pt(S2CNBu'2)2]
and K2[PtCl4] although higher temperatures (50 °C) and longer
reaction times (24 h) than those for the analogous palladium
complex were required.5

chloride, [Pt(PPh3)2(S2CNEt2)]CFH20 was isolated and
this was identical in spectroscopic properties to the
product obtained earlier by prolonged reaction of
[Pt(S2CNEt2)2] with an excess of PPh3 in methylene
chloride.17 The related [Pt(PMe2Ph)2(S2CNEt2)]Cl-H20
has also been prepared by reaction of [PtCl2(PMe2Ph)2]
with Na[S2CNEt2]*3H20.f

Hence, unlike reactions of [M(diene)Cl2] (M = Pd or
Pt) with various oxygen- and nitrogen-containing
nucleophiles which give the same type of product, their
behaviour with [S2CNEt2]~ is quite different giving
[{PdCl(S2CNEt2)}2] and [{PtCl(S2CNEt2)}2C8H12] respec¬
tively.^; This difference in behaviour is presumably a
consequence of the weaker palladium-olefm. than
platinum-olefin bonds 2a coupled with the insolubility
of complex (6a).

Reaction of (6a) with Na[S2CNEt2]-3H20 gave
[Pt(S2CNEt2)2] and free CgH12. Therefore, (6a) was
treated with an equimolar amount of Na[S2PMe2]*2H20
in acetone-methylene chloride to give a yellow solid
shown by analysis and i.r. and n.m.r. spectroscopy
(Table 1) to be [Pt(S2CNEt2)(S2PMe2)] (4b). Unlike
[Pd(S2CNEt2)(S2PMe2)J (4a) reported earlier in this
paper, there was no evidence for disproportionation into
[Pt(S2CNEt2)2] and [Pt(S2PMe2)2] when dissolved in
solution at 301 K. Reaction of (4b) with PPh3 in
benzene gave the pale yellow solid [Pt(PPh3)(S2CNEt2)-
(S2PMe2)] (5b) which, like the analogous [Pt(PMePh2j-
(S2CNEt2)(S2PMe2)] reported elsewhere,1 has unidentate
[S2PMe2]~ and bidentate [S2CNEt2]~ co-ordination (i.r.
and n.m.r. evidence) and is stereochemical^ rigid
even at 330 K.

EXPERIMENTAL

Microanalyses were by B.M.A.C. and the University of
Edinburgh Chemistry Department. Molecular weights
were determined on a Mechrolab vapour-pressure osmo¬
meter (model 301A) calibrated with benzil. Infrared
spectra were recorded in the 250—4 000 cm"1 region on a
Perkin-Elmer 457 grating spectrometer using Nujol and
hexachlorobutadiene mulls on caesium iodide plates.
Hydrogen-1 n.m.r. spectra were obtained on a Yarian
Associates HA-100 spectrometer equipped with a variable-
temperature probe. Melting points were determined with
a Kofler hot-stage microscope and are uncorrected.

Potassium tetrachloroplatinate(n) and palladium(n)
chloride (Johnson, Matthey Ltd.) and PPh3, Na[S2-
CNEt2]-3H20, K[S2COEt], and [AsPh4]CFHCl (B.D.H.)
were used as received. The compounds Na[S2PMe2]-2H20,18
[Pd(C8H12)Cl2],19 and [Pt(C8H12)Cl2] 20 were synthesised as
described earlier. Analytical data for the new complexes
are given in Table 2 together with i.r. bands diagnostic of

15 L. E. Manzer, J.C.S. Dalton, 1974, 1535.
16 G. Carturan, L. Busetto, A. Palazzi, and U. Belluco, /.

Chem. Soc. (A), 1971, 219.
17 J. M. C. Alison and T. A. Stephenson, J.C.S. Dalton, 1973,

254.
18 R. G. Cavell, W. Byers, and E. D. Day, Inorg. Chem., 1971,

10, 2710.
19 J. Chatt, L. M. Vallarino, and L. M. Venanzi, J. Chem. Soc.,

1957, 3413.
20 J. Chatt, L. M. Vallarino, and L. M. Venanzi, /. Chem. Soc.,

1957, 2496.
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the mode of co-ordination of [S2CNEt2] (ref. 14) and
[S2PMe2]~ (ref. 9).

Palladium Complexes.—Di-p-chloro-bis[(diethyldithiocarb-
amato)palladium(\i)\. The salt Na[S2CNEt2]-3H20 (0.30 g)
in acetone was added to a methylene chloride solution of
[Pd(C8H12)Cl2] (0.36 g) to give a white precipitate (NaCl)
and an orange solution. The solution was stirred for
30 min until it became deep orange and was then filtered
through Celite. Solvent was removed in vacuo and a
mixture of methylene chloride (15 cm3) and water (15 cm3)
was added to the residue. The volume of the methylene
chloride layer was then reduced and diethyl ether was

added to precipitate the orange product which was washed
with diethyl ether and dried in air, m.p. 236—237 °C,
v(CN) at 1 530 cm"1.

Di-\x-bromo-bis[(diethyldithiocarbamato)palladium(u)] was
prepared in the same way by reaction of (PdBr2(C8HI2)] and
Na[S2CNEt2]-3H20 (1:1 mol ratio), m.p. 2~10— 212 °C,
v(CN) at 1 535 cm"1. Alternatively, [{PdBr(S2CNEt2)}2]
was prepared by shaking l~{PdCl(S2CNEt2) }2] with excess of
lithium bromide in acetone for 24 h. The solvent was then
removed and the residue was extracted into methylene
chloride. Addition of diethyl ether gave an orange powder
which was filtered off, washed with water, methanol, and
diethyl ether, and dried in air.

Di-[i-phenylthio-bis\(diethyldithiocarbamato)palladium(n)\.
Sodium benzenethiolate in acetone was added to a methylene
chloride solution of [{PdCl(S2CNEt2)}2], stirred for 30 min,
and then filtered through Celite. Removal of solvent and
addition of methylene chloride-cyclohexane gave an
orange-red powder which was filtered off, washed with
water, methanol, and diethyl ether, and dried in air, m.p.
228—230 °C, v(CN) at 1 510 cm"1.

Di-\x-chloro-bis\0-ethyl dithiocarbonato)palladium(n)].
The salt K[S2COEt] (0.08 g) in acetone was added to a
methylene chloride solution of [Pd(C8H12)Cl2] (0.14 g) to
give an orange solution and a white precipitate (KC1).
After stirring for 30 min, the solution was filtered through
Celite and evaporated to dryness. Recrystallisation from
methylene chloride-diethyl ether gave the dark orange
product which is unstable and darkens in colour over 24 h.

Chloro[diethyldithiocarbamato)(triphenylphosphine)palla-
dium(n). Addition of excess of PPh3 to a methylene
chloride solution of [{PdCl(S2CNEt2)}2] resulted in a colour
change from orange to yellow. The volume of solution was
then reduced and diethyl ether was added to give a yellow
solid. This was filtered off, washed with water, methanol,
and diethyl ether, and dried in air, v(CN) at 1 535 cm"1.
Chloro(diethyldithiocarbamato)(triphenylarsine)palladium(u),
m.p. 133—135 °C, v(CN) at 1 535 cm"1, chloro(diethyldithio-
carbamato)(triphenylstibine)palladium(n), v(CN) at 1 535
cm"1, and chloro(diethyldithiocarbamato) (pyridine)palladium-
(n), m.p. 154—155 °C, v(CN) at 1 535 cm"1, were similarly

M *
694 (579)
740 (668)
780 (726)

466 (524)

596 (625)

prepared by reaction of [{PdCl(S2CNEt2)}2] with AsPh3,
SbPh3, and C5H5N respectively.

(Diethyldithiocarbamato)(phenylthio)[triphenylphosphine)-
palladium(u). An excess of PPh3 was added to a methylene
chloride solution of [{Pd(SPh)(S2CNEt2)}2] and shaken for
15 min. Addition of hexane and slow evaporation of the
methylene chloride resulted in the formation of the red
crystalline product, m.p. 178—179 °C, v(CN) at 1 510 cm"1.

Chloro(0-ethyl dithiocarbonato) (triphenylphosphine)palla-
dium[u). The salt K[S2COEt] (0.04 g) in acetone was
added to a methylene chloride solution of [Pd(C8H12)Cl2]
(0.07 g) and the resulting orange solution was stirred for
30 min. Triphenylphosphine (0.07 g) in methylene chloride
was then added to give a bright yellow solution which was
immediately filtered through Celite to remove KC1. Re¬
moval of solvent in vacuo and addition of methylene
chloride-pentane gave the required yellow-orange product
which was filtered off, washed with water, methanol, and
pentane, and dried in air, m.p. 117 °C (decomp.).

Chloro(dimethylphosphinodithioato)(triphenylphosphine)-
palladiumlyL). The salt Na[S2PMe2]-2H20 (0.09 g) in
acetone was added to a methylene chloride solution of
[Pd(C8H12)Cl2] (0.14 g) to give a dark red solution. An
excess of PPh3 was then immediately added giving an
orange solution. This was filtered through Celite and the
volume of filtrate was reduced. Addition of diethyl
ether-pentane gave an orange crystalline solid which was
removed by filtration and washed with water, methanol,
and diethyl ether, m.p. 203—205 °C, v(PS2) at 578 cm"1.

Table 2

Analytical data for some palladium(n) and platinum(n) dithioacid complexes
Analyses (%)

A

Found Calc.
"

1

Complex C H N Others C H N Others

[{PdCl(S2CNEt2)}2] 21.0 3.5 4.7 CI, 12.1 20.7 3.5 4.8 CI, 12.3
[{PdBr(S2CNEt2)}2] 18.2 3.0 4.1 18.0 3.0 4.2

[{Pd(SPh)(S2CNEt2)}2] 36.2 4.0 3.8 36.4 4.1 3.9

[{PdCl(S2COEt)}2] 14.1 1.9 13.7 1.9

[PdCl(PPhj) (S2CNEt2)] 50.0 4.3 2.3 50.0 4.5 2.5

[Pd(AsPh3)Cl(S2CNEt2)] 46.2 4.2 1.9 CI, 6.0 46.4 4.2 2.3 CI, 6.0
[Pd(SbPh3)Cl(S2CNEt2)] 42.8 3.8 1.8 CI, 5.2 43.0 3.9 2.2 CI, 5.5
[PdCl(NC6H5)(S2CNEt2)] 32.0 4.1 7.1 32.6 4.1 7.6
[PdCl (PPh3) (S2COEt)] 48.3 3.8 48.1 3.8

[PdCl (PPh3) (S2PMe2)] 45.6 4.0 45.4 4.0
[Pd (PPh3) (SPh) (S2CNEt2)] 55.2 4.7 2.3 55.7 4.8 2.2

[PPh3(CH2Ph)] [PdCl2(S2CNEt2)] 52.8 4.7 2.0 53.1 4.7 2.1

[Pd (PPh3) (S2CNEt2) (S2PMe2)] 46.5 5.0 2.2 46.8 4.8 2.2

[{PtCl(S2CNEt2)}2C8H12] 25.3 3.7 3.0 25.0 3.6 3.2
[PtCl(PPh3) (S2CNEt2)] 43.3 3.9 2.1 43.1 3.9 2.2

[Pt(S2CNEt2) (S2PMe2)] 20.1 3.5 2.9 18.0 3.4 3.0

[Pt(PPh3) (S2CNEt2) (S2PMe2)] 41.4 4.0 1.9 41.1 4.3 1.9
* Molecular weight measured osmometrically at 37 °C in chloroform; calculated values are given in parentheses.
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Benzyl(triphenyl)phosphonium dichloro(diethyldithiocarb-

amato)palladate(n). The complex [{PdCl(S2CNEt2)}2] (0.28
g) in acetone was shaken with excess of [PPh3(CH2Ph)]Cl
(1.00 g) and concentrated hydrochloric acid (1 cm3) for
24 h. The solvent was then removed in vacuo and the

product was extracted into methylene chloride. Addition
of light petroleum (b.p. 60—80 °C) precipitated a yellow-
orange solid which was filtered off, washed with water,
methanol, and diethyl ether, and dried in air, m.p. 168—
170 °C, v(CN) at 1 522 cm""1. Tetraphenylarsonium dichloro-
(diethyldithiocarbamato)palladate(\\) was prepared similarly
by reaction of [{PdCl(S2CNEt2)}2] with excess of [AsPh4]-
C1-HC1 in acetone, v(CN) at 1 522 cm-1.

'

(Diethyldithiocarbamato)(dimethylphosphinodithioato)-
palladium(n).' An excess of Na[S2PMe2]-2H20 in acetone
was added to an acetone solution of [{PdCl(S2CNEt2)}2] to
give a pale orange solution and a white precipitate (NaCl).
Removal of solvent after 15 min, followed by extraction
with methylene chloride and addition of diethyl ether, gave
an orange solid which was filtered off and washed with
water, methanol, and diethyl ether, v(CN) at 1 515 and
v(PS2) at 578 cm-1.

(Diethyldithiocarbamato) (dimethylphosphinodithioato) (tri-
phenylphosphine)palladium(\\). Excess of triphenylphos-
phine was added to a suspension of ' [Pd(S2CNEt2)-
(S2PMe2)] ' in benzene to give a yellow solution. The
volume was reduced in vacuo and addition of diethyl
ether-pentane gave a yellow crystalline solid which was
filtered off and washed with water, methanol, and diethyl
ether, v(CN) at 1 515 and v(PS2) at 605 cm-1.

Platinum Complexes. —trans-p- (1 —2-yj: 5— 6-i\-Cyclo-octa-
\,5-diene)-bis[chloro(diethyldithiocarbamato)platinum(n)\.
The salt Na[S2CNEt2]-3H20 (0.11 g) in acetone was added
to a methylene chloride solution of [Pt(C8H12)Cl2] (0.19 g) to
give an immediate white precipitate (NaCl) and a yellow
solution. On further stirring, a yellow precipitate was
formed and after 1 h this was filtered off, washed with
water to remove NaCl, then with methanol and diethyl
ether, and dried in air, m.p. 190—192 °C, v(CN) at
1 550 cm-1.

Chloro(diethyldithiocarbamato) (triphenylphosphine)-
platinum(n). Triphenvlphosphine (0.07 g) was added to a
suspension of [{PtCl(S2CNEt2)}2C8H12] (0.11 g) in methylene
chloride to give a pale yellow solution. Removal of some
solvent and addition of diethyl ether-pentane gave a yellow
precipitate which was filtered off and washed with water,

methanol, and diethyl ether, and dried in air, m.p. 191—•
194 °C, v(CN) at 1 530 cm"1.

(Diethyldithiocarbamato)bis(triphenylphosphine)platinum
chloride-water (1/1). An excess of PPh3 was added to a
suspension of [{PtCl(S2CNEt2)}2C8H12] in methylene chloride
to give a colourless solution. After removal of some
solvent, addition of diethyl ether-pentane gave a white
precipitate which was washed with water, methanol, and
diethyl ether, m.p. 174—175 °C, v(CN) at 1 550 cm-1.

(Diethyldithiocarbamato)bis(dimethylphenylphosphine)-
platinum chloride-water (1/1). Excess of Na[S2CNEt2] -3H20
in acetone was added to «'s-[PtCl2(PMe2Ph)2] in methylene
chloride and shaken for 15 min to give a very pale yellow
solution and a white precipitate (NaCl). Removal of
solvent and addition of methylene chloride-diethyl ether
gave a white solid which was washed with water, methanol,
and diethyl ether, and dried in air. The same complex was
reported elsewhere17 by the prolonged interaction of
[Pt(S2CNEt2)2] and PMe2Ph in methylene chloride.

(Diethyldithiocarbamato) (dimethylphosphinodithioato)-
platinum(\\). An excess of Na[S2PMe2]-2H20 in acetone
was added to a suspension of [{PtCl(S2CNEt2)}2C8H12] in
methylene chloride and stirred for ca. 1 h. The yellow
solution was then filtered through Celite to remove NaCl
and the solvent was removed in vacuo. The resulting
yellow product was extracted into methylene chloride, re-
precipitated by addition of pentane and washed with water,
methanol, and diethyl ether, m.p. 197—200 °C (decomp.),
v(CN) at 1 528 and v(PS2) at 578 cm-1.

(Diethyldithiocarbamato) (dimethylphosphinodithioato) (tri-
phenylphosphine)platinum(u). Excess of PPh3 was added
to a suspension of [Pt(S2CNEt2)(S2PMe2)] in benzene to give
a pale yellow solution. Removal of some solvent and
addition of diethyl ether-pentane gave the pale yellow
crystalline product which was washed with water, methanol,
and diethyl ether, and dried in air, m.p. 199—201 °C, v(CN)
at 1 520 and v(PS2) at 603 cm"1.

We thank Johnson, Matthey Ltd. for loans of potassium
tetrachloroplatinate(n) and palladium(n) chloride the
S.R.C. for support (to M. C. C.), Professor J. P. Fackler,
jun., for furnishing results prior to publication, and the
Department of Chemistry, Glasgow University, for the use
of their Mechrolab osmometer.
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Metal Complexes of Sulphur Ligands. Part 14.1 Reaction of Palladium-
(ii) and Platinum(n) Dithioacid Complexes with Tertiary Phosphinites,
and the Crystal and Molecular Structure of Dimethylphosphinodithioato-
(di phenyl phosphinito)(di phenyl phosphinous acid) pal lad ium(n)
By Margaret C. Cornock, Robert O. Gould, C. Lynn Jones, and T. Anthony Stephenson,* Department of

Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ

Prolonged reaction of [Pd(S2PMe2)2] with excess PPh2(0R) (R = Me or Et) in either methylene chloride or
benzene gives the four-co-ordinate complex [Pd(S2PMe2)(PPh20){PPh2(0H)}] (1a) shown by spectroscopic
evidence and X-ray structural analysis to contain the symmetrically hydrogen-bonded Ph2POHOPPh2 ligand.
Crystals of (1a) are monoclinic, space group P2Jm. with a = 6.86(1 ),b = 22.1 2(2), c = 9.69(1) A, (3 = 111.5(2)°.
The acidic hydrogen atom Iinkstwo equivalentdiphenylphosphinitegroups with 0 ■ • • 02.41 A. Similarcomplexes
[M(S-S)(PPh20){PPh2(0H)}] (M = Pd, S-S-= [S2PPh2]- or [S2CNEt2]-; M = Pt, S-S~ = [S2PMe2]- or
[S2CNEt2]-) have been prepared by reaction of [M(S-S)2] with PPh2(0R) or, for M = Pd, by reaction of [{PdCI-
(PPh20)[PPh2(OH)]}2] with the appropriate dithioacid anion (1 : 2 molar ratio). A careful study of the [Pt-
(S2CNEt2)2]-PPh2(OMe) reaction has resulted in the isolation of the intermediates [Pt(S2CNEt2){PPh2(OMe)}2]X
(2; X=[BPh4]_ or Ch) and [Pt(S2CNEt2)(PPh20){PPh2(0Me)}] (3) and a mechanism of formation of [Pt-
(S2CNEt2) (PPh20){PPh2(0H)}] (lb) involving both nucleophilic attack on a P-OMe bond and subsequent hyd¬
rolysis of a P-OMe bond is proposed. In contrast, reaction of [M(S2COPr>)2] with PPh2(0Et) gives [M(S2CO)-
{PPh2(OEt)}2] (M = Pd or Pt). although [Pd(S2C0Pri) (PPh20){PPh2(0H)}] can be synthesised from [{PdCI-
(PPh20) [PPh2(OH)]}2] and K[S2C0Pr>] (1 : 2 molar ratio).

In some of the earlier papers in this series 2 the results of
the reactions of various tertiary phosphines (L) with the
square-planar [M(S~S)2] complexes {M = Pd or Pt;
S-S- = [S.PRJ-, [S2CNR2]-, [SaCOR]-, or [S2P(OR)2]-}
have been reported. These studies clearly show that
reaction occurs by stepwise cleavage of metal-sulphur
bonds to generate the four-co-ordinate square-planar
complexes [M(S~S)2L] and [M(S-S)L2][S-S] which ex¬
hibit unidentate-bidentate and bidentate-ionic modes of
bonding of the dithioacid groups respectively. In
addition, for these ionic [S2COR]" and [S2P(OEt)2]"
complexes, nucleophilic attack can also occur on a co¬
ordinated alkoxy-group to give [M(S2CO)L2] and [M{S2P-
(C^OEtJLJ respectively.

In this paper, we now report the results of reactions
between various palladium(n) and platinum(n) dithio¬
acid complexes and tertiary phosphinites PPh2(OR)
(R = Me or Et) in which, on the basis of earlier work,
both hydrolysis of the P-OR group 3 and/or nucleophilic
attack on the P-OR group 4 might be expected to play a
significant role.

results and discussion

Addition of an excess of PPh2(0Me) to a methylene
chloride solution of [Pd(S2PMe2)2] immediately gave a
highly conducting solution which slowly decreased in
conductivity when the solution was left to stand for 24 h.
This decrease in conductivity was accompanied by a
colour change from orange-yellow to pale yellow, and on
addition of diethyl ether a pale yellow, non-conducting,

1 Part 13, M. C. Cornock and T. A. Stephenson, J.C.S. Dalton,
1977, 683.

2 For detailed references, see D. F. Steele and T. A. Stephen¬
son, J.C.S. Dalton, 1973, 2124.

3 See W. B. Beaulieu, T. B. Rauchfuss, and D. M. Roundhill,
Inorg. Chern., 1975, 14, 1732 and refs. therein.

crystalline precipitate (la) was obtained. The 4H n.m.r.
spectrum of this product contained in addition to the
phenyl multiplet, a sharp doublet at 8 1.97 p.p.m.
[27(PH) 12.0 Hz] (relative intensity 10 : 3) assigned to
the methyl protons of the [S2PMe2]- ligand but no signals
between 3 and 4 p.p.m. which could be assigned to the
methoxy-group of the phosphinite. The same complex
was formed by using PPh2(OEt) or by carrying out the
reactions in benzene which both eliminates the possible
participation of chloride ion in these reactions {cf. the
reaction of [M(S2CNR2)(PR'3)2][S2CNR2] with CH2C12
which gave [M(S2CNR2)(PR'3)2]C1 and CH2(S2CNR2)2 5}
and suggests that either hydrolysis and/or nucleophilic
attack on the P-OR group has occurred.

Complex (la) analysed closely for [Pd(S2PMe2)(PPh20)-
(PPh2(OH)}] and is monomeric in chloroform at 37 °C.
However, all attempts to observe the 4H n.m.r. signal
of the acid hydrogen on the co-ordinated diphenylphos-
phinous acid proved unsuccessful [cf. related studies on
[{MX(PPh20)[PPh2(0H)]}2] (M = Pt or Pd; X = CI
or Br) 6] although Beaulieu et al? found such a signal at
8 13.43 p.p.m. for [PtH(PMePh2)(PPh20){PPh2(0H)}].

The i.r. spectrum of (la) shows several bands in the
P-0 stretching region (850—1 100 cm"1).7 However,
the three strong bands at 850, 895, and 944 cm"1 are also
observed for the starting material [Pd(S2PMe2)2] while
that at 1 100 cm-1 corresponds to a band usually observed
in phenylphosphine complexes 6 and can therefore be
assigned to a ligand absorption. Thus, the remaining

4 See W. C. Trogler, L. A. Epps, and L. G. Marzilli, Inorg.
Chem., 1975, 14, 2748 and refs. therein.

6 J. M. C. Alison and T. A. Stephenson, J.C.S. Dalton, 1973,
254.

6 K. R. Dixon and A. D. Rattray, Canad. J. Chem., 1971, 49,
3997.

7 J. Chatt and B. Heaton, J. Chem. Soc. (A), 1968, 2745.
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peak at 1 010 cm"1 is assigned to a v(PO) stretching mode.
The peak at 582 cm"1 is consistent with bidentate co¬
ordination of the [SgPMeJ- group.2 The absence of
v(OH) in the normal region of the i.r. spectrum (ca. 3 200
cm"1) is consistent with a symmetrical hydrogen-bonded
system of the type first postulated by Dixon and Rattray 6
in [{MX(PPh20)[PPh2(0H)]}2], etc., and later confirmed
by an X-ray structural analysis on the related [{Pd-
(SCN)(PPh20)[PPh2(0H)]}2].8

Ph Ph

\/
M% /S\ /P-°\

P Pd ,,H
Me^ ^P 0''

/\
Ph Ph

(1a)

Further evidence for the validity of this statement is
based on the 31P n.m.r. spectrum (proton decoupled) of
(la) which shows the expected AX2 pattern with reson¬
ances centred at 8 84.29 ([S^MeJ") and 83.20 p.p.m.
(Ph2POHOPPh2) respectively, and the fact that reaction
of [{PdCl (PPh20) [PPh2(OH)] }2]6 with NapaPMeJ^HjO
(1:2 molar ratio) in methylene chloride gave (la) in high
yield. However, unequivocal proof of the solid-state
structure of (la) is given by the results of an X-ray
structural analysis which is reported in detail below.
Analogous complexes [M(S-S)(PPh20){PPh2(0H)}] (M =
Pd, S-S" = [S2PPh2]~ or [S2CNEt2]"; M = Pt, S-S" =

[S^MeJ", or [SgCNEtJ") were prepared by prolonged
reaction of [M(S~S)2] with excess of PPh2(OR) in methyl¬
ene chloride and fully characterised by elemental analy¬
ses, and i.r., 1H, and 31P n.m.r. spectroscopy (see Experi¬
mental section). The palladium complexes were also
synthesised by reaction of [{PdCl(PPh20)[PPh2(OH)]}2]
with either [NH4][S2PPh2] or Na[S2CNEt2]-3H20 (1 : 2
molar ratio).

Crystal Data for (la).—C26H2702P3PdS2, M = 634,
pale yellow monoclinic needles, a = 6.86(1), b — 22.12(2),
c = 9.69(1) A, p = 111.5(2)°, U = 1 368 A3, Dm = 1.50,
Z — 2, Dc = 1.54 g cm"3. Space group = P2Jm (No.
13), Cu-Xa radiation, X = 1.541 8 A, fx(Cu-Xa) = 88.7
cm"1.

Structure Determination.—Data for layers 0—4kl were
collected on multifilm packs by the equi-inclination
Weissenberg method. Intensities were evaluated by the
Photoscan Service of the Atlas Computing Laboratory,
and 1 228 independent reflections were measured above
background. The crystal was a needle elongated along
[100] with a length of 0.8 mm and a cross-section of
0.2 mm2. Cylindrical absorption corrections9 were
applied to the data.

The data were put on a common scale statistically, and
the position of the Pd atom was found from a Patterson
summation; all the other non-hydrogen atoms were

* For details see Notice to Authors No. 7, J.C.S. Dalton, 1976,
Index issue (items less than 10 pp. are supplied as full-size copies).

located in two subsequent difference-Fourier syntheses,
and the space group was confirmed as P21/m rather than
the non-centric P2V The phenyl rings were constrained
to be planar with all OC distances 1.40 A and all C-C-C
angles 120°, and the model was refined isotropically with
separate layer-scale factors and unit weights. For the
last few cycles, only a single overall scale factor was
refined, the palladium, phosphorus, and sulphur atoms
being given anisotropic temperature factors, and a
weighting scheme (w = 30/|Fo| for |F0| > 30 and other¬
wise w = 1) was applied. In the last cycle no shifts were
greater than 0.1 times the estimated standard deviation,
and the final R was 0.077. Hydrogen atoms could not be
reliably located.

Final atomic parameters are given in Table 1, and the
principal interatomic distances and angles in Table 2.

Table 1

Fractional co-ordinates and thermal parameters (all X 10*)
for (la). For the phenyl rings [atoms C(l)—C(6) and
C(7)—C(12)] the estimated standard deviation of the
ring centres is 0.006 A

X y z V
Pd 1 436(3) 2 500 822.7(1.2) *

S 697(8) 1 776.5(1.3) 2 415(4) *

P(l) 2 190(7) 1 765.9(1.4) —532(3) •

P(2) -224(10) 2 500 3 255 *

O 3 766(18) 3 046(4) -1 254(10) 379(22)
C(l) 3 271 1 090 496 302(27)
C(2) 1 989 675 848 400(33)
C(3) 2 860 1 535 1 659 402(33)
C(4) 5 014 47 2 117 493(39)
C(5) 6 298 462 1 766 459(37)
C(6) 5 426 984 956 363(31)
C(7) -72 1 488 -2 047 271(27)
C(8) 240 1 114 -3 111 457(36)
C(9) -1 476 917 -4 340 538(42)
C(10) -3 505 1 098 -4 504 555(43)
C(ll) -3 817 1 472 -3 440 566(44)
C(12) -2 100 1 667 -2 211 420(34)
C( 13) 999(43) 2 500 5 242(24) 456(50)
C(14) -3 076(55) 2 500 2 748(30) 661(72)

* Anisotropic thermal parameters (X 10*):
Un Ult U,3 ult Ua u„

Pd 278(13) 160(5) 200(5) 0 114(5) 0
S 570(40) 237(16) 387(17) 31(15) 308(20) 36(11)
P(l) 327(36) 239(17) 289(16) 14(14) 184(17) 1(11)
P(2) 421(49) 287(22) 242(21) 0 190(24) 0

The structure-factor table is deposited as Supplementary
Publication No. SUP 22021 (4 pp., 1 microfiche).*

Description of the Structure.—The structure of (la) is
monomelic with crystallographic m{C,) symmetry. The
co-ordination of palladium is very nearly square planar,
and is illustrated in Figure 1. The Pd atom is less than
0.04 A from the plane determined by P(l), S, P(l'). an(i
S', and the co-ordination distances and angles are normal
for complexes of Pd11 with sulphur- and phosphorus-
containing ligands. Figure 2 shows the projection of
the complex into its symmetry plane. The dithiophos-
phinate ligand possesses a molecular plane of symmetry
perpendicular to this, but inclined at an angle of 12.9°

8 D. V. Naik, G. J. Palenik, S. Jacobson, and A. J. Carty, J.
Amer. Chem. Soc., 1974, 96, 2286.

• ' International Tables for .A-Ray Crystallography,' Kynoch
Press, Birmingham, 1967, vol. 2, p. 291.
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to the co-ordination plane. One result of this is that
C(14) is only 3.56 A from the Pd atom at (1 + x,y,z).

The diphenylphosphinite ligands are symmetry rel¬
ated ; this requires the hydrogen atom to lie symmetric¬
ally between the two oxygen atoms. The plane

Table 2

Interatomic distances (A) and angles (°) in (la). Primed
atoms are related to unprimed ones by the operation
x, k—y, z. Estimated standard deviations are given
only when atoms in the phenyl rings are not involved.
Intermolecular contacts less than 3.5 A are listed

Pd-S 2.403(4)
Pd-P(l) 2.264(4)
S—P(2) 2.000(6)
P(l)-0 1.545(14)
P(l)—C(l) 1.800
P(l)—C(7) 1.807
P(2)—C(13) 1.796(22)
P(2)—C(14) 1.834(37)
O ■ • • O' 2.414(20)
O • • • C(ll) [1 + x,y,z] 3.32
O ■ • • C( 12) [1 + x,y,z\ 3.38
O • • • C(13) [x,y,z - 1] 3.45

S-Pd-S'
S-Pd-P(l)
S-Pd-P(l')
P(l)—Pd—P(l')
Pd—S—P(2)
Pd—P(l)—O
Pd—P(l)—C(l)
Pd—P(l)—C(7)
0-P(l)-C(l)
O—P(l)—C(7)
C(l)-P(l)-C(7)
S-P(2)-C(13)
S—P(2)—C(14)
C(13)-P(2)-C(14)
S-P(2)-S'
P(l) C(l) C(2)
P(l) C(l) C(6)
P(l) C(7) C(8)
P(1) C(7) C( 12)

83.5(2)
92.4(1)

175.6(3)
91.6(2)
84.3(2)

114.6(4)
114.2
113.8
105.1
105.0
102.9
110.1(6)
110.9(5)
108.7(14)
106.3(4)
120.8
119.2
118.9
121.2

O(l') distance even shorter; a greater one would bring
the rings C(7)—C(12) and C(7')—C(12') closer together.
As it is, the separation of C(12) and C(12') is 3.68 A, and
the hydrogen atoms bonded to these will be ca. 2.5 A
apart.

Thus, the interaction of the diphenylphosphinite and
diphenylphosphinous acid groups in (la) is very similar
to that in [{Pd(SCN)(PPh20)[PPh2(0H)]}2] where an
O • • • O distance of 2.421 A and two independent P-0
bonds of 1.549 and 1.536 A were reported.8 This sup¬
ports the suggestion of Naik et al.8 and other workers 3
that such interactions are normal for complexes of Ptn
and Pd11 containing diphenylphosphinite and diphenyl¬
phosphinous acid ligands in cis orientation to each other.

In an attempt to determine the detailed mech¬
anism of formation of these complexes the nature of the

defined by P(l), P(l'). 0> O' is tilted 26.1° with respect
to the co-ordination plane. This may also be expressed
as a rotation of each ligand about the Pd-P bond of
27.3° from the position in which the symmetry planes of1
the diphenylphosphinite groups would coincide with the
co-ordination plane. The ligands themselves are only

C(13)

C(9)

0(10)

Figure 1 Projection of (la) on to the co-ordination plane

slightly distorted from m symmetry; the planes of the
two phenyl rings are inclined at 63 and 59° respectively
to the Pd(l),P(l),0(l) plane, and at 85° to one another.
A smaller rotation of the ligands would make the 0(1) • • •

* A ' pseudo-triplet ' pattern consists of a sharp doublet with a
broad hump situated between the doublet and signifies a rela¬
tively large /(PP) compared to the [/(PH) + /(PH)'j value {cf.
cis-[Ru (SaPMea) a (PMeaPh) a].10}

'C(K)

Figure 2 Projection of (la) on to the symmetry plane

products formed during the reaction of [M(S2CNEt2)2]
with PPh2(0Me) were carefully examined. Thus, re¬
action of [M(S2CNEt2)2] with excess of PPh2(OMe) in
methanol followed either immediately (Pt) or within
30 min (Pd) by addition of Na[BPh4] gave a precipitate
of [M(S2CNEt2){PPh2(OMe)}2][BPh4] (2). Complexes
(2) were characterised by elemental analyses, conduct¬
ivity measurements in methylene chloride which are
indicative of 1 : 1 electrolytes, n.m.r. spectra which
show the presence of a ' pseudo-triplet' * for the meth-
oxy-groups with |3/(PH) -j- 5/(PH)| 12.0 Hz j and
magnetically equivalent ethyl groups, and 31P n.m.r.
spectra which for M = Pt shows the expected 1:4:1
triplet [/(PtP) 3 749.0 Hz] indicative of magnetically
equivalent phosphorus-bonded PPh2(OMe) groups.
These results clearly show that, as in the case of tertiary

t cf. eis-[MCla{PPha(OMe)}a] (M = Pd or Pt) with [aJ(PH) +
6/(PH)] 12.5 Hz.11

10 D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 739.

11 See D. A. Couch, S. D. Robinson, and J. N. Wingfield,
J.C.S. Dalton, 1974, 1309.
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phosphines,2'5 the initial rapid increase in conductivity
on mixing [M(S~S)2] and PPh2(OR) is due to the formation
of [M(S~S){PPh2(OR)}2][S-S] presumably by stepwise
cleavage of metal-sulphur bonds.

However, rather surprisingly, treatment of a methylene
chloride solution of (2; M = Pt) with Na[S2CNEt2]*
3H20 in acetone led after 3 d only to the recovery of
starting materials. Hence, because of the strong pos¬
sibility that the presence of the large anion was in¬
hibiting further reaction of the cation, (2) was treated
with an equimolar amount of [AsPh4]Cl*HCl which
precipitated the very insoluble [AsPh4][BPh4] and left a
methylene chloride solution containing [Pt(S2CNEt2)-
{PPh2(OMe)}2]Cl. This solution was divided into three
parts which were treated as described below.

One portion of this solution was treated with an
equimolar amount of NafSgCNEtJ'SHjjO which gave an
immediate precipitate of sodium chloride. The con¬
ductivity of the filtered solution was then monitored over
a period of 3 d and found to decrease steadily. At the
end of this period, evaporation of the solvent and addition
of diethyl ether gave a non-conducting microcrystalline
pale yellow solid (3). The JH n.m.r. spectrum of (3)
consisted of a doublet at 8 3.87 [PPh2(OMe)], two closely
spaced quartets at 3.52 and 3.56, a triplet at 1.23 p.p.m.
([S2CNEt2]"), and a multiplet in the aromatic region.
The 31P n.m.r spectrum (proton decoupled) in CDC13 at
223 K consisted of two doublets at 8 38.89 and 94.14

p.p.m. (relative intensity ca. 1:1) with /(PP) ^8.0 Rz>
indicative ot a cis arrangement of different phosphorus-
containing ligands bound to Pt11.12 Each of the doublets
exhibited platinum satellites with J(PtP) 3 264.8 and
4 212.3 Hz respectively, confirming directly bonded
phosphorus atoms in each ligand. The i.r. spectrum
showed a strong v(PO) stretch at 1 050 cnr1 with v(CN)
at 1 530 cm'1 indicative of bidentate [S2CNEt2]" co¬
ordination.13 All this spectroscopic information to¬
gether with the analytical data is consistent with the
formulation of (3) as [Pt(S2CNEt2)(PPh20){PPh2(0Me)}].
By analogy with the complex [Ni(rj-C5H5){P(OEt)3}-
{PO(OEt)2}] which shows two doublets centred at
8 147.5 [P(OEt)3] and 85.8 p.p.m. [PO(OEt)2],14 and the
position of the PPh2(OMe) resonance for (Pt(S2CNEt2)-
{PPh2(OMe)}2][BPh4] (94.20 p.p.m.), the resonance at
94.14 p.p.m. is assigned to PPh2(OMe) and that at 38.89
p.p.m. to [PPh20]~.

Complex (3) was also isolated by reaction of [Pt(S2-
CNEt2)2] and excess of PPh2(OMe) in methylene chloride
for only 10 min, followed by precipitation by addition of
diethyl ether-pentane. Thus, these experiments clearly
demonstrate that ionic [Pt(S2CNEt2){PPh2(OMe)}2]-
[S2CNEt2] readily rearranges to (3) by nucieophihc
attack of [S2CNEt2]" on a co-ordinated PPh2(OMe) group.

18 See J. Grosse and R. Schmutzler, J.C.S. Dalton, 1976, 405
and refs. therein.

13 D. C. Bradley and M. H. Gitlitz, J. Chem. Soc. (A), 1969,
1152 and refs. therein.

14 V. Harder and H. Werner, Helv. Chim. Acta, 1973, 56, 1620.
16 J. Grosse and R. Schmutzler, J.C.S. Dalton, 1976, 412.

Related studies of nucleophilic attack on co-ordinated
alkoxyphosphorus ligands are well documented.4,12'15

Another portion of the [Pt(S2CNEt2){PPh2(OMe)}2]Cl
solution was treated with an equimolar amount of Na-
[S2CNEt2]*3H20 together with a few drops of PPh2(OMe)
and, after filtering off the sodium chloride precipitate,
the solution was left to stand for 2 d. Removal ol
solvent from the non-conducting solution then gave a
very pale yellow microcrystalline solid readily identified
as [Pt(S2CNEt2)(PPh20){PPh2(OH)}] (lb). This com¬
plex was also formed if a methylene chloride solution of
[Pt(S2CNEt2)(PPh20){PPh2(0Me)}J (3) was treated with
a small amount of PPh2(OMe) for a prolonged period,
whereas in the absence of free PPh2(OMe) only (3) was
recovered from solution.

Thus, these studies indicate that (3) is slowly converted
into (lb), probably by displacement of the co-ordinated
PPh2(OMe) group by free PPh2(OH) and subsequent
formation of the stable six-membered PtPPh2OHOPPh2
ring structure. Evidence for the generation of some
PPh2(OH) under these conditions comes from JH n.m.r.
studies on PPh2(OMe)-CDCl3 solutions which show the
appearance of methanol and the concomitant disappear¬
ance of methoxy-resonances on prolonged standing.
Conductivity studies on PPh2(OMe)-CH2Cl2 solutions
indicate that PPh2(OH) and not •[PPh20]~ is formed
under these conditions. Furthermore, these observ¬
ations are consistent with earlier studies which indicate
that tertiary phosphinitcs undergo more ready hydrolysis
when not co-ordinated to a transition metal.16 Similar

displacement reactions of co-ordinated PPh2(OR) by free
PPh2(OH) are also proposed 3,17 to explain the formation
of [Pt(PPh20)2{PPh2(0H)}2] from [Pt{PPh2(OBu°)}4]
and free PPh2(OBun) when left in ethanol for 4 d.

When the methylene chloride solution of [Pt(S2CNEt2)-
{PPh2(OMe)}2]Cl was treated with only a few drops of
PPh2(OMe) and left for several days (lb) was again
isolated, whereas in the absence of PPh2(OMe) some of
(3) was produced. However, the rate of decrease in
conductivity in both these solutions was much slower
compared to those containing [S^NEtJ" ion which is
simply a reflection of the greater nucleophilicity of
[S2CNEt2]" compared to CI" ion.

A summary of the reactions involved in the formation
of [M(S2CNEt2)(PPh20){PPh2(0H)}] is given in the
Scheme and, to our knowledge, this represents only the
second example of a system where both nucleophilic
attack on a P-OR bond and subsequent hydrolysis of a
P-OR bond play an essential role in determining the
product composition (see ref. 18 for the other example).
It is expoctod that a similar mechanism would explain
the formation of [M(S2PR2)(PPh20){PPh2(0H)}] from
[M(S2PR2)2] and excess of PPh2(OR) but attempts to
confirm this have not been completely successful. For

13 D. H. Gerlach, W. G. Peet, and E. L. Muetterties, J. Amer.
Chem. Soc., 1972, 94, 4545.

17 P-C. Kong and D. M. Roundhill, Inorg. Chem., 1972,11, 749.
18 R. O. Gould, C. L. Jones, W. J. Sime, and T. A. Stephenson,

J.C.S. Dalton, 1977, 669.
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example, reaction of [Pd^PPh^J and PPh2(OMe) in
methanol followed by addition of Na[BPh4] gave a pale
yellow precipitate but this rapidly turned brown {cf. the
analogous [Pd(S2PPh2)(PPh3)J[BPh4] 2 which also rap¬
idly decomposed in the solid state}. However, treat¬
ment of [Pd(S2PPh2)2] with PPh2(OMe) in methylene
chloride followed by solvent removal after ca. 10 min and
addition of diethyl ether gave a pale yellow non-con-
ducting solid whose XH n.m.r. spectrum was consistent
with the formulation [Pd(S2PPh2)(PPh20){PPh2(0Me)}]
{8 3.80 (d, 3) [3/(PH) 12.0 Hz], PPh2(OMe); 7.00—8.00
p.p.m., (30), Ph} and, therefore, it is highly likely that
the mechanism shown in the Scheme also applies to
[SaPRJ" complexes.

Finally, it was of some interest to examine the reaction

tained bands at 1 690s, 1 618s, and 1 586w cm-1 character¬
istic of v(CO) in dithiocarbonato-complexes,19 but no
bands between 1 200 and 1 300 cm"1 attributable to

[S2COPr>]~ groups. The !H n.m.r. spectrum consisted
of a triplet at 8 1.06 (CH3) and a complicated multiplet
at 3.79 p.p.m. (CH2) similar to that reported for cis-
[PdCljIPPh^OEtJJjj].11-* The 31P n.m.r. spectrum (pro¬
ton decoupled) contained a single resonance at 116.62
p.p.m. An analogous complex was formed by reaction
of [Pt(S2COPr')J with PPh2(OEt).

Thus, this evidence clearly indicates that nucleophilic
attack of the [S2COPr']~ ion occurred specifically on the
co-ordinated [S2COPr']~ propoxy-group in the [M(S2CO-
Pri){PPh2(OEt)}2][S2COPri] intermediate and no evi¬
dence has been found for further reactions of the [M-

Et2NC CNEt,

\s/ \SX

(///)

S PPhjO
/ \ /

Et2NC\
S PPh2(0Me)

(/)

(3)

\
t/V)

(W)

S .PPh2(0Me)
Et2NC(]

Sx PPh2(0Me)

(2)

(*)

S PPh2(0Me)

Et2N<^ M(^
PPh2(0Me)

[BPh4]

CI

avii)

Phz

/S\ °-
Et2NC M ;h

XSX XP o*'
Ph,

(1b)
Scheme Proposed mechanism for conversion of [M(S2CNEta)a] into [M(SaCNEt2)(PPh20){PPh2(0H)}]. (i) PPh2(OMe), Na[BPh4],

MeOH; (it) [AsPh4]Cl-HCl; (tit) PPh2(OMe),CH2Cl2 (10 min reaction time); (iv) PPh2(OMe), CH2C12 (24 h); (v) PPh2(OH);
(vi) [S.CNEt,]- (or CI"); (tHi) [S2CNEt2]- (or CP), PPha(OMe)

between palladium(n) and platinum(u) alkyl dithio-
carbonates and PPh2(OR) because of the presence of two
types of alkoxy group which might undergo nuclcophilic
attack. Thus, reaction of [Pd(S2COPr')2] in methylene
chloride with excess of PPh2(OEt) gave an immediate red
conducting solution which slowly turned yellow accom
panied by a steady decrease in conductivity. Treatment
of the latter with diethyl ether-light petroleum (b.p.
60—80 °C) gave a non-conducting yellow solid analysing
for [Pd(S2CO){PPh2(OEt)}2], The i.r. spectrum con-

* The multiplet appears to consist of a 1 : 3 : 3 : 1 quartet of
'pseudo-triplets' with ®/(HH) 7.0 Hz and |5/(PH) + 5/(PH)|
6.5 Hz, whereas for eis-[PdCla{PPha(OEt)}a] a quartet of over-
lappinc virtual-couplinpr doublets is observed with ®/(HH) =

|3/(PH) + V(PH)| 7.0 Hz.

(S2CO){PPh2(OEt)}2] products, e.g. displacement of
PPh2(OEt) by free PPh2(OH). However, [Pd(S2COPr')-
(PPh20){PPh2(0H))] can be readily synthesised by re¬
action of [{PdCl(PPh20)[PPh2(0H)]}2] with K[S2COPri]
(1:2 molar ratio).
EXPERIMENTAL

Microanalyses were by B.M.A.C. and the University of
Edinburgh Chemistry Department. Molecular weights
were determined on a Mechrolab vapour-pressure osmo¬
meter (model 301A) calibrated with benzil. Infrared
spectra were recorded in the 250—4 000 cm"1 region on a

" See M. C. Cornock, R. O. Gould, C. L. Jones, J. D. Owen,
D. F. Steele, and T. A. Stephenson, J.C.S. Dalton, 1977, 496,
and refs. therein.
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Perkin-Elmer 457 grating spectrometer using Nujol and
hexachlorobutadiene mulls on caesium iodide plates.
Conductivity measurements were obtained on a Portland
Electronics 310 conductivity bridge. Hydrogen-1 n.m.r.
spectra were obtained on Varian Associates HA-100 and
EM360 spectioiueleis, 31P n.iu.i. spectra oil a Varian XL100
spectrometer operating in the pulse and Fourier-transform
modes at 40.5 MHz (31P chemical shifts quoted in p.p.m. to
high frequency of 85% H3P04). Melting points were
determined with a Kofler hot-stage microscope and are
uncorrected.

Potassium tetrachloroplatinate(n) and palladium(n)
chloride (Johnson, Matthey Ltd), Na[S2CNEt2]-3H20,
Na[BPh4], and [AsPh4]Cl-HCl (B.D.H.), and PPh2(OMe)
and PPh2(OEt) (Maybridge Chemical Company) were
obtained as indicated. The compounds Na[S2PMe2]-
2H20,2° [NH4][S2PPh2],20 KfS.COPr'],21 [M(S2CNEt2)2],22
[M(S2PR2)2] (R = Me2 or Ph23), and [MfSaCOPr^] (M =
Pd or Pt) 24 were synthesised as described earlier. Solvents
were used as purchased.

Infrared bands diagnostic of [S2PPh2]~,23 [S2PMe2]~,2 and
[SjCNEtJ 13 bidentate co-ordination are listed for each
complex and, unless otherwise stated, 4H n.m.r. spectra were
recorded in CDC13 at 301 K and 31P n.m.r. spectra (proton
decoupled) in CDC13 at 303 K. Relative intensities are
given in parentheses and s = singlet, d = doublet, t = tri¬
plet, q = quartet, m = multiplet, and pt = pseudo triplet.

Palladium Complexes.—Dimethylphosphinodithioato (di-
phenylphosphinito)(diphenylphosphinous acid)palladium(u).*
Method (A). An excess of PPh2(OR) (R = Me or Et) was
added to a methylene chloride solution of [Pd(S2PMe2)2] and
the solution was left to stand for 24 h. The resulting pale
yellow solution was then reduced in volume and diethyl
ether was added to give an off-white microcrystalline
precipitate. The product was filtered off, washed with
diethyl ether, and dried in air, m.p. 225—227 °C (decomp.),
v(PS2) at 582 cm"1, v(PO) at 1 010 cm"1 [Found: C, 49.1;
H, 4.3; P, 14.3; Pd, 16.1; S, 10.3%; M (in CHC13) 550.
Calc. for C26H2,02P3PdS2; C, 49.2; H, 4.3; P, 14.7;
Pd, 16.7; S, 10.1%; M 634], N.m.r. spectra: 4H, 1.97
(d,6) [2/(PH) 12.0 Hz] ([S2PMe2]") and 7.20—7.90 p.p.m.
(m, 20) (Ph); 31P, 83.20 (d,2) (Ph2POHOPPh2) and 84.29
p.p.m. (t,l) (S2PMe2) [3/(PP) 7.4 Hz],

The following complexes were prepared similarly using
[Pd(S2PPh2)2] and [Pd(S2CNEt2)2] respectively. Diphenyl-
phosphinito[diphenylphosphinodithioato)(diphenylphosphin-
ous acid)palladium(ii), m.p. 184—185 °C, v(PS2) at 620 and
570 cm-1, v(PO) at 1 009 cm-1 (Found: C, 56.8; H, 4.3.
Calc. for C36H3102P3PdS2: C, 57.0; H, 4.1%). N.m.r.
spectra: 4H, 7.20—7.80 p.p.m. (m) (Ph); 31P, 78.66 (t, 1)
([S2PPh2]") and 83.46 p.p.m. (d,2) (Ph2POHOPPh2)
[3/(PP) 6.7 Hz]. NN-Diethyldithiocarbamato(diphenyl-
phosphinito)(diphenylphosphinous acid)palladium(\\), m.p.
218—220 °C, v(CN) at 1 514 cm"1, v(PO) at 1 017 cm"1
(Found: C, 52.7; H, 4k7; N, 2.1. Calc. for C29H31N02-
P2PdS2: C, 53.0; H, 4.7; N, 2.1%). N.m.r. spectra:
4H, 1.20 (t,6), 3.67 (q,4) ([S2CN£f2]") [3/(HH) 7.0 Hz], and
7.20—7.90 (m, 20) (Ph); 31P, 84.50 p.p.m. (s).

* Following the suggestion in ref. 3, we have used the term
diphenylphosphinite to describe P-bonded [PPh20]~ rather than
the previously used diphenylphosphinate.

f 10 is the total relative intensity of the methylene quartet and
methoxy pseudo-triplet because the resonances are too close to
integrate separately.

Method (B). [Pd(S2PMe2) (PPh20){ PPh2(OH)}]. The
salt Na[S2PMe2]-2H2() (0.036 g) in acetone was added to a

methylene chloride solution of [{PdCUPPhjOJfPPhJOH)]}^]
(0.13 g) (2:1 molar ratio) and the resulting pale yellow
solution was shaken for 30 min. After filtering through
Cclitc to remove sodium chloride, addition of diothyl other
gave an off-white precipitate which was filtered off and
washed with water, methanol, and diethyl ether. The
complex [Pd(S2C0Pr')(PPh20){PPh2(0H)}], m.p. 184—
186 °C (decomp.), v(PO) at 1 020 cm"1 (Found: C, 51.5;
H, 4.5. Calc. for C28H2803P2PdS2: C, 52.1; H, 4.3%) was
similarly prepared using K[S2COPr'] (1:2 molar ratio) as
were [Pd(S2PPh2)(PPh20){PPh2(0H)}] and [Pd(S2CNEt2)-
(PPh20){PPh2(0H)}] from [NHJ^PPhJ and Na[S2CNEt2]-
3HaO respectively.

(NN-Diethyldithiocarbamato)bis(methyl diphenylphosphin-
ite)palladium(n) tetraphenylborate. An excess of PPh2(OMe)
was added to a suspension of [Pd(S2CNEt2)2] in methanol.
The resulting yellow-orange solution was shaken for ca.
30 min and then filtered into a methanolic solution of Na-

[BPh4] to give a sticky yellow precipitate. Addition of
diethyl ether and trituration of the solution gave a pale
yellow microcrystalline solid which was filtered off and
washed with diethyl ether, m.p. 150—152 °C, v(CN) at
1 532 cm"1, v(PO) at 1 030 cm"1, A (1 X 10"3 mol dm"3 in
CH2C12) 40.0 S cm2 mol"1 (Found: C, 65.9; H, 5.6; N, 1.6.
Calc. for C55H56BN02P2PdS2: C, 65.7; H, 5.6; N, 1.4%).
Hydrogen-1 n.m.r. spectrum: 1.07 (t,6), 3.46(q) ([S2CNEt2]~)
[3/(HH) 7.0], 3.27 (pt, 10) f [PPh2(OMe)] [|3/(PH) + <•/"
(PH)| 12.0 Hz], and 6.80—7.90 p.p.m. (m,40) (Ph).

(Dithiocarbonato)bis(ethyldiphenylphosphinite)palladium(n).
An excess of PPh2(OEt) was added to [Pd(S2COPr')2] in
methylene chloride giving a red solution. The solution was
then left for 24 h during which time the solution became
yellow. Removal of some solvent in vacuo and addition of
diethyl ether-light petroleum (b.p. 60—80 °C) gave a yellow
solid which was filtered off and washed with diethyl ether,
v(CO)([S2CO]2") at 1 690s, 1 618s, and 1 586w cm"1 (Found:
C, 52.7; H, 4.6. Calc. for C29H30O3P2PdS2: C, 52.9; H,
4.6%). N.m.r. spectra: 4H, 1.06 (t,6), 3.79 (m,qpt,4)
[PPhJOEt)] [3/(HH) 7.0, |3/(PH) + 6/(PH)i 6.5 Hz], and
7.20—7.80 p.p.m. (m,20) (Ph); 31P, 116.62 p.p.m. (s).

Platinum Complexes.—Dimethylphosphinodithioato (di-
phenylphosphinito) (diphenylphosphinous acid)platinum(u).
An excess of PPh2(OMe) was added to a methylene chloride
solution of [Pt(S2PMe2)2] and the solution was left to stand
for 48 h. The resulting very pale yellow solution was then
reduced in volume and diethyl ether was added to give a
white precipitate. The product was filtered off, washed with
diethyl ether, and dried in air, m.p. 248—250 °C (decomp.),
v(PS2) at 580 cm"1, v(PO) at 1 020 cm"1 (Found: C, 43.4;
H, 3.9; P, 12.8; S, 9.2. Calc. for C26H2702P3PtS2: C, 43.1;
H, 3.7; P, 12.9; S, 8.8%). Phosphorus-31 n.m.r. spectra:
59.11 (t.d,2) (Ph2POHOPPh2) [V(PtP) 3 690.6, 3/(PP)
9.2HJ and 88.38 p.p.m. (t.t,l) ([S2PMe2]") [2/(ptp) 178.8
Hz],

The following complex was prepared similarly from

20 R. G. Cavell, W. Byers, and E. D. Day, Inorg. Chetn., 1971,
10, 2710.

21 See D. Coucouvanis, Progr. Inorg. Chem., 1970, 11, 233.
22 C. K. j0rgenson, J. Inorg. Nuclear Chem., 1962, 24, 1571.
23 J. M. C. Alison, T. A. Stephenson, and R. O. Gould, J. Chem.

Soc. (A), 1971, 3690.
24 G. W. Watt and B. J. McCormick, J. Inorg. Nuclear Chem.,

1965, 27, 898.
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[Pt(S2CNEt2)2] and PPh2(OMe). NN-Diethyldithiocarbam-
ato(diphenylphosphinito)(diphenylphosphinous acid)plat-
inum(ii), m.p. 242—244 °C, v(CN) at 1 530 cm"1, v(PO) at
1 020 cm"1 [Found: C, 46.9; H, 4.4; N, 1.9%; M (in
CHC13) 758. Calc. for C29H31N02P2PtS2: C, 46.7; H, 4.2;
N, 1.9%; M 766]. Hydrogen-1 n.m.r. spectrum: 1.20
(t,6), 3.53 (q,4) ([S2CNEt2]") [S/(HH) 7.0 Hz], and 7.20—
7.90 p.p.m. (m,20) (Ph). It was also obtained by addi¬
tion of PPh2(OMe) to a methylene chloride solution of
'

[Pt(S2CNEt2){PPh2(OMe)}2]Cl ' and leaving for several
days, by reaction of the same solution with Na[S2CNEt2]>
3H20 and PPh2(OMe) (formed more rapidly), or by reaction
of a methylene chloride solution of [Pt(S2CNEt2)(PPh20)-
(PPh2(OMe)}] with PPh2(OMe) for 24 h.

(NN-Diethyldithiocarbamato)bis(methyldiphenylphosphin-
ite)platinum(u) tetraphenylborate. An excess of PPh2(OMe)
was added to a suspension of [Pt(S2CNEt2)2] in methanol to
give a colourless solution. This was then added to a
methanolic solution of Na[BPh4] to give a sticky white
precipitate which on trituration with diethyl ether gave a
white microcrystalline solid, m.p. 156—158 °C, v(CN) at
1 532 cm"1, v(PO) at 1 030 cm"1, A (1 x 10~3 mol dm"3 in
CH2C12) 42.0 S cm2 mol"1 (Found: C, 60.6; H, 5.1; N, 1.3.
Calc. for C55H56BN02P2PdS2: C, 60.3; H, 5.1; N, 1.3%).
N.m.r. spectra: 1H, 1.10 (t,6), 3.33 (q) ([S2CN£f2]") [3/(HH)
7.0 Hz], 3.27 (pt, 10) * [PPh2(OMe)] [|3/(PH) + 5/(PH)|
12.0 Hz], and 6.80—7.90 p.p.m. (m, 40) (Ph); 31P, 94.20
p.p.m. (t) [V(PtP) 3 749.0 Hz],

NN-Diethyldithiocarbamato(diphenylphosphinito) (methyl
diphenylphosphinite)platinum(ii). An excess of PPh2(OMe)
was added to a methylene chloride solution of [Pt(S2CNEt2) 2].
Partial removal of solvent after 10 min and addition of

diethyl ether-pentane gave a very pale yellow solid which
was filtered off, washed with diethyl ether and pentane, and
dried in air, m.p. 205—207 °C, v(CN) at 1 530 cm"1, v(PO) at

* At 303 K, the [PPh2OJ_ resonance appeared broader (and
weaker) than the PPh2(OMe) resonance which is possibly a
reflection of the different 31P relaxation times in these groups.

1 050 cm"1 (Found: C, 47.5; H, 4.4; N, 1.9. Calc. for
C30H33NO2P2PtS2: C, 47.4; H, 4.3; N, 1.8%). N.m.r.
spectra: 1H, 1.23 (t,6), 3.52 (q), 3.56 (q,4) ([S2CNEt2]")
[3J(HH) 7.0 Hz], 3.87 (d,3) [PPh2(OMe)] [3/(PH) 12.0 Hz],
and 7.00—7.90 p.p.m. (m,20) (Ph); 31P (in CDC13 at 223 K),
38.89 (t.d.l) ♦ ([PPh20]_) ['/(PtP) 3 264.8, 2/(PP) 27.7
Hz] and 94.14 p.p.m. (t.d.l) [PPh2(OMe)] [V(PtP) 4 212.3,
2/(PP) 28.0 Hz],

This complex was also synthesised by reaction of Na-
[S2CNEt2]-3H20 (0.05 g) with a methylene chloride solution
of ' [Pt(S2CNEt2){PPh2(OMe)}2]Cl ' (0.17 g) (made in situ by
reaction of [Pt(S2CNEt2){PPh2(OMe) JJfBPhJ with [AsPh4]-
C1-HC1). The mixture was left for 3 d and then slow evapor¬
ation of the solvent gave the product as a microcrystalline
pale yellow solid. If the solution of ' [Pt(S2CNEt2){PPh2-
(OMe)}2]Cl ' was left for several days some of this product
could be identified on solvent removal.

(Dithiocarbonato)bis(ethyl diphenylphosphinite)platinum(n).
This complex was prepared as for the corresponding pallad¬
ium complex starting from [Pt(S2COPr')2] and PPh2(OEt),
m.p. 190—192 °C, v(CO)([S2CO]2") at 1 690s, 1 618s, and
1 586w cm"1 (Found: C, 46.6; H, 4.0. Calc. for C29H30-
03P2PtS2: C, 46.6; H, 4.0%).

All the standard crystallographic calculations were made
at the Edinburgh Regional Computing Centre using the
'

A-Ray '74 ' system.25

We thank Johnson, Matthey Ltd. for loans of potassium
tetrachloroplatinate(n) and palladium(n) chloride, the
S.R.C. for support (to M. C. C. and C. L. J.), Dr. A. S. F.
Boyd for obtaining the 31P n.m.r. spectra, and the Depart¬
ment of Chemistry, Glasgow University, for the use of their
Mechrolab osmometer.
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25 ' A-Ray ' Program System, Computer Science Center,
University of Maryland, Technical Report TR 192, version of
January 1974.
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SYNTHESES AND CHARACTERISATION OF SOME TRIPHENYLCYANO-
BORATE COMPLEXES OF RHODIUM(III), RUTHENIUM(II) AND
PALLADIUM(II)

M.C. CORNOCK, D.R. ROBERTSON, T.A. STEPHENSON*
Department of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ (Great Britain)

C.L. JONES, G.H.W. MILBURN* and L. SAWYER

Department of Chemistry, Napier College, Edinburgh, EH10 5DT (Great Britain)

(Received April 4th, 1977)

The triphenylcyanoborate (N-bonded) complexes {r?5 -(Cs Mes )Rh(S—S)-
NCBPh3 } (S—S~ = ~S2PMe2, ~S2PPh2, -S2CNMe2), {r?6-(C6H6)Ru(S2PPh2 )-
NCBPh3 } and [Pd(S2 CNEt2 )(PMe2 Ph)(NCBPh3) have been synthesised and
characterised by both spectroscopic and X-ray structural methods.

Recently the syntheses of [77 5-(CsMe5 )Rh(S—S)2 ] (I) and [7?s-(C5Mes )RhCl-
(S-S)] (II) (S-S~ = "S2CNMe2, ~S2PR2 [R = Me, Ph]) by treatment of
[77s-(CsMe5 )RhCl2 ]2 with Na(S—S) in 1/4 and 1/2 molar ratios, respectively were
reported [1]. Treatment of II with methanol followed by addition of NaBPh4
gives the solvated cations {7?s-(C5Me5 )Rh(S—S)(MeOH)}BPh4 which are very
useful precursors for generating a range of cations [i?5-(CsMe5 )Rh(S—S)L]BPh4
(III: L = PPh3, PMePh2, AsPh3, CSH5N, CO, etc.) However, attempts to
synthesise [77s-(CsMes )Rh(S—S){C2(CN)4 }]BPh4 by treatment of II with excess
tetracyanoethylene in methanol, followed by addition of NaBPh4 to the result-

Summary

+

L
(TTT) (TV)
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ing orange-yellow solutions gave non-conducting yellow solids (IV: S—S- =
(a) ~S2PMe2; (b) ~S2PPh2; (c) ~S2CNMe2). The analytical data (C, H, N) of IV
are, however, consistent with the formulation [77s -(Cs Mes )Rh(S—S)NCBPh3 ], e.g.
found for IVc: C, 60.7; H, 5.7; N, 4.6. Calcd.: C, 61.3; H, 5.7; N, 4.5%

Additional evidence for the formulation of IV as zwitterionic complexes con¬
taining the triphenylcyanoborate anion is based on spectroscopic data. For
example, the infrared spectra of all these compounds contain a C—N stretching
frequency band at ca. 2180 cm-1, indicative of nitrile rather than isonitrile co¬
ordination of the ~NCBPh3 group [2], and all show bands characteristic of bi-
dentate coordination of the dithic.acid ligands. The mass spectrum of IVc has a
peak at m/e 626 corresponding to {7?5-(C5Mes)Rh(S2CNMe2)NCBPh3 }+ together
with a fragmentation pattern consistent with this formulation. Furthermore, the
'H NIVIR spectrum of IVc in CDC13 at 303 K has the expected three signals at
5 1.79 (CsMe5), 3.17 (~S2CNMe2) and 7.21 ppm (~NCBPh3) of relative intensity

However, unequivocal proof of the solid state structure of IV comes from a
preliminary X-ray structural analysis of IVa. Crystals of the complex from
methanol are monoclinic, space group P23 /n with cell parameters a = 24.013 ±
0.006 A, b = 9.368 ± 0.002 A, c = 14.643 ± 0.001 A, /3 = 106.70 ± 0.01°, Z = 4
and p = 1.329 kg m-3. Data were collected to d = 40° on a Nonius CAD4 dif-
fractometer using filtered Cu-Ka radiation. A Patterson map allowed ready loca¬
tion of the Rh atom, which yielded phases with which a Fourier map was cal¬
culated. As the Rh atom appeared on the glide plane at y = Vi, superimposed
mirror images of the structure resulted. Further inspection of the Patterson map
allowed the Rh atom to be placed just off the plane and, together with the
sulphur atoms, a map phased on these three revealed much of the centre of the
molecule. A difference Fourier synthesis based on this extra information al¬
lowed the complete structure to be determined. Refinement of the structure with
data to Q - 30° (838 reflections) gives a conventional R-factor of 0.07. Further
refinement with all measured data is in progress. The structure of the central
region of the molecule is shown in Fig. 1 whilst Table 1 lists the bond lengths
and angles. No density other than diffraction ripple round the Rh atom has been
detected on difference Fourier maps. Refinement of the two enantiomorphic

Fig. 1. View of the molecular geometry of {ns-(C5Me5)Rh(S2PMe2)NCBPh3} (IVa). For clarity only the

5/2/5.

C

central part of the molecule is shown.
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TABLE 1

Bond length (A) Bond angle (°)

N—C 1.16(5)
C—B 1.58(5)
S(l)—P 2.01(1)
S(2)—P 2.01(1)

Rh—S(l) 2.41(1)
Rh—S(2) 2.43(1)
Rh—N 2.00(4)

Rh—CsMesa 1.81

Rh—N—C
N—C—B

Rh—S(l)—P
Rh—S(2)—P
N—Rh—S(l)
S(l)—Rh—S(2)
N—Rh—C5Mes°
S(l)—Rh—CsMesa

168.9(2.8)
167.6(2.6)

87.0(5)
86.5(4)
91.7(1.0)
82.0(3)

123.0

125.7

Torsion angle about C—N: —30.0°

"Distance to the centre of gravity of the pentamethylcyclopentadienyl ring.

(Rh—S2) moieties gave R-factors of 0.39 and 0.50, the latter one being dis¬
regarded as incorrect.

Only two papers describing transition metal complexes of triphenylcyano-
borate have been found in the literature (viz. {i75-(CsH5)M(PPh3)2NCBPh3} (M =
Fe, Ru) [3], (i?5-(C5Hs )Ru(PPh3)2CNBPh3 } [3] and {(PPh3)CuNCBPh3
CHC13 [2] and all these compounds have been prepared by means of direct re¬
action with NaBPh3CN.

In this work, the BPh3CN~ anion is generated in situ, possibly by reaction of
hydrogen cyanide with BPh4 ~. Earlier studies on C2 (CN)4 have shown that
hydrogen cyanide is readily released on reaction with alkoxide ions in the
presence of certain catalysts [4].

Finally, it should be noted that this rather unusual reaction is not confined to
rhodium. Thus, reaction of {7)6-(C6H6)Ru(S2PPh2)Cl} with a methanolic solu¬
tion of C2(CN)4 and NaBPh4 gives {r76-(C6H6)Ru(S2PPh2)NCBPh3 } and
(Pd(S2CNEt2 )(PMe2Ph)Cl} on treatment with AgBF4/THF, (which gives
{Pd(S2CNEt2)(PMe2Ph)(THF)}+ [5]), followed by C2(CN)4 and NaBPh4 in
methanol gives (Pd(S2CNEt2 )(PMe2Ph)NCBPh3 }.
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REACTIONS OF [ RuCd^] (L - P(OMe)Ph2, P(OEt)Ph2) AND
[ RuC.£2L4] (L = P (OMe) 2Ph, PMe2Ph, PMePh2> WITH VARIOUS

DITHIOACID LIGANDS

W.J. Sime and T.A. Stephenson

Department of Chemistry, University of Edinburgh, Edinburgh,
Scotland.

(Received. 28 March 1977)

Reactions of [ RuC-^L^] (L = PPh^PEtPh,,) and mer-
[ RuCf^(PMe2Ph)3]with various dithioacid ligands have previously
been reported. In all cases, the products obtained were the
six coordinate ruthenium(II) complexes [Ru(S-S)2L2] [ S-S =

S2PR2(R = Me,Et,Ph), S2CNR2(R = Me,Et,Ph), S2COMe] containing
bidentate dithioacid groups and, in most instances, cis tertiary

phosphine ligands.(1)
In this preliminary communication, we now report the

reactions of more [ RuCf2L3] [L = P(OMe)Ph2,P(OEt)Ph2(2)] and
[ RuC-^L^] [ L = P (OMe) 2Ph (2) ,PMe2Ph (3) ,PMePh2 (4) ] compounds with
various alkali metal dithioacid salts [ S2PR2<R = Me,Ph), S.,CNR2
(R = Me,Et)]. Again, the final products are [Ru(S-S)2L2J (I)
but in some instances, several intermediate products can be
isolated and on the basis of this evidence, a general reaction
mechanism for the formation of (I) is. proposed.

Thus, reaction of [ RuCf-2L4] (L = P (OMe) 2Ph (PMePh^)
with all the dithioacid ligands above give compounds of type
(I) and no intermediate products are observed. However, when

[ RuCf-2 (PMe2Ph) ] is shaken with NaS2PMe22H20 in benzene, a
yellow solid analysing for [RuCf(S2PMe2)(PMe2Ph)(II) is
obtained. The ^P-{^H} nmr spectrum of (II) at 213K in CDCf^
consists of an AB2 pattern [A, 20.4, B, 16.1 ppm) 6(AB)174.2,
J(AB)33.0 Hz] due to the three PMe9Ph groups and a singlet at

- 1
94.0 ppm due to the S9PMe_ ligand. The H nmr spectrum at2 2 ,

213K in CDCf^ consists of two overlapping 'pseudo-doublets'

+A 'pseudo-doublet' is a sharp doublet with additional signal
intensity situated between the doublet. This spectral pattern
is indicative of a small, but non-zero, J(PP ) value when

compared to |j(PH) + JfPH1)|(6).
311
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at 1.886 and three doublets at 1.19, 1.60 and 2.176. This
information is consistent with structure (II). Thus the

'pseudo-doublets' arise from the methyl groups of the two

PMe^Ph ligands trans to S2PMe2 and the doublet at 1.606 from
the other PMe2Ph groupfcf fac -[ OsC£(S2CNMe2) (PMe2Ph)(5)] .
The other two doublets (which decouple at the same phosphorus

frequency) are from the inequivalent methyl groups of the

S2PMe2 ligand.
PMe2Ph

PhMe P. I ,S-„ .Me

PhMe2P«^ | Me
CI

(II)

If (II) is dissolved in methanol, a red conducting
solution is obtained and addition of NaBPh4 gives red crystals
analysing for [ Ru(S2PMe2> (PMe2Ph)BPh^(III) . A band at 580 cm 1
in the infrared spectrum of (III) suggests bidentate coordination
of the S9PMe_ group (7) and conductivity studies in dichloro-

31 1
methane indicate a 1:1 electrolyte. The P-{ H} nmr spectrum
of (III) at 213K in CDCZ^ consists of a doublet at 32.4 ppm
(PMe2Ph) and a quartet at 110.3 ppm ( S2PMe2) p'(PP1)3. 6Hz] . The

nmr spectrum at 213K in CDC^ also indicates that rapid
intramolecular scrambling of the PMe_Ph groups is occurring4 *

since it consists of a 'pseudo-triplet' at 1.376 (PMe2Ph)
and a doublet at 1.826( S2PMe2> . This information is
consistent with a monomeric, five coordinate structure and
a preliminary X-ray structural analysis (8) on the related
[ Ru(S2PPh2> (PMe2Ph)BPh^ complex indicates a square
pyramidal structure (III).

PMe2Ph
PhMe P.. I ,S . ^R~

-Ru '' ^P
PhMe2P ^ ^ R

(III)

*
A 'pseudo-triplet' pattern consists of a sharp doublet with

a broad hump of comparable intensity ^situated between the doublet
and signifies a relatively large J(PP ) compared to the
|J(PH) + JfPH1) | value {cf cis-[ Ru(S2PMe2)2(PMe2Ph)21 (1)}

1

BPh .

4
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Prolonged reaction of [ RuCf2(PMe2P^)4' with NaS2PMe2~
2H20 gives the previously reported cis-[ RuCS^PMe^)2(PMe^Ph)
(1) •

Similar results to those above have been obtained for

the reaction of [ RuC-f 2 {P (OR) Ph^ } (R=Me,Et) with NaS2PR2
(R=Me,Ph), and a reaction sequence for the formation of complexes
cis- [Ru(S-S)2l21 from [ RuC-£2L3or4] is outlined in the Scheme.

SCHEME L

[ ruc£2L4] ^ - [ ruc£2L31 ——* L-4U-"8)+L
| ^S'
CI

l-cr
L

L- I ,-S>
-RU'

^S'

L L

L.. I .,S, L. | ,Ss . (S-S)
1;RU ' ) -L .'Ru'^ )S"^| ^»S L I s

V-S sj
The complex containing one unidentate and one bi-

dentate dithioacid ligand has not been isolated for the S2PR2
series. However, reaction of [ RuC£2(p(OMe)Ph2>3] with
NaS2CNMe22H20 in benzene gives a yellow solid analysing
closely for [ Ru(S2CNMe2)2(P(OMe)Ph2)3] • Shaking this complex
in dichloromethane for 12 hours then gives quantitative yields
of [ Ru(S2CNMe2)2(P(OMe)Ph2}2] .

Reaction of [ RuC£2(P(OMe)Ph2)and NaS2CNMe22H20 in
methanol however, produces initially a red solution containing
the (Ru(S2CNMe2)(P(OMe)Ph0)+ cation which on further reaction
also gives [ Ru(S2CNMe2)2(P(OMe)Ph2)2J .

Further reactions of these monomeric ruthenium(II)

tertiary phosphine, phosphinite and phosphonite complexes
with a wide range of ligands are now in progress.
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Metal Complexes of Sulphur Ligands. Part 15.1 Reaction of Bis[(r]-
arene)dichlororuthenium] and Bis[dichloro(T)-pentamethylcycloperita-
dienyl)metal] Complexes of Rhodium and Iridium with Various Dithioacid
Ligands
By Donald R. Robertson and T. Anthony Stephenson,* Department of Chemistry, University of Edinburgh,

Edinburgh EH9 3JJ

Reaction of the complexes [{Ru(7)-arene)CI,},] (1) (arene = C,H, or C,HsMe,) and [{M(7]-C6Me6)CI2},] (2)
(M = Rh or Ir) with excess of various dithioacid anions gives monomeric [Ru(7)-arene)(S-S)2] (3; S-S~ =
[SjPR,]") and [M(7]-C5Mes)(S-S),] (4: M = Rh, S-S- = [S.PR,]-. [S2CNR2]-, or [S2COR]-; M = Ir, S—S- =
[S2CNMe2]- or [S2PMe2]-) respectively. Analytical data together with i.r. and 1H. 1SC, and S1P n.m.r. studies show
that these complexes contain both bi- and uni-dentate dithioacid groups both in the solid state and in solution.
For [M(rpC4Me4)(S2CNMe2)2] (M = Rh or Ir) and [Rh(T)-C6Me6)(S2COEt)2] in solution at higher temperatures,
however, kinetic line-shape analysis indicates the occurrence of uni- and bi-dentate dithioacid exchange probably
via a dissociatively controlled intramolecular mechanism. Reaction of (1 ; arene = C,H,) and (2 ; M = Rh) with
[S-S]- (1 : 1 mol ratio) gives [Ru(7)-C.H,)CI(S2PPh2)] and [Rh(i)-C6Mes)CI(S-S)] (5; S-S- = [S2CNMe2]-.
[S2PMe2]-. or [S2PPh2]-) respectively which are useful precursors for synthesising a range of complexes such as
[Rh(7)-CsMe6)X(S,CNMe2)] (X = Br-. I", or SCN-) and the mixed dithioacid complexes [Rh(vyC6Me6)-
(S2CNMe,)(S—S)] (6; S-S-= [S2PMe2]-. [S2PPh2]-,or [S,COMe]-). In methanol. (5 ; S-S~ = [S2CNMe2]-)
gives the solvated cation [Rh(7)-C5Me5)(HOMe)(S2CNMe2)]+ which reacts with various Lewis bases (L) to give
[Rh(7)-C5Me6) (S2CNMe2)L] [BPh4] (L = PPh,. PMePh,, CO. AsPh3, or C5H5N). Similar complexes can also be
made by reaction of [Ru(arene)CI2(NC6H5)] or [Rh(7)-CjMe5)CI2(PPh2)] with [S-S]- (1 : 1 mol ratio) and excess
of Na[BPh4], However, reaction of (5; S-S-= [S2CNMe2]~) with excess of Ph2P[CH2]2PPh2 (dppe) or
Ph2PCH2PPh2 (dppm) in methanol gives the dimeric cations [{Rh(i)-CsMe6) (S2CNMe2)}2 (dppe or dppm)]2+ (7).
and with C2(CN)4 and Na[BPh4] in methanol the cyanotriphenylborate complex [Rh(i)-C6Me6) (NCBPhs)-
(SjCNMe,)] (8) is formed.

In previous papers on dithioacid complexes of the rarer
platinum metals ruthenium,2-® rhodium,7 and osmium 8
we have examined the reactions of mer- [MC13( PMe2Ph) 3]
and various ruthenium(n) tertiary phosphine, phos-
phinite, phosphonite, and phosphite complexes with
dithioacid ligands, and also the reaction with [{RuC12-
(diene)}„] which gave the complexes cts-[Ru(diene)-
(SjPMe^J (diene = bicyclo[2.2.1]hepta-2,5-diene or
cyclo-octa-1,5-diene).

In this paper, we report the full results 9 of reactions
of the related [{Ru(7]®-arene)Cl2}2] (1; arene = C6H6 or
CjHjMej) and [{M^-CgMe^CLJ,,] (2; M = Rh or Ir)
complexes with some dithioacid anions. Although
several reactions of (1) with unidentate Lewis bases have
been reported,10'11 this is only the second study involving
ligands capable of bidentate co-ordination. Earlier10
reaction of (1) with Ph2PCH2PPh2 (dppm) gave [Ru-
(r)-CgHg)Cl2(dppm)] with the dppm ligand bound in a
unidentate fashion whereas with Ph2P[CH2]4PPh2 (dppb)
the dimeric [{Ru(7]-CgH6)Cl2}2(dppb)] with a bridging
dppb group was formed. Similarly, with (2; M = Rh),
PhjPfCHJjPP^ (dppe) gave [Rh(T)-C5Me5)Cl2(dppe)] and
[{Rh(i)-C5Me5)Cl2}2(dppe)] with excess and 1 : 1 mol

f This information is deposited as Supplementary Publication
No. SUP 22220 (7 pp.). For details see Notices to Authors
No. 7, J.C.S. Dalton, 1977, Index issue.

1 Part 14, M. C. Cornock, R. O. Gould, C. L. Jones, and T. A.
Stephenson, J.C.S. Dalton, 1977, 1307.

* D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 739.

* D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 754.

4 J. D. Owen and D. J. Cole-Hamilton, J.C.S. Dalton, 1974,
1867.

4 D. J. Cole-Hamilton, T. A. Stephenson, and D. R. Robert¬
son, J.C.S. Dalton, 1976, 1260.

ratios of (2) : dppe respectively. The complex [Rh-
(r)-C5Me5)Cl2(dppe)] then reacted readily with [NH4][PF6]
in ethanol to give [Rh(7)-C5Me5)Cl(dppe)][PF6].12
results and discussion

Reaction of (1; arene = CgH6) in aqueous media with
an excess of Na^PRJ (R = Me, OMe, or OEt) or
[NH4][S2PPh2] gave an immediate colour change from
orange to deep red, and, after extraction with diethyl
ether or methylene chloride, red crystalline solids were
isolated. On the basis of analytical and molecular-
weight data | together with 1H and 31P n.m.r. (Tables 1
and 2 respectively) and i.r. studies (see Experimental

. ,-'s\
Ru PC

,5 ' F,
P

R

(3) R = Me, Ph, OMe, or OEt

section) these solids are best formulated as monomeric
[Ru(-<i-C6H6) (S2PR2)2] (3) with one bi- and one uni-

4 W. J. Sime and T. A. Stephenson, Inorg. Nuclear Chem.
Letters, 1977. 13, 311.

7 D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 1818.

* D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1976, 2396.

• D. R. Robertson and T. A. Stephenson, J. Organometallic
Chem., 1976, 107, C46.

10 R. A. Zelonka and M. C. Baird, Canad. J. Chem., 1972, 50,
3063.

11 M. A. Bennett and A. K. Smith, J.C.S. Dalton, 1974, 233.
14 J. W. Kang, K. Moseley, and P. M. Maitlis, J. Amer. Chem.

Soc., 1969, 81, 5970.
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dentate [SjPRJ- group. Thus, the positions of v(PSj)
in the i.r. spectra of the methyl- and phenyl-substituted
[SsPRg]~ complexes were diagnostic of the presence of
both bi- and uni-dentate co-ordination (see refs. 13 and

[V(PH) 12.0 Hz] from the methyl groups of the
[SjPMeJ" ligands. This indicated three magnetically
inequivalent methyl groups as expected for structure
(3; R = Me). Similarly, the XH n.m.r. spectrum of

Table 1

Hydrogen-1 n.m.r. data for various ruthenium(n) dithioacid complexes at 301 K •
8 ±0 01 p.p.m.*

Dithio-ligand •>)-Arene Other resonances

2.10 (d) (12.0) [2] 6.88 (s) [2]
1.95 (d) (12.0) [1],
1.89 (d) (12.0) [1],
7.0—8.3 (m) [10] 5.48 (s) [3]
3.79 (d) (14.0) [1] 5.80 (s) [2]
3.75 (d) (14.0) [2]
3.68 (d) (14.0) [1]
4.15 (m) [4], 1.35 (m) [6] 5.76 (s) [3]
2.14 (d) (12.0) [2], 5.51 (s) [1],
1.98 (d) (12.0) [1], 2.21 (s) [3] •
1.92 (d) (12.0) [1]
6.9—8.3 (m) [20] 5.10 (s) [3],

1.98 (s) [9] •
7.2—8.2 (m) [5] 5.50 (s) [3]
2.02 (d) (12.0) [3], 5.41 (s) [6] 8.82 (d),« 6.7—7.8 (m) [25]
1.32 (d) (12.0) [3]
1.05 (d) (12.0) [3], 4.43 (s) [3] 8.48 (d),« 6.7—7.8 (m) [25]
1.70 (d) (12.0) [3] 1.60 (s) [9] •
7.2—8.2 (m) [25] ' 5.40 (s) [6]
7.2—8.2 (m) [20]' 5.45 (s) [6] 2.25 (d) (10.0) ' [3]
6.0—7.6 (m) [35]' 4.80 (s) [3], 8.62 (d),« 6.0—7.6 (m)

1.62 (s) [9] •
7.2—8.2 (m) [10] 6.78 (s) [6] 3.75 (d) (11.0) ' [9]
7.0—8.0 (m) [15]' 5.93 (s) [6] 9.10 (d),4 7.0—8.0 (m)
7.2—8.0 (m) [25] ' 6.00 (2) [6]

Complex
[Ru (l-C«Ht) (S,PMe,)J

[Ru(7|-C,H,)(S,PPh,)J
[Ru(7)-C,H,){S,P(OMe),}J

[Ru(r)-C,H,){S,P(OEt),}1]
[Ru (i)-C,H,Me,) (S,PMe,)J

[Ru(T,-C,H,Me,)(S,PPh,)J

[Ru(T)-C.H,)Cl(S,PPh,)]
[Ru(t)-C,HJ(NC,HJ(S,PMe,)][BPhJ '

[Ru (rj-C.H.Me,) (NC.H,) (S.PMe,) ] [BPhJ

[Ru (n-C,H,) (PPh,) (S,PPh,)][PFJ
[Ru(r,-C.H,j (PMePh,) (S,PPh,)][PFJ
[Ru(7)-C,H,Mes) (NC,HJ (S,PPh,)] [BPhJ *

[Ru(i-C«H,) (P(OMe),} (S,PPh,)] [PFJ
[Ru (71-C.H,) (NC,H,) (S.PPh,)] [PF,] *
[Ru(i)-C,H,)(S.PPh,)(SbPh,)][PFJ *
s = Singlet, d = doublet, and m = multiplet.
• In CDC1, unless otherwise stated. ' /(PH) (in Hz) values are given in parentheses. Numbers in square brackets indicate

normalised integrated intensities. ' Methyl resonance of C,H,Me,. ' In CD,CI,. ' Pyridine resonance; others masked by phenyl
resonances. I Intensity includes aromatic resonances from other ligands. ' Methyl resonance of PMePh,. * In (CD,),CO. 'Methyl
resonance of P(OMe),.

Table 2

Phosphorus-31 n.m.r. data (proton-noise decoupled) for various ruthenium(n) and rhodium(ni) dithioacid complexes
in CDC13

8 «/p.p.m.
'— A— — ■»

Other resonances

24.6 (d) (16.6) '
123.9 (d) (19.0)'

Complex T/K [S.PRJ
[Ru (t)-C,HJ (S.PMe,) J » 303 106.6 (s), 62.6 (s)
[Ru(r)-C,H,)(S,PPh,)J 303 85.9 (s), 68.9 (s)
[Ru(n-C,H,)Cl(S,PPh,)] 298 91.7 (s)
[Ruto-C.H,)(PMePh,)(S,PPh,)][PFJ ' 298 85.0 (d) (16.5) '
[Ru(T|-C,H,){P(OMe),}(S,PPh,)][PF,]4 298 95.7 (d) (19.0) '
[Rh(rrC6Me,)(S,PMe,)J 233 93.9 (d) (10.1),' 67.5 (d) (3.6)

273 92.9 (d) (10.1),' 57.2 (d) (3.6)
298 92.2 (d) (9.8)/ 56.9
343 91.3 (br), 56.8 (br)
298' 90.3 (d) (8.8)/ 54.4 (d) (1.5) «
405' 70.9 (br)

[Rhfo-C,Me,) (S.PPh,),] 298 80.8 (d) (10.8)/ 64.2
343 81.5 (br), 64.5 (br)

[Rh(7)-C,Me5)Cl(S,PMe,)] 298 87.6 (d) (10.8) •
[Rh(7)-C5MeJ (S.CNMe,) (S.PMe,)] 298 66.6 (d) (3.9) •
[Rh(T)-C,MeJ (PPh,) (S,PMe,)] [BPhJ 298 103.3 ' (9.2)/ (9.7) '
[Rh(i)-C,Mes) (PPh,) (S.PPh,)] [PF,] 4 298 88.4' (10.5)/ (11.3) '
[Rh(7]-C,MeJ (NCBPh,) (S.PMe,)] 303 97.7 (d) (8.9) •
• Chemical shifts reported to high frequency of 86% H,PO,.

' *'P-{'H} n.m.r. of [PF,]- ion; multiplet at ca. 144 p.p.m
benzene-[*HJ toluene. ' Overlapping doublet of doublets

35.9 * (9.7) ' (144.8) '
34.9 *(11.3)'(143.8)'

* On standing, an additional peak appears at 54.4 p.p.m. ([S,PMeJ~).
['/(PF) 712 Hz], '»/(Fp)inHz- "/(RhP) in Hz. 'Inchloro-

* Doublet of doublets. ' '/(RhP) in Hz.

14 respectively). Furthermore, the JH n.m.r. spectrum
in CDClg at 301 K of [Ru(rrC0He) (S2PMe2)2] consisted
of a singlet at 8 5.88 p.p.m. due to the co-ordinated
benzene ring and three doublets of relative intensity
2:1:1 at 2.10, 1.95, and 1.89 p.p.m. respectively

[Ru(r)-C6H6){S2P(OMe)2}2] at 301 K showed three
methyl doublets of relative intensity 2:1:1, and the

'* D. F. Steele and T. A. Stephenson, J.C.S. Dalton, 1973, 2124.
14 J. M. C. Alison, T. A. Stephenson, and R. O. Gould, /. Chem.

Soc. (A), 1971, 3690.
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31P n.m.r. spectra of the [S,PMe,]~ and [SjPPhJ-
complexes at 303 K each showed two resonances con¬
sistent with structure (3).

Thus, this spectroscopic evidence indicated stereo¬
chemical rigidity of these complexes in solution at
ambient temperature, i.e. no rapid scrambling of the

position also readily occurred on warming the freshly
prepared solutions and, therefore, no detailed in¬
vestigation could be undertaken of any fluxional pro¬
cesses which might be exhibited by these complexes in
solution.

Furthermore, attempts to synthesise the related
Table 3

Hydrogen-1 n.m.r. data for various rhodium(m) and iridium(m) dithioacid complexes®
8 ±0.01 p.p.m.'

Complex
[Rh(r)-C5Me,)(S,PMe,)J

[Rhft-C.Me.HS.PPhJJ
[Kh(T)-C,Me,) (S,CNMe,)J

[Rh(i)-C,Me,)(S,CNEt,)J

[Rh(r)-C,Mes)(S,COMe),]
[Rh(r)-C5Me5) (S,COEt)J

[Rh(i]-C,Me,)Cl(S,CNMe,)]
[Rh(T]-C,Me,Cl(S,PMe,)]
[Rh (r)-C,MeJ (SjCNMe,) (S,PMe,) ]
[Rh(T)-C,Me,) (S.CNMe,) (S,PPh,)]

[Rh(iQ-CsMe5) (S.CNMe,) (S.COMe)]
[Rhfo-C.Me,) (HOMe) (S.CNMe,)] [BPhJ
[Rhft-CJVteJ (PPh,) (S.PMe,)] [BPhJ

[Rh (irj-C.Me.) (PMePh,) (S.CNMe,) ] [BPhJ

[Rh(7)-C5Me5) (NC,H,) (S.CNMe,)] [BPhJ

[Rhfo-C.MeJ (CO) (S.CNMe,)] [BPhJ
[Rhfo-C,Me,) (PMePh,) (S.PPh,)] [PF.]
[{Rh(T]-C,Me,) (S.CNMe,)},(dppe)] [BPhJ,
[{Rhft-C.MeJ (S.CNMe,)},(dppm)][BPhJ,

T/K
343
301
273

301
301
301 '
387'
253

301

343

359'
301
301

301
301
301
301

301
301
301

301

Dithio-ligand
2.02 (d) (12.5) [4]
1.8—2.3 (m) (br) [4]
2.11 (d) (12.5) [2],
1.90 (d) (12.5) [1],
1.93 (d) (12.5) [1]
7.1—8.0 (m) [4]
3.58 (s) [2], 3.15 (s) [2]
3.62 (s) [2], 2.80 (s) [2]
3.29 (s) [4]
4.17 (dq) (7.0) * [4],
3.66 - (7.0) [4],
1.20 (m) (7.0) ' [12],
4.12 (q) (7.0)'[4],
3.61 • (7.0) ' [4],
1.20 (m) (7.0) * [12],
4.13 (br), 3.68 (br),
1.29 (t) (7.0) '
3.77 (br), 1.29 (t) (7.0) '
4.03 (s) [1], 4.00 (s) [1]
4.50 (q), 4.48 (q) (7.0) * [4],
1.40 (t), 1.33 (t) (7.0) * [6]
3.20 (s) [2]
2.00 (d) (13.0) • [2]
3.21 (s) [2], 2.00 (d) (13.0) [2]
8.0 (m), 7.1 (m) [10],
2.69 (s) [6]
4.05 (s) [1], 3.28 (s) [2]
2.20 (s)
1.69 (d) (13.0) [3],
0.52 (d) (13.0) [3]
2.60 (s) [6]

301 2.92 (s) [6]

301 >
301
301
301«

3.28 (s) [6]
7.0—7.8 (m) [20] *
2.98 (s) [6]
2.95 (s) [6]

i)-CsMes

1.71 (s) [5]

1.52 (s) [3]

1.73 (s) [5]

1.75 (s) [15]

1.79 (s) [5]

} 1.78 (s) [15]
1.73 (s) [5]
1.67 (s) [5]
1.79 (s) [5]
1.78 (s) [15]

1.78 (s) [5]
1.78 (s)
1.32 (d) (4.0) '

1.50 (d) (4.0) '

1.54 (s) [15]

2.01 (s) [15]
1.34 (d) (4.0) '
1.32 (d) (3.0) '

Other resonances

[15]

[15]

[15]
[15]

[Rh(i)-C,MeJ (PMePh,) (S.PMe,)] [S.PMeJ 301

1.44 (d) (4.0) ' [15]

1.60 (d) (4.0) ' [15]

6.7—7.3 (m)
7.0—7.5 (m) [35]

1.92 (d) (10.0) * [3],
7.0—7.5 (m) [10]
8.23(d),'
6.0—7.4 (m) [25]
7.0—7.4 (m) [20]
2.10 (d) (10.0) * [3]
6.7—7.8 (m) [40]
3.20 (q),
6.7—7.7 (m) [40]
2.34 (d) (10.0) * [3],
7.0—7.5 (m) [10]

[Rh(T)-C,MeJ (PMePh,) (S.PMe,)] [BPhJ

[Rh(7)-C5MeJ (NCBPh,) (S.CNMe,)]
[Irfo-C.MeJ (S.CNMe,)J

2.04 (d) (10.0) * [1],
6.8—7.6 (m) [10]
7.0—7.5 (m) [5]

2.12 (d) (12.5) [3],
2.05 (d) (12.5) [6],
0.89 (d) (12.5) [3]

301 1.72 (d) (13.0) [1], 1.48 (d) (4.0) ' [5]
0.75 (d) (13.0) [1]

301 3.17 (s) [2]
301 3.80 (s) [2], 3.28 (s) [2]
357 ' 3.23 (s) [2], 2.36 (s) [2] »
402 e 3.17 (s) (br),

2.47 (s) (br) «
t = Triplet, q = quartet.
* In CDC1, unless otherwise stated. 1 /(PH) (in Hz) values are given in parentheses. Numbers in square brackets indicate

normalised integrated intensities. 'In chlorobenzene. 4 J(CH,CH,) in Hz. 'In (CD,),SO. f Contaminated by some [Rh-
(T)-C5MeJ(SMe,0)(S,CNMe,)][BPhJ (integration not exact). ' /[PH(C,MeJ] in Hz. * Methyl resonance of PMePh,. ' Pyridine
resonance; others masked by phenyl resonances. 1 In (CD,),CO. * Intensity includes aromatic resonances from other ligands.
' C,H, protons in dppe too weak for accurate measurement. ™ Silicone-oil capillary as external reference. " ABM, system with
J{AB) 14.0 Hz, 8(AB) 19.5 Hz. • ABM, system with J(AB) 14.0 Hz, 8(AB) 16.4 Hz.

1.48 (d) (4.0) '

1.79 (s) [5]

1.73 (s) 5

uni- and bi-dentate [SjPRJ" groups was observed
{c/.13 [Pt(PR'3)(S2PR2)2]}. However, on leaving as a
solid in air (for R = Me) or in solution (all R) for several
days some decomposition occurred as indicated by the
appearance of free benzene in the n.m.r. spectra and
of (SjPRj]- ion in the 31P n.m.r. spectra. Decom-

complexes [Ru(r)-CgHg)(S-S)2] (S~S" = [S2COR]~ or
[S2CNR2] ') by the same methods were unsuccessful.
Instead, greenish brown paramagnetic solids were
obtained which contained no co-ordinated benzene ring
(n.m.r. evidence) and therefore were not investigated
further, although most probably mixtures of species
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such as [Ru(S2CNR2)j], [Ru2(S2CNR2)6]C1,16 etc. were
formed.

In an attempt to retain the arene ring, the methyl-
substituted arene dimer [{Ru(rrC8H3Me3)Cl2}2] was
treated with NafS^NRJ and K[S2COR] but again ring
displacement accompanied chloride-ion substitution in
each case. However, with the less nucleophilic [S2PR2]~
(R = Me or Ph), [Ru(r]-C6H3Me3) (SgPR^J were isolated
and characterised as above (Tables 1 and 2). For
R = Me, the complex is more stable than [Ru(rrC6H6)-
(SgPMe^J since it can be heated to 320 K in CDC13
without decomposition, although no fluxional behaviour
was observed up to this temperature.

Since the reactions of (1) with dithioacid ligands did
not generate a very wide range of stable rj-bonded
benzene ruthenium(n)-sulphur complexes, it was decided
to investigate the reactions of the isoelectronic [{Rh-
(v)-C5Me5)Cl2}2] (2) with these ligands because earlier
studies 12 had indicated the inertness of the Rh-C5Me5
bond towards a range of nucleophiles. Thus (2) was
dissolved in either water or methyl cyanide and treated
with an excess of [S~S]~ ion ([S~S]~ = [S2PMe2]~,
[SaPPhJ- [S2CNMe2]~, [S2CNEt2]-, [S2COMe]-, or
[S2COEt]") to give either orange-red solutions which
could be extracted with diethyl ether or methylene
chloride or orange-red precipitates directly which were
readily recrystallised. From analytical and molecular-
weight data and i.r. and n.m.r. spectroscopy (Tables
2—4) these products were formulated as monomeric

[Rh(r)-C5Me5)(S-S)2] (4) containing one bi- and one uni-
dentate [S-S]~ group. As expected, these complexes
were much more stable thermally than the isoelectronic
[Ru(arene)(S2PR2)2] and showed little sign of decom¬
position on leaving in solution for prolonged periods.

Thus, at ambient temperature, the *H n.m.r. spectrum

of [Rh(7]-C5Me5)(S2PMe2)2] in CDC13 consisted of a
singlet at 8 1.71 p.p.m. (from the C5Me5 ring) and a
rather complicated multiplet between 1.8 and 2.3 p.p.m.
On cooling, this multiplet was resolved into three

Table 4

Carbon-13 n.m.r. spectrum (proton-noise decoupled) for
[Rh(7)-C6Me5)(S2CNMea)2] in CDC13 at 318 K °

S'/p.p.m. Assignment
209.7 (d) [2/(RhC) 3.8 Hz] S2CNMe, (bidentate) •
209.0 (s) S2CNMe2 (unidentate)
96.6(d) [V(RhC) 7.3 Hz] C6Me6
45.4br (s) S2CNMet (unidentate)
38.4 (s) S2CNAfe2 (bidentate) *
9.3 (s) C6Me„

" A small amount of tris(pentane-2,4-dionato)chromium was
added. 4 Chemical shifts to high frequency of SiMe4.
e Assigned to bi- rather than uni-dentate [S2CNMe2]_ because
of larger a/(RhC) (see text), and also [Rh(r)-C5Me6)(NCBPh,)-
(S2CNMe2)] with bidentate [SjCNMeJ- resonance at 206.2
p.p.m. [2/(RhC) 4.0 Hz], 'of. [Rh(T5-C6Me6)(NCBPh8)-
(S2CNMe2)] with bidentate [S2CNAf«2]~ resonance at 36.9
p.p.m.

doublets of relative intensity 2:1:1 at 2.11, 1.93, and
1.90 p.p.m. respectively [2/(PH) 12.5 Hz] as expected
for structure (4a; R = Me). On warming the solution,
the doublets broadened and coalesced at 333 K giving a
single doublet centred at 2.02 p.p.m. [2_/(PH) 12.5 Hz]
(Table 3). This phenomenon, which is concentration
independent and reversible with temperature, suggested
that rapid intramolecular scrambling of dithioacid

groups [see equation (1)] was occurring at higher tem¬
peratures {c/.13 [Pt(PR'3)(S2PR2)2]}. The fluxional be¬
haviour of this complex was also monitored by 31P

15 See A. R. Hendrickson, J. M. Hope, and R. L. Martin,
J.C.S. Dalton, 1976, 2032 and refs. therein for better methods of
preparation of these complexes.

R,NC

.-S. ,-R
Me iRh' ^C—-N[

5 "R

(4b)

R = Me or Et
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n.m.r. spectroscopy (Table 2). At ambient tem¬
peratures the spectra consisted of two sharp resonances
which broadened on warming. Although coalescence
of the peaks was not achieved in CDC13 [because of their
large separation (1 474 Hz) and the low boding point of

J.C.S. Dalton
shape analysis on the methylene resonances are given in
Table 5. For [Rh(7]-C5Me5)(S2COMe)2], although two
methyl singlets were observed in the XH n.m.r. spectrum
at 301 K, decomposition occurred before coalescence of
these signals was observed (<345 K).

CDClj], use of chlorobenzene as solvent produced a
single 31P n.m.r. resonance, indicative of fast uni- and
bi-dentate ^PMeJ" exchange at 405 K.

For [Rh(rrC6Me5)(S2CNMe2)2], the XH n.m.r. spectrum
in CDClg at <301 K consisted of two singlets of equal
intensity at 8 3.58 and 3.15 p.p.m. (from [SgCNMeJ")
in addition to the singlet at 1.73 p.p.m. from the C6Me5
ring. Here the two methyl groups on the bidentate

Interestingly, for [Rh(rj-C5Me5)(S2CNEt2)2], the XH
n.m.r. spectrum in CDC13 at 253 K for the methylene
region consisted of an overlapping doublet of quartets
centred at 8 4.17 p.p.m. and a multiplet centred at 3.66
p.p.m. which was readily analysed as arising from an
ABM3 spin system (Table 3). On increasing the tem¬
perature to 343 K, the doublet first became a single
quartet and then broadened, whereas for the multiplet

Table 5

Rates and activation parameters obtained by line-shape analysis for some rhodium(m) and iridium(iu) dithioacid
complexes in PhCl

AH„„t ASa,e< AG>>8*
Complex ln(AJ>8/s ') kj mol 1 kj mol"1 J K_1 mol"1 kj mol"1

[Rh(T)-CsMes)(S,CNMe8),] -0.74 86.3 ± 6 83.8 ± 6 30.5 ± 43 74.7 ± 7 •
[Rh(7)-CsMes)(S,COEt)s] 4 -1.63 88.1 ± 3 85.6 ± 3 28.8 ± 20 77.0 ± 3 «
[Ir(7)-CsMe5)(S,CNMe,),] -4.66 95.1 ± 4 92.6 ± 4 27.5 ± 23 84.4 ±3'

• AGrc' = 72.0 kj mol"1 (T0 — 359 K). 'Obtained from monitoring methylene resonances. ' SGTJ = 75.2 ± 3 kj moh
(T0 = 361 K for methylene resonances). ' Tc >402 K.

[SgCNMeJ- group will be magnetically equivalent as
shown in structure (4b; R = Me) assuming rapid
rotation of the unidentate [SgCNMeJ" group about the
Rh~S and/or C~S bonds. The 13C n.m.r. spectrum of
this complex in CDC13 at 318 K was also consistent with
the proposed structure (4b) (see Table 4). Note that
unequivocal assignment of the signals of the methyl
groups arising from bi- and uni-dentate [SgCNMeJ"
hgands in this spectrum was possible by comparison
with the 13C n.m.r. spectrum of [Rh(y]-C5Mes)(NCBPh3)-
(S2CNMe2)] (see later) which contained only a bidentate
[SgCNMeJ- resonance at 36.9 p.p.m.

On increasing the temperature, broadening of the two
methyl singlets in the JH n.m.r. spectrum occurred
followed by coalescence and the appearance of a singlet
situated midway between the original signals (see Table
3). A full line-shape analysis on this data gave the rate
constants and associated activation parameters for the
kinetic process shown in equation (1) (Table 5). Simi¬
larly, the JH n.m.r. spectrum of [Rh(ifi-CBMe5)(S2COEt)2]
in CBC13 at 301 K consisted of two quartets (CH2) and
two triplets (CH3) as expected for structure (4c; R =
Et). At higher temperatures, coalescence and averaging
of these signals was observed and the results of a hne-

8(AB) first decreased and then broadening occurred. In
chlorobenzene, at >350 K, coalescence of these reson¬
ances occurred to give a broad averaged resonance at
3.77 p.p.m.

This behaviour can be rationalised on the basis of a
' frozen-out' structure (4b; R = Et) in solution at
lower temperature with the two protons of each CH2
group in the bidentate [S2CNEt2]~ ligand forming a
diastereotopic pair, thus producing an ABM3 spin system
for these ethyl groups. Similar patterns have been
observed elsewhere.16 The methylene protons of the
unidentate [S2CNEt2]~ ligands should also produce
diastereotopic pairs and hence an ABM3 spin system for
the ethyl groups. However, in this instance, the differ¬
ence in chemical environment was probably so slight
because of ready rotation about the Rh-S and/or C~S
bonds that the outer lines of the ABM3 pattern were too
weak to be observed. Increasing the temperature then
led to both rapid rotation about the -CN bonds and
uni- and bi-dentate exchange which produced equivalence
of all the methylene protons on the n.m.r. time scale.

Although the error limits for the kinetic line-shape
11 See, for example, R. J. Cross, T. H. Green, and R. Keat,

J.C.S. Dalton, 1976, 1150.
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- data given in Table 5 are rather large, especially for the
AS* values, comparisons with kinetic data obtained for
the related [Pt(S~S)2L] complexes 13 are of interest. In
the latter, the negative AS* values and the dependence
of rate on both dithioacid ligand and L group were
interpreted in terms of an associative intramolecular
mechanism. In this instance, the positive AS1 values
indicate an essentially dissociative intramolecular process
which is consistent with other kinetic studies on rhodium-

(m) complexes.17
For completion, the analogous [Ir(T)-C5Me6)(S2CNMe2)g]

was synthesised from [{Ir^-C^Me^Cyj 12 and an excess
of Na[S2CNMe2]*2H20. A line-shape analysis performed
on the 1H n.m.r. spectra of this complex gave the kinetic
parameters shown in Table 5. Again, an essentially
dissociatively controlled, intramolecular, exchange pro¬
cess was suggested (positive AS* value) and the con¬
siderably larger AG^t value compared to the rhodium
analogue was in keeping with the more inert co-ordin¬
ation sphere expected for a third-row compared to a
second-row transition-metal complex belonging to the
same triad. Finally, the excellent agreement between
AG^gt and AGt} (Tc = coalescence temperature) for
these complexes provided a good internal check on the
validity of this line-shape data.

*e ^Rh' SN)

(5) S-S" = [S2CNMe2]7[S;>PMe2]:or [S2PPh2r

If (2; M = Rh) was treated with either NafSjCNMeJ*
2H20, Na[S2PMe2]-2H20, or [NH4][S2PPh2] in a 1:2
mol ratio, then the monomeric complexes [Rh(rrC5Me5)-
C1(S~S)] (5) were formed. Similarly, reaction of (1;
arene = CeHg) with [NH4][S2PPh2] (1 : 2 mol ratio) in
methanol gave [Ru(7]-C6H6)Cl(S2PPh2)], although with
NafSjjPMeJ^P^O only [Ru(rrC6H6) (S2PMe2)2] could be
isolated. Attempts to make [Rh(r)-C8Me8)Cl(S2COR)]
were also unsuccessful due to the formation of in¬

separable mixtures whose i.r. spectra indicated the
formation of some dithiocarbonate [S2CO]2" as well as
alkyl dithiocarbonate complexes.

The above complexes have been fully characterised by
analytical data, i.r. [v(PS2) and v(CN) positions], and
4H and 31P n.m.r. studies (Tables 2—4). For example,
the 31P n.m.r. spectrum of [Rh(r)-C8Me8)Cl(S2PMe2)] in
CDC13 at 298 K contained a doublet at S 87.6 p.p.m.
[V(RhP) 10.8 Hz] {cf. [Rh(71-C5Me6)(S2PMe2)2] whose
31P n.m.r. spectrum at 233 K had two doublets at 93.9
[27(RhP) 10.1] and 57.5 p.p.m. [V(RhP) 3.6 Hz]}.
This clearly showed that the higher-frequency reson-

17 See ' Inorganic Reaction Mechanisms,' vol. 2, Specialist
Periodical Rep., The Chemical Society, London, 1972, p. 170.

ances were due to bidentate [SgPMeJ- groups and that
these could also be differentiated from unidentate
[SjPMeJ- groups by virtue of their larger 2/(RhP)
coupling constants. Similarly, for [Pt(PMe2Ph)-
(SjPPhjJJ, it was found that at 218 K the 31P n.m.r.
signal of the bidentate [S2PPh2]~ group was a triplet at
87.8 p.p.m. [2/(PtP) 276.6 Hz] and the unidentate
[S2PPhJ~ group gave a triplet at 57.1 p.p.m. [2/(PtP)
105.3 Hz].18 Further examples include [Ru(i)-CgHa)Cl-
(SgPPhg)] (31P n.m.r. at 298 K showed a singlet at 91.7
p.p.m.) compared to [Ru(rrCgHg) (S2PPh2)2]i (singlets at
85.9 and 68.9 p.p.m.) and [Pt(PPh3)2(S2PPh2)][PF,]
whose 31P n.m.r. spectrum had a triplet at 92.1 p.p.m.
[^/(PtP) 254.7 Hz] from the bidentate [S2PPh2]~
group.18 Thus, 31P n.m.r. chemical shifts and coupling
constants (where appropriate) in these [SgPRJ- com¬
plexes are, like v(PS2) values,13-14 diagnostic of the
type(s) of co-ordination present.

The complexes [Rh(7)-C8Me8)Cl(S-S)] (5) were useful
starting materials for synthesising a variety of com¬
plexes. Thus, reaction of (5; S-S- = [SjCNMeJ-) in
methanol with an excess of either LiBr, Nal, or K[SCN]
led to replacement of the chloride group to give [Rh-
(7)-C6Me6)X(S2CNMe2)] (X = Br-, I-, or SCN-), whereas
reaction with Na[S2PMe2],2H20 (1 : 1 mol ratio) in
methyl cyanide gave the mixed dithioacid complex
[Rh(-rj-CsMe5)(S2CNMe2)(S2PMe2)] (6). The i.r. spectrum
of this complex had bands at 1 524 and 600 cm-1
indicative of bidentate [SjCNMeJ- (ref. 19) and uni¬
dentate [S2PMe2]" co-ordination 13 respectively. Like
the analogous [Pt(PR3)(S2CNEt2)(S2PMe2)] (PRS =

PMePh218 or PPh3 *•), JH n.m.r. studies show that (6)
was stereochemically rigid at elevated temperatures, a
fact attributed to the low nucleophilicity of [S2PMej]-
compared to [SgCNMeJ-. Similarly, reaction of (5;
S-S- = [S2CNMe2 with [NHJfSgPPhj] and

Me2P

--S. ,Me
Me JRh'
^5 Ns«< ^Me

(6)

K[S2COMe] (1 : 1 mol ratio) gave [Rh(ir)-C5Me5)-
(S2CNMe2) (S2PPh2)] and [Rh(Y!-C6MeB)(S2CNMe2)-
(S2COMe)] respectively. Again, i.r. studies on
[Rh(r)-C5Me5)(S2CNMe2)(S2PPh2)] clearly indicated uni¬
dentate [SgPPhj]- [v(PS2) at 646 and 535 cm"1] 14 and
bidentate [SgCNMeJ- [v(CN) at 1 520 cm"1] 19 co¬
ordination. For [Rh(rj-C5Me5)(S2CNMe2)(S2COMe)] the

18 M. C. Cornock and T. A. Stephenson, J.C.S. Dalton, 1977,
501.

" See D. C. Bradley and M. H. Gitlitz, /. Chem. Soc. (A), 1969,
1152 and refs. therein.

i0 M. C. Cornock and T. A. Stephenson, J.C.S. Dalton, 1977,
683.
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value of v(CN) (1 530 cm"1), together with the position
of the methyl singlet (3.28 p.p.m.) in its XH n.m.r.
spectrum {which compared favourably with those in
[Rh(r)-C5Me5)Cl(S2CNMe2)] (3.20) and [Rh(r)-C5Me5)-
(S2CNMe2) (S2PMe2)] (3.21 p.p.m.)}, also supported bi-
dentate [SgCNMeJ co-ordination.

If [Rh(y]-C5Me5)Cl(S2CNMe)2)] was dissolved in methanol
a conducting solution was obtained and addition of
Na[BPh4] precipitated solvated [Rh(rrC5Me5)(HOMe)-
(S2CNMe2)][BPh4]. The latter was then used as a pre¬
cursor for synthesising a range of cationic complexes of
the type [Rh(7)-C5Me5)(S2CNMe2)L][BPh4] (L = PPh3,
PMePh2, CO, AsPhg, or C5H5N). Similarly, reaction of
[Rh(7)-C5Me5)Cl(S2PPh2)] and [Ru(^C6H6)Cl(S2PPh2)] in
alcoholic media with excess of L followed by addition of
[NH4][PFb] gave the analogous [Rh(r]-C,Me5)(S2PPh2)L]-
[PF6] (L = PMePh2 or PPh3) and [Ru(t)-C6H6)-

gave a yellow precipitate which analysed closely for the
dimeric [{Rhfo-C6Me,)(S2CNMe2)}2(dppe)][BPh4]2.
Support for this formulation came from the conductivity
value in methylene chloride which was considerably
higher than the values found earlier, and elsewhere,13 for
1 : 1 electrolytes containing similar anions. The i.r.
spectrum indicated bidentate [S2CNMe2]" co-ordination,
and the 1H n.m.r. spectrum integrated for one dppe to
two [SgCNMeJ" to two C5Me5 groups. Furthermore, the
small doublet splitting of 3.0 Hz of the latter resonance,
arising from coupling of a phosphorus ligand to the C6Me5
protons, indicated that only one P atom was bound to
each rhodium atom. On the basis of this evidence the

complex was formulated with structure (7) (c/.12 the rel¬
ated [{Rh(r)-C5Me5)Cl2}2(dppe)]). Likewise (5; S~S~ =

[S2CNMe2]") reacted with excess of dppm and Na[BPh4]
in methanol to give [{Rh(T)-C5Me5)(S2CNMe2)}2(dppm)]-

(S2PPh2)L][PF6] [L = PPh3, PMePh2, P(OMe)3, SbPh3, [BPh4]2 and [Rh(7]-C5Me5)Cl(S2PPh2)], dppe, and
or C5H5N] respectively. Alternatively, this type of
complex could be prepared by shaking either [Ru(arene)-
C12(NC5H5)] (arene = C6H610 or C6H3Me3n), Na[S2PMe2]-
2H20 (or [NH4][S2PPh2]) (1 : 1 mol ratio), and excess of

Na[BPh4] gave [{Rh(r,-C5Me5)(S2PPh2)}2(dppe)][BPh4]2.
In view of the above studies, a surprising reaction

occurred when (5; S-S" = [S2PMe2]", [S2PPh2]", or
[S2CNMe2]") were treated with C2(CN)4 in methanol,

Ph2 Ph2
P(CH2)nP [BPh4]2

(7) /> = 1 or 2

Na[BPh4] in acetone to give [Ru(arene)(NC5H5)(S-S)]-
[BPh4], or [Rh(r)-C5Me5)Cl2(PPh3)],12 Na[S2PMe2]-2H20
(or Na^CNMeJ^HgO) (1 : 1 mol ratio), and excess of
Na[BPh4] in ethanol to give [Rh(r)-C5Mes)(PPh3)(S-S)]-
[BPh4],

All these complexes, which are 1 : 1 electrolytes in
methylene chloride, have been fully characterised by
elemental analyses, and i.r. (which showed bidentate
dithioacid co-ordination), XH, and, in certain cases, 31P
n.m.r. spectroscopy (Tables 2—4). For example, the
31P n.m.r. spectrum of [Rh(T)-C5Me5)(PPh3)(S2PMe2)]-
[BPh4] in CDC13 at 298 K consisted of an overlapping
doublet of doublets at S 103.3 p.p.m. (bidentate
[SaPMeJ" resonance) due to the fortuitously similar
values of 27(RhP) 9.2 and 3/(PP) 9.7 Hz, and a doublet
of doublets at 35.9 p.p.m. (PPh3) with 1J(RhP) 144.8
and3/(PP) 9.7 Hz.

Attempts to make related cationic complexes by
reaction of (5; S-S" = [S2CNMe2]"), a large anion, and
potentially bidentate ligands such as 2,2'-bipyridyl,
1,10-phenanthroline, and cyclo-octa-l,5-diene were
unsuccessful. However, treatment of (5; S-S" =

[SaCNMeJ") with an excess of dppe in methanol, followed
by addition of Na[BPh4] to the resulting yellow solution,

followed by addition of Na[BPh4], Instead of the
expected [Rh(7]-C5Me5){C2(CN)4}(S-S)][BPh4], yellow
non-conducting solids were isolated whose analytical
data were consistent with the formulation [Rh(7]-C5Me5)-
(NCBPh3)(S-S)] (8). Additional evidence for the formu¬
lation of (8) as zwitterionic complexes containing the

Ph3BCN

(8) S-S"= t S2PMe217[S2PPh2)7 or [S2CNMe2]~

cyanotriphenylborate anion was based on spectroscopic
data. Thus, the i.r. spectra of all complexes (8) con¬
tained a CN stretching band at ca. 2 180 cm"1, indicative
of cyanide rather than isocyanide co-ordination of the
[BPh3(CN)]" group 21 and all showed bands character¬
istic of bidentate co-ordination of the dithioacid ligands.
The mass spectrum of (8; S-S" = [SgCNMeJ") had a

81 S. J. Lippard and P. S. Welcker, Inorg. Chem., 1972, 11, 6.
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peak at m/e 620 corresponding to [Rh^-CjMeJ-
(NCBPhs)(S,|CNMes)]+ together with a fragmentation
pattern consistent with this formulation. Furthermore,
the 1H n.m.r. spectrum of (8; S~S~ = [S,CNMej]~) in
CDClg at 303 K had the expected three signals at
1.79 (s) (CsMe6), 3.17 (s) ([^CNMeJ"), and 7.0—7.5 (m)
p.p.m. [PhgBCN]-) of relative intensity 6:2:5.

However, unequivocal proof of the solid-state struc¬
ture of (8; S-S" = [SgPMeg]-) came from a preliminary
X-ray structural analysis22 which showed a Rh~N
distance of 2.00 A. In fact, only a few examples of
transition-metal complexes of cyanotriphenylborate
have been found in the literature {viz. [M(t)-C8H6)-
(NCBFh,)(PPhg)J (M = Fe or Ru),28 [Ru(rrC6H5)-
(CNBPhg) (PPhs)g] and [Cu(NCBPhs)(PPhs)]-
CHC1S 21} and all these were prepared by means of direct
reaction with Na[BPhs(CN)].* Here, the [BPh3(CN)]~
anion was generated in situ, possibly by reaction of
hydrogen cyanide with [BPh4]~, since earlier studies on
C2(CN)4 have shown that HCN was readily released on its
reaction with alkoxide ions in the presence of certain
catalysts.24

However, it should be noted that this rather unusual
reaction is not confined to rhodium. Thus, reaction of
[Ru(rrC#H8)Cl(S2PPh2)] with a methanolic solution of
C2(CN)4 and Na[BPh4] gave [Ru(rrCeH6)(NCBPh3)-
(S2PPh2)]; also [PdCl(PMe2Ph)(S2CNEt2)] on treatment
with Ag[BF4]-tetrahydrofuran (thf) {which gave18
[Pd(PMe2Ph)(S2CNEt2)(thf)]}, followed by C2(CN)4 and
Na[BPh4] in methanol gave [Pd(NCBPh3)(PMe2Ph)-
(S2CNEt2)].

Finally, by analogy with earlier studies on complexes
of type cis-[M(PMe2Ph)2(S2PMe2)J (M = Ru or Os),
which underwent ready cleavage of M~S bonds with CO
to give complexes such as [M(CO)(PMe2Ph)2(S2PMe2)2]
containing a unidentate [S2PMe2J~ linkage,2'8 it was
hoped to generate [Rh(ir)-C5Mes)(S2PMe2)2L] containing
two unidentate [SgPMej" ligands by reaction of [Rh-
(rj-C6Me5) (S2PMe2)2] with various L in non-polar solvents.
However, even in benzene with PMePh2, the only product
isolated was [Rh(r)-C5MeB)(PMePh2)(S2PMe2)][S2PMe2]
indicating that loss of the unidentate [SgPMeJ group
here is always the preferred process. This complex,
which was fully characterised by analytical and spectro¬
scopic data (see Table 3), showed no evidence for
bidentate-ionic dithioacid exchange up to 343 K (c/. the
related [Pt(PR3)2(S-S)][S-S] {S-S~ = [SgCNRJ" (ref. 27)
or [SjjPMeJ- (ref. 13)}.

EXPERIMENTAL

Microanalyses were by B.M.A.C. and the University of
Edinburgh Chemistry Department. Molecular weights
were determined on a Mechrolab model 301A vapour-

9 Very recently, some platinum(n) complexes containing both
NCBPh, and CNBPha linkages have been prepared, both by
reaction 81 of the cyano-complexes with BPh, and by reaction of
[PtH(CI)(PEt,)j] with Na[BPh,(CN)].«

f Hydrogen-1 spectral data for other rhodium(m) dithioacid
complexes are given in the Supplementary Publication.
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pressure osmometer calibrated with benzil. Infrared
spectra were recorded in the 250—4 000 cm"1 region on a
Perkin-Elmer 457 grating spectrometer using Nujol and
hexachlorobutadiene mulls on caesium iodide plates.
Conductivity measurements were made on a Portland
Electronics 310 conductivity bridge at 298 K. Hydrogen-1
n.m.r. spectra were obtained on a Varian Associates IIA-100
spectrometer equipped with a variable temperature probe
and on a Varian EM-360 spectrometer. Phosphorus-31
n.m.r. spectra (proton-noise decoupled) were obtained
on a Varian XL-100 spectrometer operating in the pulse
and Fourier-transform modes at 40.5 MHz (S1P chemical
shifts quoted in p.p.m. to high frequency of 85% H,P04),
and "C n.m.r. spectra (proton-noise decoupled) on a Varian
CFT-20 spectrometer operating at 20 MHz (18C chemical
shifts quoted in p.p.m. to high frequency of SiMe4). Mass
spectra were recorded on an A.E.I. MS9 spectrometer.
Melting points were determined with a Kofler hot-stage
microscope and are uncorrected. The kinetic line-shape
analysis was carried out as detailed in ref. 13 and AGTt
calculated by use of equation (2) where Te = coalescence

AGr0: = 19.06 To[10.319 + log Tc/krJ » (2)

temperature and kTe = rate constant at temperature
Tc (= tcAv0/2*) where Av„ = separation of peaks in the
absence of exchange.

Analytical, molecular weight, and conductivity data are
given in Supplementary Publication No. SUP 22220, and
JH n.m.r. data for ruthenium, and selected rhodium and
iridium complexes in Tables 1 and 3,} and "P n.m.r. data
in Table 2. Infrared bands diagnostic of the mode of co¬
ordination of [SjPMeJ- (ref. 13) and [S,PPhg]~ ligands 14
are listed for the various complexes (b = bidentate, u =

unidentate, i = ionic). Finally, all the reactions under
reflux were carried out in degassed solvents under an
atmosphere of nitrogen.

Ruthenium Complexes.—(-r\-Benzene)bis{dimethylphos-
phinodithioato)ruthenium(ii). The complex [{Ru(i)-C4H4)-
Cl2}2] 10 (0.20 g, 0.4 mmol) was dissolved in water with
gentle warming. Excess of NafSjPMeJ^HjO (0.55 g,
3 mmol) was then added to the orange solution, producing
an immediate colour change to deep red. Extraction with
diethyl ether, followed by separation and drying over
anhydrous sodium sulphate gave a red ether solution.
Concentration of this solution gave a dark red crystalline
precipitate, m.p. 140 °C (decomp.), v(PS,) at 603(u) and
584(b) cm-1. (ir\-Benzene)bis{00'-dimethyl dithiophosphato)-
ruthenium(n) was similarly prepared as a dark red crystalline
solid, m.p. 110 °C (decomp.), from [{Ru(rj-C,H,)CI,},] and
Na[SjP(OMe)j].

(r\-Benzene)bis(00'-diethyl dithiophosphato)ruthenium(li).
A similar preparation gave an oil on concentration of the

" For details, see M. C. Cornock, D. R. Robertson, T. A.
Stephenson, C. L. Jones, G. H. W. Milburn, and L. Sawyer, J.
Organometallic Chem., 1977, 135. C50.

13 R. J. Haines and A. L. du Preez, J. Organometallic Chem.,
1975, 84, 357.
" L. E. Manzer and G. W. Parshall, Inorg. Chem., 1976, 15,

3114.
" L. E. Manzer and M. F. Anton, Inorg. Chem., 1977, 16, 1229.
" W. J. Middleton and V. A. Engelhardt, J. Amer. Chem. Soc.,

1958, 80, 2788.
" J. M. C. Alison and T. A. Stephenson, J.C.S. Dalton, 1973,

254.
18 See T. R. Jack and J. Powell, Canad. J. Chem., 1975, 58,

2558.
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ether solution. This was dissolved in the minimum volume
of methanol and addition of water then precipitated slowly
an orange crystalline solid, m.p. 132 °C (decomp.).

(r)-Benzene)bis(diphenylphosphinodithioato)ruthenium(n).
The product from reaction of [{Rufrj-C.H.JCl,},] and excess
of [NHJfSjPPhJ in water was extracted with methylene
chloride. Addition of light petroleum (b.p. 60—80 °C) to
this solution then gave a brick-red solid, m.p. 175 °C,
v(PS,) at 643 and 548(u) and 610 and 575(b) cm"1.

Bis(dimethylphosphinodithioato)(i)-mesitylene)ruthenium-
(n), red, m.p. 145 °C (decomp.), v(PS,) at 601(u) and 585(b)
cm-1, and bis(diphenylphosphinodithioato)(ri-mesitylene)-
ruthenium(n), orange-red, m.p. 186 °C, v(PS,) at 647 and
541(u), and 604 and 580(b) cm-1, were prepared as above
using [{Ru(7)-C,H,Me,)Cl,}J and an excess of Na[S,PMe,]-
2H,0 or [NHJfSjPPhJ respectively, the products pre¬
cipitating directly from the aqueous media.

(r\-Benzene)chloro(diphenylphosphinodithioato)ruthenium-
(n). The complex [{Ru(t)-C8H8)C12}2] (0.20 g, 0.4 mmol)
was stirred in methanol (15 cm3) with [NHJfSjPPh,]
(0.21 g, 0.8 mmol) (1 : 2 mol ratio) for several hours. After
removal of solvent, the residue was recrystallised from
methylene chloride-hexane to give a red solid, m.p. 190 °C
(decomp.), v(PS2) at 608 and 587(b) cm"1.

(r\-Benzene) (dimethylphosphinodithioato)pyridineruthen-
ium(u) tetraphenylborate. The complex [Ru(t)-C8H6)C12-
(NC6H5)] 10 (0.066 g, 0.2 mmol), Na[S,PMe,]-2H20 (0.037 g,
0.2 mmol), and excess of Na[BPh4] (0.12 g, 0.4 mmol)
were shaken in acetone (25 cm3) for 3 h. A white pre¬
cipitate of NaCl was filtered off and the orange solution was
concentrated at ca. 5 cm3. Addition of diethyl ether then
gave a yellow precipitate which was washed with warm
water and diethyl othor and rocryetallisod from methylene
chloride-hexane, m.p. 220 °C (decomp.), v(PS2) at 582(b)
cm"1.

Similarly prepared were (diphenylphosphinodithioato)-
(■T)-mesitylene)pyridineruthenium(u) tetraphenylborate from
[Ruto-C.H.MejJCl.fNCjHs)],11 [NH4][S2PPh2], and Na[BPhJ
as a yellow solid, m.p. 199 °C (decomp.), v(PS2) at 604 and
580(b) cm"1 and (dimethylphosphinodithioato)(i)-mesitylene)-
pyridineruthenium(u) tetraphenylborate, v(PS2) at 582(b)
cm"1, from [Ru(r]-C,H3Mes)Cl2(NC6H6)], Na[S2PMe2]-2H20,
and Na[BPhJ.

(t)-Benzene) (diphenylphosphinodithioato) (triphenylphos-
phine)ruthenium(u) hexafluorophosphate. The complex [Ru-
(7|-C,H,)Cl(S2PPh2)] (0.09 g, 0.2 mmol) was shaken in
ethanol with excess of triphenylphosphine (0.10 g, 0.4
mmol) and [NHJfPF,] (0.06 g, 0.4 mmol) for several hours.
The solvent was removed, the residue dissolved in acetone,
and the solution filtered. Addition of diethyl ether then
gave a yellow precipitate which was washed with warm
water then diethyl ether and dried in air, m.p. 215 °C
(decomp.), v(PS2) at 605 and 580(b) cm"1. The following
yellow complexes were prepared similarly: [Ru(t]-C,H8)-
(PMePhj)(S2PPh2)][PFt], m.p. 129 °C, v(PS2) at 602 and
580(b) cm"1; [Ru(r)-C<Hi){P(OMe)s}(S2PPh2)][PF,], m.p.
190 °C, v(PS2) at 603 and 580(b) cm"1; [Ru(t)-C,H,)-
(SjPPh,)(SbPhj)][PF,], m.p. 211 °C, v(PS2) at 600 and
577(b) cm"1; and [Ru(T)-C,H,)(NC,Hs)(S2PPh,)][PF,], m.p.
202 °C, v(PSj) at 605 and 580(b) cm"1.

(-^-Benzene) (cyanotriphenylborato) (diphenylphosphino-
dithioato)ruthenium(il). The complex [Ru(t)-C,H,)C1-
(S2PPh,)] (0.09 g, 0.2 mmol) dissolved in methanol on
addition of tetracyanoethylene (0.13 g, 1.0 mmol) to give a
yellow solution. Addition of excess of Na[BPhJ to this
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solution then gave a yellow precipitate, m.p. 210 °C (de¬
comp.), v(PS2) at 602 and 580(b) cm"1.

Rhodium Complexes.—Bisldimethylphosphinodithioato)-
(t)-pentamethylcyclopentadienyl)rhodium(iu). The complex
[{Rh^-CjMejJCl,},] 13 (0.12 g, 0.2 mmol) was dissolved in
water (20 cm3) by warming and excess of NafSjPMeJ^HjO
(0.28 g, 1.5 mmol) added to the filtered solution. The
resulting dark red solution was extracted with methylene
chloride, and the organic layer separated and dried over
anhydrous NajfSOJ. Hexane was then added and the
methylene chloride allowed to evaporate off slowly giving
a red crystalline solid, m.p. 181 °C, v(PS2) at 600(u)
and 588(b) cm"1. Bis(diphenylphosphinodithioato)(r\-penta-
methylcyclopentadienyl)rhodium(m), m.p. 214 °C, v(PS2) at
648 and 539(u), and 603 and 575(b) cm"1, was similarly
prepared from ({Rh^-CjMeJClj},] (0.12 g) and [NH,]-
[S2PPh2] (0.42 g).

Bis (dimethyldithiocarbamato) (t\-pentamethyIcyclopenta-
dienyl)rhodium(m). The complex [{Rh(7yC5Me6)Cl2}2] (0.12
g, 0.2 mmol) was dissolved in water (20 cm3). Addition of
excess of NafSjCNMeJ^HjO (0.28 g, 1.6 mmol) gave a red
precipitate which was recrystallised from methylene chloride-
light petroleum (b.p. 60—80 °C), m.p. 218 °C. Bis(diethyl-
dithiocarbamato)(r\-pentamethylcyclopentadienyl)rhodium(m),
m.p. 223 °C, was similarly prepared from [(Rh(r]-C5Mes)-
Cl2}2] (0.12 g) and Na[S2CNEt2]-3H20 (0.33 g).

Bis(0-methyl dithiocarbonato) (-r\-pentamethylcyclopenta-
dienyl)rhodium(ui). The complex [{Rh^-QMe^Cl,},] (0.12
g, 0.2 mmol) was dissolved in water (20 cm3). Addition of
excess of K[S2COMe] (0.23 g, 1.6 mmol) gave an oily bright
orange precipitate which was extracted from aqueous
solution by diethyl ether. The orange ether solution was
thon concentrated to dryness and the residue recrystallised
from acetone-water. Bis(0-ethyl dithiocarbonato)(i)-penta-
methylcyclopentadienyl)rhodium(iu), m.p. 120 °C, was simi¬
larly prepared from [{Rh(r)-C6Me5)Cl,}1] (0.12 g) and excess
of K[S2COEt] (0.26 g).

Chloro(dimethyldithiocarbamato)(y]-pentamethylcyclopenta-
dienyl)rhodium(ui). The complex [{Rh^-CjMeJCl,},] (0.12
g, 0.2 mmol) was dissolved in methyl cyanide (20 cm3),
Na[S2CNMe2]*2H20 (0.072 g, 0.4 mmol) added (1 : 2 molar
ratio), and the solution stirred for several hours. After
filtering to remove NaCl, the solution was evaporated to
dryness and the residue recrystallised from methylene
chloride-hexane, m.p. 273 °C, v(RhCl) at 270 cm"1. Chloro-
(dimethylphosphinodithioato) (r^-pentamethylcyclopentadienyl)-
rhodium(m), v(PS2) at 588(b) cm"1 and v(RhCl) at 265 cm"1,
and chloro(diphenylphosphinodithioato) (y\-pentamethylcyclo-
pentadienyl)rhodium(m), m.p. 247 °C, v(PS2) at 603 and
574(b) cm"1, v(RhCl) at 270 cm"1, were similarly prepared
using Na[S2PMej]-2H20 and [NHJfSjPPhJ respectively
and recrystallising from chloroform-light petroleum (b.p.
60—80 °C).

Bromo (dimethyldithiocarbamato) (-^-pentamethyIcyclopenta-
dienyl)rhodium(m). The complex [Rh(7]-C6Me6)Cl-
(SjCNMe,)] was shaken with excess of lithium bromide for
several hours in methanol. The solution was then evapor¬
ated to dryness and the residue extracted with methylene
chloride. After filtering through Celite and adding hexane,
slow evaporation of methylene chloride gave a dark red
crystalline precipitate, m.p. 235 °C. The analogous
[Rh(7)-C,Mes)I(S2CNMe2)], m.p. 247 °C, and [Rh(T)-C6Me5)-
(SCN)(S2CNMe2)], m.p. 151 °C, v(CN) at 2 085 cm"1, were
similarly prepared from [Rh(Tj-C5Me6)Cl(S2CNMe2)] and
Nal or K[SCN] respectively.
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(Dimethyldithiocarbamato)(dimethylpho$phinodithioato)-
(ri-pentamethylcyclopentadienyl)rhodium(in). The complex
[Rh(Tj-C6Me,)Cl(S,CNMeI)] (0.153 g, 0.4 mmol) and Na-
[SjPMeJ^HjO (0.074 g, 0.4 mmol) (1 : 1 mol ratio) were
stirred in methyl cyanide for 3 h. The solution was
filtered to remove NaCl, concentrated to dryness, and the
residue recrystallised from methylene chloride-pentane,
m.p. 157 °C, v(PS#) at 600(u) cm-1. Similarly, (dimethyl-
dithiocarbamato) (diphenylphosphinodithioato) (rj-pentamethyl-
cyclopentadienyl)rhodium(m), m.p. 224 °C, v(PS,) at 646
and 535(u) cm-1, and (dimethyldithiocarbamato) (O-methyl
dithiocarbonato) (-r\-pentamethylcyclopentadienyl)rhodium(m),
m.p. 181 °C, were prepared from [Rh(7)-C5Me,)Cl(S,CNMe,)]
and [NHJfSjPPh,] or K[S,COMe] respectively.

(Dimethyldithiocarbamato) (methanol) (T\-pentamethylcyclo-
pentadienyl)rhodium(m) tetraphenylborate. The complex
[Rh(7)-C,Me,)Cl(S,CNMe,)] was dissolved in methanol and
addition of excess of Na[BPhJ precipitated an orange
solid, m.p. 197 °C.

(Dimethyldithiocarbamato) (rrpentamethylcycIopentadienyl) -

(triphenylphosphine)rhodium(m) tetraphenylborate. Method
A. The complex [Rh(r)-C,Me§)Cl,(PPh,)] 11 (0.11 g, 0.2
mrnol) was shaken in ethanol with excess of Na-
[S,CNMe,]-2H,0 (0.09 g, 0.5 mmol) and Na[BPhJ (0.17 g,
0.5 mmol) for 24 h. The resulting orange solid was filtered
off and washed thoroughly with warm water, ethanol, and
diethyl ether, m.p. 205 °C. The analogous [Rh(?)-C6Me6)-
(PPh,)(S,PMe,)][BPhJ, m.p. 216 °C (decomp.), was pre¬
pared by the same method, using [Rh(7)-C6Me6)Cl,(PPh,)]
and excess of Na[S,PMe,]-2H,0 [v(PS,) at 573(b) cm"1].

Method B. The complex [Rh(r)-C6Mes)Cl(S,CNMe,)]
(0.08 g, 0.2 mmol) was dissolved in methanol and excess
of PPh3 (0.13 g, 0.5 mmol) added. The solution became
orange-yellow on gentle warming and addition of Na[BPht]
gave an orange crystalline product on cooling. Similar
methods were used to prepare the analogous [Rh(r,-C5Me5)-
(PMePh,)(S,CNMe,)][PF,]. [Rh(vC6Me5}(NC6H5)-
(S,CNMe,)][BPhJ, m.p. 97 °C, and [Rh(AsPh3)(r)-C6Me6)-
(S,CNMe,)][BPhJ, m.p. 192 °C.

Carbonyl(dimethyldithiocarbamato)(-i\-pentamethylcyclo-
pentadienyl)rhodium(iu) tetraphenylborate. The complex
[Rh(ipC6Me6)Cl(S,CNMe2)] (0.10 g, 0.25 mmol) was dis¬
solved in methanol (50 cm3) and carbon monoxide bubbled
through the solution for 4 h. Addition of Na[BPhJ to the
resulting yellow solution gave a crystalline yellow solid,
m.p. 183 °C, v(CO) at 2 070 cm"1.

(Diphenylphosphinodithioato) (methyldiphenylphosphine) -

(■r]-pentamethylcyclopentadienyl)rhodium(m) hexafluorophos-
phale. The complex [Rh(rl-C5Me5)Cl(S2PPh2)] (0.10 g, 0.2
mmol) was dissolved in methanol (15 cm3). On addition
of several drops of PMePh,, the solution became yellow and
addition of excess of [NHJ [PF8] then gave an orange-yellow
crystalline solid, v(PS,) at 603 and 577(b) cm"1. (Diphenyl¬
phosphinodithioato) (rfpentamethylcyclopentadienyl) (triphenyl-
phosphine)rhodium(ui) hexafluorophosphate was similarly
prepared, m.p. 214 °C, v(PS,) at 608 and 572(b) cm"1.
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p-[1,2-Bis(diphenylphosphino)ethane] -bis [dimethyldithio¬
carbamato) (-r\-pentamethylcyclopentadienyl)rhodium(m)] bis-
(tetraphenylborate). The complex [Rh(i)-C,Me,)Cl-
(S,CNMe,)] (0.08 g) was dissolved in methanol. Addition
of excess of Ph,PCH,CH,PPh, (dppe) (0.15 g) accompanied
by gentle warming gave a yellow solution from which a
yellow solid was precipitated on addition of Na[BPhJ,
m.p. 217 °C. The complex [{Rh^-QMe,) (S,CNMe,) },-
Ph,PCH,PPh,][BPhJ,, m.p. 200 °C, was similarly prepared.
y.-[l,2-Bis (diphenylphosphino)ethane] -bis[(diphenylphos-
phinodithioato)(i)-pentamethylcyclopentadienyl)rhodium(ni)]
bis(tetraphenylborate), v(PS,) at 603 and 574(b) cm"1, was
also prepared as above from [Rh(C,Me,)Cl(S,PPh,)], dppe,
and Na[BPhJ.

(Dimethylphosphinodithioato) (methyldiphenylphosphine) -

(r[-pentamethylcyclopentadienyl)rhodium(iu) dimethylphos-
phinodithioate. The complex [Rh(7]-C6Mes)(S,PMe,)1] was
dissolved in benzene and several drops of PMePh, were
added to give a yellow solution which, on standing, deposited
a yellow crystalline solid, m.p. 226 °C, v(PS,) at 610(i) and
575(b) cm"1.

(Cyanotriphenylborato) (dimethyldithiocarbonato) (r\-penta-
methylcyclopentadienyl)rhodium(m). The complex [Rh-
(7j-C6Me5)Cl(S,CNMe,)] (0.10 g, 0.25 mmol) was dissolved in
methanol (10 cm3) and treated with tetracyanoethylene
(0.13 g, 1.0 mmol). On gentle warming a yellow solution
was formed which on treatment with Na[BPhJ gave an
orange-yellow crystalline solid on cooling, m.p. 221 °C,
v(CN) at 2 180 cm"1. The analogous complexes [Rh-
(T)-C5Me6)(NCBPh,)(S,PMe,)], m.p. 225 °C, v(CN) at 2 180,
v(PS,) at 577(b) cm"1, and [Rh(7)-C5Me5)(NCBPh,)(S,PPh^],
m.p. 237 °C, v(CN) at 2 180, v(PS,) at 603 and 575(b) cm"1,
were prepared from C,(CN)„ Na[BPh4], and [Rh^-CjMejJCl-
(S,PMe,)] or [Rh(r]-C6Me5)Cl(S,PPh,)] respectively.

Iridium Complexes.—B: s (a i me thyldithiocarbamato)-
(T]-pentamethylcyclopentadienyl)iridium(iu). The complex
[{Ir(7j-C6Me5)Cl,},] 13 (0.16 g, 0.2 mmol) was dissolved in
methyl cyanide (20 cm3) together with Na[S,CNMeJ-2H,0
(0.28 g, 1.6 mmol) and the resulting yellow solution stirred
for 2 h. After filtering off NaCl, the filtrate was evaporated
to dryness and the residue extracted with methylene
chloride. Excess of Na[S,CNMe,]-2H,0 was filtered off and
addition of hexane gave the yellow product, m.p. 242 °C.
Bis (dimethylphosphinodithioato) (i)-pentamethylcyclopenta-
dienyl)iridium(n), v(PS,) at 602(u) and 590(b) cm"1, was
similarly prepared from [{Ir(i)-C5Mes)Cl,},] and excess of
Na[S,PMeJ-2H,0.

We thank Johnson, Matthey Ltd. for generous loans of
ruthenium, rhodium, and iridium trichlorides, the S.R.C. for
support (to D. R. R ), Dr. A. S. F. Boyd for obtaining the
3iP n.m.r. spectra, Mr. J. R. A. Millar for the 1H and 13C
n.m.r. spectra, and the Department of Chemistry, Glasgow
University, for the use of their Mechrolab osmometer.
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Metal Complexes of Sulphur Ligands. Part 16.1 Reaction of mer-Tri-
chlorotris(dimethylphenylphosphine) ruthenium and Dichlorotris(tri-
phenylphosphine)ruthenium with Sodium and Ammonium Monothio-
benzoates, and the Crystal and Molecular Structure of (4-Amino-2-
imino-4-methylpentane)bis(dimethylphenylphosphine)bis(monothio-
benzoato)ruthenium(n)
By Robert 0. Gould,* T. Anthony Stephenson,* and Mary A. Thomson, Department of Chemistry, University

of Edinburgh, Edinburgh EH9 3JJ

Reaction of [RuCI2(PPh3)3] with an excess of Na[SOCPh] or [NH4][SOCPh] in either acetone or methanol and
me/--[RuCI3(PMe2Ph)3] with Na[SOCPh] in acetone gives six-co-ordinate [Ru(SOCPh)2(PR3)2] [PR3 = PPh3 (1)
or PMe2Ph (2)] shown by i.r. and 1H and 31P n.m.r. studies to contain trans- and c/'s-PR3 groups respectively.
Support for these conclusions comes from the reactions of (1) and (2) with various Lewis bases which give
[Ru(SOCPh)2(PR3)2L2] [PR3 = PPh3. L = CO or NH3 (3a); PR3 = PMe2Ph, L = CO, NH3. or NH2Et (3b)]. shown
by spectroscopic methods to have trans-S-bonded [SOCPh]- groups with trans-PPhs. trans-L (3a), and c/s-
PMe2Ph, c/s-L (3b) groups respectively. In contrast, reaction of mer- [RuCI3(PMe2Ph)3] with excess of [NH4]-
[SOCPh] in acetone gives a nitrogen-containing product (4) shown by X-ray analysis to be [Ru(SOCPh)2-
{HNC(Me)CH2CMe2NH2}(PMe2Ph)2], The crystals are orthorhombic. space group Pna21 with a = 23.899(2),
b = 11.1 63(1). and c = 1 3.889(3) A. Finally, a mechanism of formation of (4) is suggested involving condens¬
ation of the diammine complex (3b) with mesityl oxide.

r

In Parts 5 2 and 6 3 of this series the reaction of various
tertiary phosphine complexes of ruthenium(m) and
ruthenium(n) with dithioacid ligands was reported to
give the six-co-ordinate [Ru(S~S)2(PR3)2] (S~S~ =
!S2PR2]- or [S2CNR2]"). Detailed variable-temperature
'H n.m.r. studies indicated a cis configuration in most
instances (mixture of enantiomers), and the rates of
inferconversion of these enantiomers were measured and

1 Part 15, D. R. Robertson, and T. A. Stephenson, J.C.S.
Dosion, 1978, 486.

* PL J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 739.

a general mechanism of rearrangement deduced. Some
reactions of these complexes with Lewis bases such as
carbon monoxide were also examined.

We now report the results of the reaction of mer-
[RuCl3(PMe2Ph)3] and [RuCl2(PPh3)3] with sodium and
ammonium monothiobenzoates where, to our initial
surprise, the nature of the cation sometimes plays an
important role in determining the form of the reaction
product. The reactions of the products with some
unidentate Lewis bases were also examined.

3 D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1974, 754.
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RESULTS AND DISCUSSION

When [RuCl2(PPh3){] was heated under reflux with
an excess of Na[SOCPh] or [NH4][SOCPh] in either
acetone or methanol solvent an orange-yellow non¬
conducting solid of composition [Ru(SOCPh)2(PPh3)2]

Table 1

Mull i.r. spectra of various monothiobenzoate complexes
of ruthenium(n)

PhCOS
vibrations (cm-1) other useful bands

v[CO) v(CS) (cm'1)
I 500 960
1 500 965

1 550 t 935
1 590,
1 570 935 1 950|>(CO)]
1 470 965
1 600,
1 570 945 2 025, 2 005|>(CO)]

1 525 f 935

1 530 f 935 3 350—3 000[x(NH2)]
1 660[r(CN) (imine)]
1 585[8(NHa)]

f Low values of v(CO) attributed to intramolecular hydrogen
bonding between carbonyl groups and the amine group (see text).

(1) was isolated in 90% yield.* Similarly, reaction of
wer-[RuCl3(PMe2Ph)3] at room temperature or under
reflux in methanol with either [NH4][SOCPh] or
Na[SOCPh] or in acetone with excess of Na[SOCPh] gave

Identification of the positions of the OO and OS
stretching frequencies in the i.r. spectra is the best way
of determining the mode of bonding of the monothio¬
benzoate ligand. Earlier, Savant et al.5 assigned these
vibrations in Na[SOCPh] to the bands at 1 500 and 960
cm1 respectively and then, by comparison with these
values, elucidated the mode of bonding in a series of
metal monothiobenzoate complexes. Thus, for bi-
dentate co-ordination both v(CO) and v(CS) remain
almost unaffected but, as the interaction through
sulphur becomes more important than that through
oxygen, v(CS) decreases and v(CO) increases. Hence,
examination of Table 1 clearly shows that only bidentate
[SOCPh] ~ co-ordination is present in complexes (1)
and (2).

Although the XH n.m.r. spectrum of (1) is of no use for
obtaining structural information, the 31P-{1H} spectrum
(singlet at 8 59.9 p.p.m.) indicates that only a single
isomer which contains magnetically equivalent phos-
phines is formed. The n.m.r. spectrum of complex
(2) in CDC13 at 300 K (methyl region) consists of a strong
'

pseudo-triplet ' f at 8 1.42 p.p.m. and a much weaker
'

virtually coupled ' triplet at 1.57 p.p.m. By com¬
parison with earlier studies,2,6 these patterns are
indicative of the presence of two isomers containing cis-
and (raws-PMe2Ph groups respectively. Furthermore,
phosphorus-31 decoupling studies confirm that these
two signals arise from different species, and in keeping
with this the 3lP-{1H} n.m.r. spectrum of (2) at 303 K
consists of a strong resonance at 8 39.0 p.p.m. and a very
weak signal at 4.6 p.p.m.

Compound
Na[SOCPh]
[Ru (SOCPh) 2(PPh3),]
[Ru (SOCPh) 2(NH3)a-

(PPh3)3]
[Ru (SOCPh) a (CO) 2-

(PPh3)2]
[Ru (SOCPh) 2(PMe2Ph).]
[Ru (SOCPh) 2(CO) 2-

(PMeaPh)a]
[Ru(SOCPh)a(NHaEt)a-

(PMe2Ph)2]
[Ru(SOCPh)a-

{HNC(Me)CHa-
CMeaNHa}(PMeaPh)a]

Table 2

Hydrogen-1 n.m.r. data in CDC13 for some ruthenium(n) monothiobenzoate complexes
8 ± 0.01 p.p.m.'1

Complex
[Ru (SOCPh),(PMeaPh) 2]

[Ru(SOCPh)2(NH3)2(PMe2Ph)2]
[Ru (SOCPh), (CO) a(PMeaPh) a]

Methyl of Other ligand

[Ru(SOCPh)a(NHaEt)a(PMeaPh)a]
[Ru (SOCPh)a{HNC(Me) CHaCMeaNHa} (PMe,Ph) J

" s = Singlet, d = doublet, t = triplet, pt = pseudo-triplet, and m = multiplet. 4 Phenyl resonances,
of doublets. d gem-Methyls, imine-C-methyl, and methylene protons from HNC(Me)CHaCMeaNHa ligand.

r/K phosphine resonances

300 1.42(pt), J
260

1.57 (t) 1
1.32(pt), 1.46(pt), I
1.57 (t) J

> 7.00—8.00(m) 4

300 1.75(pt) 7.00—8.00(m) 4
300
260

1.60(pt)l
1.60(pt) J 7.00—8.00(m) 4

300 1.74(pt) 7.00—8.30(m) 4
300 1.43(d), 1.86(d) J 7.00—8.00)m)y
250 1.03(d), 1.20(d) A 1.06(s),'< L58(s),J 2.31(s),'

1.95(t) <= J 5.80(br) •
r Overlapping doublet
' NH, protons.

the reddish brown product [Ru(SOCPh)2(PMe2Ph)2] (2).
These complexes were characterised by elemental
analysis, and i.r. (Table 1), n.m.r. (Table 2), and
31P n.m.r. spectroscopy, and their monomeric nature was
established by mass spectroscopy and osmometric
molecular-weight measurements in chloroform.

* The analogous [Ru(SOCMe)a(PPh3)2] has been very briefly
reported elsewhere.4

t A' pseudo-triplet ' pattern consists of a sharp doublet with a
broad hump of comparable intensity situated between the doublet,
and signifies a relatively large /(PP') compared to the |/(PH) -+-
/(PH')| value {c/.s ct's-[Ru(SaPMe2)2(PMeaPh)a]}.

Variable-temperature 1H n.m.r. studies on (2) reveal
that at lower temperatures the ' pseudo-triplet ' signal
broadens and at 260 K the spectrum consists of two
'

pseudo-triplets ' centred at 8 1.32 and 1.46 p.p.m.
This behaviour, which is concentration-independent and

4 J. D. Gilbert and G. Wilkinson, J. Chem. Soc. (A), 1969,
1749.

5 V. V. Savant, J. Gopalakrishnan, and C. C. Patel, Inorg.
Chem., 1970. 9. 748.

6 J. M. Jenkins, M. S. Lupin, and B. L. Shaw, J. Chem. Soc.
(A), 1966, 1787.
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reversible witli temperature, is analogous to that
observed earlier for [M(S2PMe2)2(PMe2Ph)2] (M = Ru 2'3
or Os7) and is likewise attributed to rapid intercon-
version on the n.m.r. time scale of two optical isomers of
(2) * [see equation (1)]. As expected for an isomer

r ^Me I ^,Me Me

' Me

/S_ru_S
-Phc 0 o-cph

Me Me.
Ph \p
Me^

S

pKj

Ph

-Ru-

Me

'Ph

(1)

containing <r«ws-PMe2Ph groups, there is no apparent
change in the shape of the ' virtually coupled ' triplet at
8 1.57 p.p.m. on changing the temperature.

Further information about the detailed structures of

complexes (1) and (2) has been obtained from an examin¬
ation of their reactions with carbon monoxide. Thus,
reaction with carbon monoxide gave lemon-yellow and
pale cream products respectively which both analysed
for [Ru(SOCPh)2L2(PR3)2] [L = CO; PR3 = PPh3 (3a)
or PMe2Ph (3b)]. The Nujol i.r. spectra of both these
complexes revealed that an increase in the v(CO)
(SOCPh) and a decrease in the v(CS) band positions,
compared to those of (1) and (2), had occurred (Table 1)
indicative of unidentate co-ordination of the [SOCPh]-
groups through sulphur in both cases. However, the
i.r. spectrum of (3a) contained only a single terminal
v(CO) absorption band at 1 950 cm"1 whereas that of
(3b) had two v(CO) bands at 2 025 and 2 005 cm"1
suggesting trans and cis carbonyl-group arrangements
respectively.

The n.m.r. spectrum of (3b; L = CO) in CDC13
(methyl region) at 240—300 K exhibited a single
'

pseudo-triplet ' pattern at 8 1.60 p.p.m. and the
31P-{1H} n.m.r. spectrum at 303 K contained a singlet
at —10.8 p.p.m. This large change in 31P n.m.r.
chemical shift on going from (2) to (3b) suggests that

0
II

Phc» PMe Ph

| ^>PMe2Ph
L

S^c*°L cPh

(3b) L» CO , NHj , or NHjEt

PPh,

J/
Rm

PPh,

-Ph

PhL ■ ■ .'3

(3a) L= CO or NH3

substitution of the carbonyl groups occurs trans to the
PMe2Ph groups. Therefore, this n.m.r. and i.r. evidence
indicates that complex (3b; L = CO) has a structure
containing a's-carbonyls, cts-PMe2Ph, and trans-S-
bonded [SOCPh]- groups. This is consistent with the

* Unlike [M(S2PMe2)2(PMe2Ph)2], two geometrical (and hence
four optical) isomers containing magnetically equivalent cis-
PMe2Ph groups are possible here. However, the major isomer of
complex (2) is assigned a structure with oxygens rather than sul¬
phur atoms trans to PMe2Ph groups, on the basis of its reaction
with various Lewis bases (see later).

geometrical isomer postulated earlier for the major
isomer of complex (2) [equation (1)] and with the
expected most ready point of cleavage in (2), viz. the
Ru~0 rather than the Ru~S bonds.

The 31P-{1H} n.m.r. spectrum of complex (3a; L =

CO) consists of a singlet at 8 42.8 p.p.m. The relatively
small change in 31P n.m.r. chemical shifts on going from
(1) to (3a) (L = CO) together with the i.r. data given
above is consistent with a structure containing trans-
carbonyls, trans-PPh3, and fra«s-S-bonded [SOCPh]-
groups. In support of this conclusion, the reaction of
all-fraMS-[RuCl2(CO)2(PPh3)2] 8 and [NH4][SOCPh] in
acetone under reflux also gave a high yield of complex
(3a; L = CO).

Therefore, this evidence strongly suggests that
complex (1) has a structure with trans-W\\3 groups {cf.
the minor isomer of [Ru(SOCPh)2(PMe2Ph)2]}. Pre¬
sumably, the larger size of the PPh3 groups facilitating
formation of trans rather than cis isomers, allied with
the high trans effect of PMe2Ph groups favouring a cis
rather than a trans configuration, is the main reason for
this difference in stereochemistry between complexes
(1) and (2).

PPhj

PhC\s/]V0/CPh
PPh3

(1)

Further support for this conclusion is that reaction of
(1) with gaseous ammonia gives a yellow solid of com¬
position [Ru(SOCPh)2(NH3)2(PPh3)2]. Again, i.r. studies
indicate the presence of unidentate S-bonded [SOCPh]-
groups (Table 1) and the 31P-{1H} n.m.r. spectrum shows
a singlet at 8 46.3 p.p.m. consistent with structure (3a;
L = NH3). In contrast, reaction of complex (2) with
ammonia yields a product in situ whose n.m.r.
spectrum in CDC13 exhibits a ' pseudo-triplet ' at
8 1.75 p.p.m. and whose 31P-{1H} n.m.r. spectrum con¬
tains a singlet at 23.7 p.p.m. Unfortunately, attempts
to isolate a solid product in the latter case were un¬
successful although with NH2Et, complex (2) gave the
yellow-brown solid [Ru(SOCPh)2(NH2Et)2(PMe2Ph)2]
whose and 31P n.m.r. spectra were also consistent
with structure (3b; L = NH2Et). Thus, the low
sensitivity of the position of the 31P n.m.r. resonance
signals to a change in Lewis base for the PPh3 compared
to the PMe2Ph complexes adds further support to the
structural assignments made above.

Unlike the reactions of [RuCl2(PPh3)3] with either
[NHJ[SOCPh] or Na[SOCPh] in methanol or acetone
which yielded the same product (1), the reaction of mer-
[RuCl3(PMe2Ph)3] with [NH4][SOCPh] in acetone, either

' D. J. Cole-Hamilton and T. A. Stephenson, J.C.S. Dalton,
1976, 2396.

8 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear
Chem., 1966, 28, 945.
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at ambient temperature or under reflux, did not give
(2) but, instead, an orange-brown non-conducting solid
(4) containing 3.3% nitrogen. The i.r. spectrum of (4)
showed a small increase in the position of the band
assigned to v(CO) (1 530 cm-1) and a decrease in that for
v(CS) (935 cm"1), compared to the values for complex
(2), which again suggests the presence of unidentate
S-bonded [SOCPh]" groups. The mass spectrum of (4),
like that of (2), shows a strong peak at m/e 652 (102Ru
isotope) corresponding to [Ru(SOCPh)2(PMe2Ph)2] + and
the same fragmentation pattern for w/e values >100
which correspond to loss and subsequent breakdown of
[SOCPh]~ and PMe2Ph groups. However, a number of
extra peaks compared to (2) appear at m/e 97, 58, 42,
and 15.

The XH n.m.r. spectrum of (4) is quite different to (2)
comprising, at 300 K in CDC13, for 8 values <5 p.p.m.,
two doublets [/(PH) 8.0 Hz] centred at 1.86 and 1.43
p.p.m. and three singlets at 2.31, 1.58, and 1.06 p.p.m.
On decreasing the temperature, the doublets first
broaden and then at 250 K each is resolved into two

doublets (see Table 2) indicative of the presence of four
magnetically inequivalent methyl groups. The three
singlet resonances show no significant variation with
temperature. The 31P-{1H} n.m.r. spectrum at 303 K in
CDC13 consists of an AB pattern centred at 8 19.9 p.p.m.
[/(PP) 32.9 Hz, 8(PP) 251.7 Hz] suggesting two mag¬
netically inequivalent PMe2Ph groups. Furthermore,
the magnitude of the coupling constant suggests a cis
orientation of these groups.9

A suitable single crystal of (4) was selected of dimen¬
sions 0.3 X 0.1 X 0.05 mm, and an AT-ray structural
analysis (see below) showed it to contain a co-ordinated
4-amino-2-imino-4-methylpentane molecule.

Crystal Data for (4).—C36H46N202P2RuS2, M = 765,
reddish brown prismatic crystals, a = 23.899(2), b —

11.163(1), c = 13.889(3) A, U = 3 705 A3, Dm = 1.34,
Z = 4, Dc = 1.37 g cm-3, F(000) = 1 592, space group
Pna21 (no. 33), Cu-Ra radiation, X = 1.541 8 A, p(Cu-
Ka) = 56.2 cm"1.

Structure determination. Photographic equi-inclin-
ation Weissenberg data were collected for layers A0-»8/
and M0—>6. Cell dimensions were determined by
the ctj—a2 splitting method applied to 23 zero-layer
reflections with 0 ^ 75°. All the films were scanned by
the S.R.C. Microdensitometer Service and, after merging,
2 249 independent data were obtained, significant above
background. No absorption corrections were applied.
The x and y co-ordinates of the ruthenium atom were

readily determined from the Patterson function. The
subsequent difference Fourier, phased with these co¬
ordinates and an arbitrary z, is pseudo-centric, and some
difficulty was experienced in choosing suitable S and P
co-ordinates to break this symmetry. Eventually, all
the non-hydrogen atoms were found. The structure was
refined by block-diagonal least squares. In the last
few cycles a weighting scheme was used of the form

W = XY with X = (sin 0)/O.3 for sin 0 < 0.3 and 1.0
otherwise, and Y = 35/|F0| for |F0| > 35 and 1.0 other¬
wise. Ruthenium, S, and P atoms were given aniso¬
tropic temperature factors, but hydrogen atoms were
not included in the refinement. At convergence, R =
0.065. Final values of fractional parameters are given
in Table 3. A structure-factor table, thermal para¬
meters, and important interatomic distances and angles
are deposited as Supplementary Publication No. SUP
22243 (13 pp.).*

The structure. A view of the complex molecule is
given in the Figure. The complex shows only slight

.0(20)

0(26)

C(13)^7V)C(12)
Figure A perspective view of (4)

deviations from ideal octahedral angles about the
ruthenium atom. In the imino-amino-ligand the imine
C(32)-N(l) bond [1.333(26) A] is a significant 0.15 A
shorter than the amine C(31)~N(2) distance [1.482(26) A]
and the Ru-N(l) bond length [2.151(15) A] is 0.12 A
shorter than the Ru-N(2) distance [2.271(15) A].
Similarly, in [Cu{HNC(Me)CH2CMe,NH2}2][N03]2, made
by reaction of Cu[N03]2 and ammonia in acetone, AT-ray
analysis10 showed C=NH 1.30, C~NH2 1.51, Cu-NH
1.98, and Cu~NH2 2.01 A.

An interesting feature of the structure is the orient¬
ation of the [SOCPh]- ligands, which brings the carbonyl
oxygens within hydrogen-bonding distances (2.870 and
2.851 A) of the amine nitrogen. In one case this results
in the Ru atom being non-coplanar with the SOC
group: Ru~S(l)-C(9)-0(l) 14°. Such hydrogen bonding
presumably lends stability to the molecule and may

* For details see Notices to Authors No. 7, J.C.S. Dalton, 1977,
Index issue.

* See P. R. Hoffman and K. G. Caulton, /. Amer. Chem. Soc.,
1975, 97, 4221 and refs. therein.

10 F. Hanic and M. Serator, Chem. Zvesti, 1964, 18, 572.
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explain the unexpectedly low value of the v(CO) wave-
number (1 530 cm-1) in the i.r. spectrum of (4) and also
in that of [Ru(SOCPh)2(NH2Et)2(PMe2Ph)2] (Table 1).

Table 3

Atomic positional parameters (x 104) for (4) with estim¬
ated standard deviations in parentheses

Atom x/a y/b z/c
Ru 1 574.6(4) 695.3(10) 5 000

P(l) 2 062(2) -793(4) 5 786(4)
P(2) 1 345(2) 1 660(4) 6 406(4)
S(l) 691(2) -318(4) 5 106(5)
S(2) 2 375(2) 1 985(4) 4 842(4)
O(l) 1 098(5) -2 174(11) 4 162(9)
0(2) 2 919(6) 474(13) 3 680(12)
N(l) 1 108(6) 2 007(13) 4 197(12)
N(2) 1 767(6) -174(13) 3 560(11)
C(l) 2 512(7) 335(15) 6 783(14)
C(2) 1 651(9) -2 000(20) 6 363(18)
C(3) 2 556(8) -1 702(17) 5 079(22)
C(4) 2 992(9) 324(21) 6 614(19)
C(5) 2 378(9) — 576'20) 7 745(17)
0(6) 3 163(10) 615(24) 8 262(19)
C(7) 3 360(10) 846(22) 728(18)
C18) 2 705(9) -100(22) 8 476(19)
C(9) 676(7) -1 716(16) 4 448(13)
C(10) 143(7) -2 290(16) 4 388(13)
0(11) -323(6) -2 044(14) 4 928(20)
0(12) — 835(7) -2 650(17) 4 829(17)
0(13) — 883(8) -3 573(19) 4 159(16)
0(14) 423(9) -3 814(20) 3 617(17)
0(15) 88(7) -3 219(18) 3 741(16)
0(16) 2 931(7) \ 1 474(17) 4 146(14)
0(17) 3 439(7) 2 148(16) 4 118(14)
0(18) 3 544(8) 3 161(19) 4 706(16)
0(19) 4 039(10) 3 799(21) 4 616(18)
C(20) 4 447(10) 3 458(22) 3 951(19)
0(21) 4 358(9) 2 497(21) 3 365(18)
0(22) 3 850(8) 1 822(18) 3 432(16)
0(23) 1 890(8) 2 420(18) 7 105(15)
0(24) 834(8) 2 876(17) 6 187(15)
0(25) 290(8) 2 699(18) 6 096(16)
0(26) -94(10) 3 653(22) 5 910(19)
0(27) 120(10) 4 779(22) 5 799(19)
0(28) 660(11) 4 996(24) 5 869(21)
0(29) 1 058(10) 4 101(23) 6 039(20)
C(30) 982(8) 804(20) 7 341(16)
0(31) 1 578(9) 338(18) 2 630(16)
0(32) 1 174(8) 2 331(17) 3 280(15)
0(33) 792(9) 3 302(19) 2 858(18)
0(34) 2 009(10) -87(22) 1 879(20)
0(35) 1 632(8) 1.770(18) 2 661(15)
0(36) 977(9) -50(21) 2 454(18)

inequivalent methyl groups are expected (and observed)
in the 1H n.m.r. spectrum because the bidentate ligand
is both asymmetric and has a puckered conformation.
At higher temperatures averaging of the signals from the
methyl groups on the same phosphorus atoms occurred

Me

h2c.
Me

H

Ph

s

=VI
;c Nr

; h2
Me 0.

14)

;ru

Ph

,PMe2Ph

PMe2Ph

probably because of ready inversion of the chelate ring
on the n.m.r. time scale. In the mass spectrum of (4)
the additional peaks m/e <100 correspond to the
fragmentation pattern of the 4-amino-2-imino-4-methyl-
pentane molecule (Scheme 1) and we have observed the
same pattern in the mass spectrum of [Ni{HNC(Me)-
CH2CMe2NH2}2][BF4]2. In neither spectrum however
is the parent-ion peak observed at mje 114 and attempts
to isolate such a molecule in the free state, either by
displacement from (4) with various Lewis bases or
protonation of (4) with gaseous HC1, were unsuccessful
{although with CO, [Ru(SOCPh)2(CO)2(PMe2Ph)2] (3b)

Me

H H

>0^. Me
c
II
nh

>r*r_

Similarly in the i.r. spectra of both [Ni(02CMe)2]*4H20 11
and [Pd(02CMe)2(NHEt2)2]12 the low value of vasym(C02)
is attributed to intramolecular hydrogen bonding
between the unco-ordinated oxygens of the carboxylate
groups and water or amine groups respectively.

The three singlets in the 4H n.m.r. spectrum are
assigned to gem-methyl groups (8 1.06 p.p.m.), the
imino-C-methyl group (1.58 p.p.m.), and to the methylene
protons (2.31 p.p.m.) (c/.13 the related signals in
[Ni{HNC(Me)CH2CMe2NH2}2][BF4]2). There is also a
weak broad resonance at 5.80 p.p.m. which may be due
to the hydrogens bound to nitrogen. If the solid-state
structure of (4) is retained in solution, four magnetically

11 K. Nakamoto, J. Fujita, S. Tanaka, and M. Kobayashi, J.
Amer. Chem. Soc., 1957, 79, 4904.

12 T. A. Stephenson, S. M. Morehouse, A. R. Powell, J. P. Heffer,
and G. Wilkinson, J. Chem. Soc., 1965, 3632.

Me —C = NH +
m/t U2

Me

m/e 114

-NH,

H

Me

:NH,
Me

NH

Me
*

'Me

+ • m/t 58

m/e 97
Scheme 1 Fragmentation pattern of the 4-amino-2-imino-4-

methylpentane molecule

was obtained}. This failure is not surprising because of
the known instability of compounds containing imine
groups which readily rearrange or polymerise.14

Finally, it is of some interest to speculate briefly on
possible mechanisms for this reaction. As mentioned

13 N. J. Rose, M. S. Elder, and D. H. Busch, Inorg. Chem., 1967,
6, 1924.

14 See R. O. C. Norman, ' Principles of Organic Synthesis,'
Methuen, London, 1968, ch. 10, pp. 312—313.
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Scheme 2 Possible mechanism of formation of [Ru (SOCPh) ,-

{HNC(Me)CH1CMe1NHJ)(PMe,Ph),] (4). (») [SOCPh]-; (it)
NH,

involves initial formation of [Ru(SOCPh)2(PMe2Ph)2]
(2) followed by reaction with ammonia to give the
diammine species. Since reaction of [Ru(SOCPh)2-
(PMejjPh^ (2) with either [NH4][PFg] or [NH4][SOCPh]
in acetone did not give any (4), it is clear that, in the
original preparation of (4), deprotonation of the
ammonium ion by the free PMe2Ph released in the
reaction is a key step in the formation of this diammine
complex. A possible method of condensing mesityl
oxide (the self-condensation product of acetone) with

18 I. P. Evans, G. W. Everett, and A. M. Sargeson, J. Amer.
Chem. Soc., 1976, 98, 8041 and refs. therein.

J.C.S. Dalto
earlier, [Ru(SOCPh)2(NH3)2(PMe2Ph)2] can be prepared
in situ and this readily reacts with either acetone or
mesityl oxide at room temperature to give high yields
of (4). This strongly suggests that the reaction path

the diammine complex to give (4) is shown in Scheme i
This is similar to a mechanism proposed elsewhere 18 t
explain the formation of ruthenium imine complexe
from reaction of ruthenium ammine and various organi
carbonyl-containing compounds. An added attractio
of the mechanism shown in this Scheme is that ci:
ammine groups are essential for formation of the iminc
amino chelating ligand and therefore this provides
good rationale for the inability to form the correspondin
species starting from either [RuCl^PPh^g] or [Ri
(SOCPh)2(NH3)2(PPh3),J (3a).

However, attempts to condense acetone (or mesitj
oxide) with [Ru(SOCPh)2(NH2Et)2(PMe2Ph)2] or ethj
methyl ketone with [Ru(SOCPh)2(NH3)2(PMe2Ph)2] wer
also unsuccessful suggesting that steric constraints ar
another important consideration.
EXPERIMENTAL

Microanalyses were by the University of Edinburg
Chemistry Department. Molecular weights were detei
mined on a Mechrolab vapour-pressure osmometer (modi
301 A) calibrated with benzil. Infrared spectra wer
recorded in the range 250—4 000 cm-1 region on a Perkir
Elmer 557 grating spectrometer using Nujol and hexs
chlorobutadiene mulls on caesium iodide plates. Hydroger
1 n.m.r. spectra were obtained on a Varian Associate
HA-100 spectrometer equipped with a variable-ten
perature probe, and proton-noise-decoupled 31P n.m.i
spectra on a Varian XL 100 spectrometer operating in th
pulse and Fourier-transform modes at 40.5 MHz (,r
chemical shifts quoted in p.p.m. to high frequency of 851)
H3P04). Mass spectra were obtained on an A.E.I. MS
spectrometer. Melting points were determined with
Kofler hot-stage microscope and are uncorrected. Crystallc
graphic calculations were made using the ' AT-RAY '72
system 18 as implemented aj: the Edinburgh Regiom
Computing Centre. Ruthenium(in) trichloride trihydrat
(Johnson, Matthey Ltd.), carbon monoxide (Air Products^
triphenylphosphine (B.D.H.), dimethylphenylphosphin
(Maybridge Chemical Company), and monothiobenzoic aci
(Aldrich) were obtained as indicated. The salts [NH4
[SOCPh] and Na[SOCPh] were prepared by reaction c
PhCOSH with ammonia gas in benzene and Na2[C03] i
water respectively. The complexes [RuCl2(PPh3)3],8 met
[RuCl3(PMe2Ph)3],17 and all-f>-aws-[RuCl2(CO)2(PPh3)2]
were prepared as described earlier. All the solutions wer
degassed before use and reactions were carried out under
nitrogen atmosphere.

Bis(monothiobenzoato)bis(triphenylphosphine)ruthenium-
(ii).—The compounds [RuCl2(PPh3)3] (0.20 g) and Na
[SOCPh] (0.40 g) were heated under reflux in degasse
acetone (50 cm3) for 3 h. The resulting orange-yelloi
product was filtered off and washed with acetone an
diethyl ether (0.15 g, 88%), m.p. 218—220 °C (Found: C
65.7; H, 4.7. Calc. for C50H10O2P2RuS2: C, 66.7; H
4.4%). The same product can also be obtained by re
action of [NH4][SOCPh] with [RuCl2(PPh3)3]. 31P-{7H
n.m.r. spectrum in CDC13 at 303 K: S 59.9 (s) p.p.m.

Diamminebis(monothiobenzoato)bis(triphenylphosphine)-
18 A-Ray Program System, Technical Report TR 192, Corr

puter Science Center, University of Maryland, version of Jun
1972.

17 J. Chatt, G. J. Leigh, D. M. P. Mingos, and R. J. Paski
J. Chem. Soc. (A), 1968, 2636.
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ruthenium(u).—Ethanol (20 cm3) was saturated with
ammonia gas and then [Ru(SOCPh)2(PPh3)2] (0.10 g) was
added. The suspension was stirred at room temperature
for 3 h and the resulting bright yellow product was filtered
off and washed with acetone and diethyl ether (0.09 g,
86%), m.p. 205—208 °C (Found: C, 64.5; H, 5.0; N, 2.7.
Calc. for C50H46N2O2P2RuS2: C, 64.4; H, 4.9; N, 3.0%).
S1P-{1H} n.m.r. spectrum in CDC13 at 303 K: 8 46.3 (s)
p.p.m.

Dicarbonylbis(monothiobenzoato)bis(triphenylphosphine)-
ruthenium(n).—Method (a). The complex [Ru(SOCPh)2-
(PPh3)2] (0.10 g) was suspended in ethanol (50 cm3) and
heated under reflux under carbon monoxide gas for 3 h.
The bright lemon-yellow product was separated from
starting material by dissolving it in dichloromethane,
filtering, and recrystallising the product, m.p. 235—239 °C
(Found: C, 65.2; H, 4.7. Calc. for C52H40O4P2RuS2: C,
65.3; H, 4.2%). 31P-{'H} n.m.r. spectrum in CDC13 at
303 K: 8 42.8 (s) p.p.m.

Method (b). The compounds all-frans-[RuCl2(CO)2-
(PPh3)2] (0.05 g) and [NH4][SOCPh] (0.05 g) were heated
under reflux in acetone (50 qm3) for 2 h. The resulting
bright yellow solution was filtered while hot, the volume
was reduced, and light petroleum (b.p. 40—60 °C) was
added. The lemon-yellow product was then filtered off.

Bis(dimethylphenylphosphine)bis(monothiobenzoato)-
ruthenium(u).—The compounds wjer-[RuCl3(PMe2Ph)3] (0.20
g) and Na[SOCPh] (0.20 g) were heated under reflux in
acetone (50 cm3) for 3 h. The solution was filtered while
hot, the volume was reduced, and water was added to yield
a red-brown precipitate which was filtered off and dried
in vacuo over calcium chloride (0.17 g, 70%), m.p. 169—
171 °C (Found: C, 55.5; H, 5.0%; 7U(CHC13) 636. Calc.
for C30H32O2P2RuS2: C, 55.3; H, 4.9%; M 651). 31P-{3H}
n.m.r. spectrum in CDC13 at 303 K: 8 39.0 (s) and 4.6 (m)
p.p.m. The complex can also be prepared as above using
Na[SOCPh] or [NH4][SOCPh] in methanol as'solvent.

Diamminebis(dimethylphenylphosphine)bis(monothiobenzo-
ato)ruthenium(u).—The complex [Ru(SOCPh)2(PMe2Ph)2]
(0.20 g) was dissolved in chloroform (10 cm3) and ammonia
gas was bubbled through the solution at room temperature
for 10 min to give a yellow-brown solution. The product
was not isolated but was identified by 3H and 31P n.m.r.
studies using a sample prepared in CDC13 (see Discussion
section). Attempts at isolation were unsuccessful. 31P-
{3H} n.m.r. spectrum in CDC13 at 303 K: 8 23.7 (s) p.p.m.

Dicarbonylbis(dimethylphenylphosphine)bis(monothiobenzo-
ato)ruthenium(n).—The complex [Ru(SOCPh)2(PMe2Ph)2]
(0.10 g) was dissolved in ethanol (30 cm3) and then carbon
monoxide gas was bubbled through the solution at room
temperature for 1 h to give a pale yellow solution. The

volume of the solution was reduced and it was cooled over

ice to yield a pale cream crystalline powder which was
filtered off and dried in vacuo (0.06 g, 51%), m.p. 153—
155 °C (Found: C, 53.8; H, 4.6. Calc. for C32H3204P2-
RuS2: C, 54.2; H, 4.5%). 31P-{1H} n.m.r. spectrum in
CDC13 at 303 K: 8 10.8 (s) p.p.m.

Bis{dimethylphenylphosphine)bis(ethylamine)bis(monothio-
benzoato)ruthenium(u).—The complex [Ru(SOCPh)2-
(PMe2Ph)2] (0.10 g) was heated under reflux in chloroform
(20 cm3) with ethylamine (0.50 cm3; 70% aqueous solution)
for 1 h. Ethanol (10 cm3) was then added and the chloro¬
form was evaporated off to yield a yellow-brown crystalline
powder which was filtered off and washed with cold ethanol
(0.10 g, 93%), m.p. 177—180 °C (Found: C, 54.0; H, 6.0;
N, 3.7. Calc. for C34H46N202P2RuS2: C, 55.1; H, 6.2; N,
3.8%). 31P-{1H} n.m.r. spectrum in CDC13 at 303 K:
8 22.3 (s) p.p.m.

(i-Amino-2-imino-i-methylpentane)bis(dimethylphenyl-
phosphine)bis(monothiobenzoato)ruthenium(u).—Method (a).
The compounds wer-[RuCl3(PMe2Ph)3] (0.30 g) and [NH4]-
[SOCPh] (0.30 g) were dissolved in the minimum volume of
acetone (20 cm3), and the solution was filtered and left to
stand at room temperature under nitrogen for 72 h, after
which time clear orange-brown crystals were removed from
the flask. The complex was also prepared by refluxing the
above reaction mixture in acetone (50 cm3) for 2 h, reducing
the volume of the solution, and then cooling it in ice to
yield a yellow powder which was filtered off and recrystal-
lised from chloroform (0.26 g, 72%), m.p. 208—210 °C
(Found: C, 54.4; H, 5.6; N, 3.3%; M(CHC13) 724. Calc.
for C36H46N202P2RuS2: C, 56.5; H, 6.0; N, 3.7%; M 765).

Method (b). The complex [Ru(SOCPh)2(PMe2Ph)2] (0.10
g) in chloroform (10 cm3) was treated with ammonia gas to
give the diammine complex in situ (see earlier). Acetone
(30 cm3) was then added and the solution was left to stand
for 3 h at room temperature when the complex was obtained
as a yellow powder as in method (a). Similarly, [Ru-
(SOCPh)2(PMe2Ph)2] (0.10 g) in chloroform (10 cm3) treated
with ammonia gas and then with mesityl oxide (5 cm3)
yielded the complex after standing at room temperature.
The complex was also obtained in both cases when the
solutions were heated under reflux. 31P-{'H} n.m.r.

spectrum in CDC13 at 303 K: 8 19.9 (q) p.p.m. [/(PP)
32.9 Hz, 8(PP) 251.7 Hz],

We thank Johnson, Matthey Ltd. for loans of ruthenium
trichloride, the S.R.C. for support (to M. A. T.), Dr. A. S. F.
Boyd for obtaining the 31P n.m.r. spectra, and the Depart¬
ment of Chemistry, Glasgow University, for the use of their
Mechrolab osmometer.

[7/1659 Received, 19th September, 1977]
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Reaction of palladium(II) acetate with an excess of mono-

thiobenzoic acid in benzene gives [Pd(PhCOS) 1 , formulated2 n

as a sulphur bridged polymer (n 5 3) on the basis of infiared

and molecular weight studies. In contrast, various forms of

fpt(Phcos)2]n are obtained by reaction of Na^PtCl^ and Na[ PhCOS]
in ethanolic or aqueous media. All these materials, however,

react with an excess of various Lewis bases L or L-L [L = PPhg«
PMePh , PMe Ph, AsPh , SbPh , C H N; L-L = 2,2 -bipyridyl,

2 2 3 3 5 5

Ph P(CH ) PPh (x = 1,2)] to give the neutral monomeric
2 2 X 2

[M(PhCOS) L ] or [ M(PhCOS) (L-L)] compounds which contain uni-
2 2 2

1 31
dentate PhCOS groups. For L = PMePh , PMe Ph, H and P nmr

2 2

studies indicate a trans configuration whereas the related

[ Pd(MeCO ) (PR ) ] complexes have a cis configuration. Unlike2 2 3 2

the related carboxylato and dithioacid compounds, however, no

evidence has been found here for either the neutral 1:1 or

ionic 1:2 complexes [M(PhCOS)0L] or [ M(PhCOS)LJ [ PhCOS]2 n 2

respectively.



- 2 -

(

The reaction of [m(S-S) ] compounds (M = Pd, Pt; S-S = S PR ,
. ■ ■ T 2 2 2

- 2
S P(OR) , S CNR , S COR) with various tertiary phosphines and

2 2 2 2 2

3
phosphinites has been discussed in detail in earlier parts of this

series and some work on the reactions of [pd(RC02>2] with various
4 5

Lewis bases has also been published. ' In this paper, we now report

on the reactions of [M(PhCOS) ] compounds (M = Pd, Pt) with various2 n

Lewis bases and compare the results with those of the related dithio-

and dioxoacid compounds.

Results and Discussion

Dropwise addition of monothiobenzoic acid to a benzene solution of

palladium(II) acetate gave an immediate red-brown precipitate of palladium(II)

monothiobenzoate, obtained in higher yield by further treatment of the

o
filtrate with light petroleum (bp 60-80 C). The platinum complex was best

obtained, albeit in low yield, by prolonged shaking at room temperature

of a mixture of Na^PtCl^ and an excess of NafPhCOSj in ethanol and then
filtering off the insoluble products. Although the platinum species was

not sufficiently soluble for molecular weight studies, osmometric molecular

weight measurements on the palladium complex in chloroform at 37°C over a

-3
range of concentrations (1.0 - 4.0g dm ) produced concentration—

dependent molecular weights varying from 1100 to 1700 respectively.

Similar concentration - dependent association phenomena have been observed

for various metal thiophosphinate and selenophosphinate complexes in

benzene or chloroform and ascribed to differing amounts of ligand bridge

6
formation. Since X-ray structural analyses have shown that both

r 7 8
[Pd(MeC0 ) ] and fPd(PhCS ) j are trimeric in the solid state,2 2 3 2 2 3

(although of quite different molecular structure), and ebullioscopic

+

Palladium(II) dithiobenzoate has a stacked trimeric structure in the
9

solid state but osmometric molecular weight measurements in benzene

reveal a monomeric structure in solution, whereas palladium(II) acetate

has a cyclic trimeric structure which osmometric molecular weight studies
o 4

in benzene at 37 C indicate is retained in solution.
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4
molecular weight studies on [ Pd(PhCO ) ] indicate a trimer, it seems

Z ^ O

reasonable to expect that [ Pd(PhCOS)^ would also possess at least
a trimeric structure in the solid state.

As discussed elsewhere,^ the most useful method for establishing

the mode of bonding of the monothiobenzoate group is infrared spectroscopy.
10 _i

Thus, Savant et al showed that in Na[ PhCOS] , , 1500, V^g, 960 cm

Furthermore, when PhCOS acts as a bidentate ligand and the bonding in

the M-0 and M-S linkages is more or less symmetrical, then and vcg

are expected to remain almost unaffected eg for [ Ru(PhCOS)^(PPh^)v^q
-1 l

1500, v 965 cm . However, as the interaction with the metal through
CS

sulphur increases and that through oxygen decreases, it is expected that

v will increase and v will decrease in energy. Thus, for [ Pd(PhCOS)J
CO CS ^ n

strong bands are observed at 1670 and 875 cm 1 (broad) suggesting a

ft
strong Pd-S interaction and at best a very weak Pd-0 interaction.

Without X-ray structural information, the exact structure of this

monothiobenzoate compound must remain a matter of conjecture and un¬

fortunately, all attempts to date to grow single crystals have been un¬

successful. However, the infrared spectrum of [ PdCPhCOS)^] is similar
to that of [ Hg(PhCOS) ] (v„„ 1630,V 912 cm 1) for which a polymeric^ n CO CS

10
sulphur bridged structure has been suggested. A polymeric sulphur

bridged structure has also been suggested for the very insoluble, red-

brown [ Pd(0SCNR ) ] compounds.11
2 2 n

For fpt(PhCOS) ] , strong bands were also observed in the i.r.
ca n

spectrum at 1660 and 880 cm 1 but, in addition, strong peaks appeared at

1595, 1575 and 920 cm 1. These latter bands could also be attributed to

V and V vibrations respectively of PhCOS groups and again suggestLu Co

++ -i -i
For PhCOSH, v_ = 1690 cm but the absence of a band at 2560 cm (vcu)CO on

shows that no free monothiobenzoic acid is present here.
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appreciable Pt-S and weak Pt-0 interactions. The presence of these

additional peaks might signify either that the overall structure is

different from that of the palladium compound or that the material

consists of several rather insoluble compounds of stoichiometry [Pt(PhCOS) }2 n

one of which has the same structure as [ Pd(PhCOS) ]^. There is a precedent
for the first suggestion since both platinum(II) acetate and aryldithio-

carboxylates have been shown by X-ray analysis to have different molecular
*

structures from the corresponding palladium compounds.

However, further work has shown that the latter suggestion is more

likely and that the reaction products here are very sensitive to both

the reaction conditions and work-up procedure. Thus, work-up of the

filtrate from the Na PtCl /Na[PhCOS] reaction in ethanol gave a yellow

solid, (which analysed quite closely for [Pt(PhCOS) EtOH] ), whose ir2 n

spectrum showed strong peaks at 1590, 1570 and 920 cm 1 but only weak

peaks at 1660 and 880 cm Additional peaks occurred at 1530 and 950 cm .

Reaction of Na PtCl and Na[ PhCOS] in aqueous solution also produced
4

several products (see experimental), one of which contained strong bands

in its ir spectrum at 1530 and 950 cm and weak peaks at 1590, 1570 and

920 cm 1. Furthermore, in a closely related study, it has recently been

shown that reaction of K PdCl with Me CS H produced several structural
2 4 2 2

variations of [Pd(MeCS2> j^ which exhibit different multiplicities of ligand
14

vibrations in their ir spectra.

Without X-ray structural analyses, further speculation on the structure

of these various compounds is unwarranted although by analogy with[ Ni(PhCOS) 1 02 »

-1 15
EtOH, (v 1508; v 958 cm ) the platinum compound with ir bandsCO CS

*

Platinum(II) acetate has a tetrameric structure containing strong metal-

12
metal interactions whereas platinum(II) dithiocumate has a dimeric

structure with strong metal-metal bonds. ^ The ir spectrum of [*Pt(PhCS2),j]2
indicates that it has a similar dimeric structure."^
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at 1530 and 950 cm 1 may also have a dimeric structure with bridging
— -f-

PhCOS groups.

Although complete characterisation of these [M(PhC0S)„] compounds
2 n

has not proved possible, all these materials react with an excess of a

variety of Lewis bases (L) in either benzene or dichloromethane to give

monomeric, non-conducting compounds of stoichiometry [M(PhCOS) L ] (M = Pd,
Ct

Pt; L = PPh , PMePh , PMe Ph, AsPh„, SbPh„, C H N). The ir spectra of
o 2 2 o 3 5 5

all these compounds show v bands between 1550 - 1600 cm 1 and v bands
CU Cb

between 900 - 940 cm 1 (Table 1) indicative of strong M-S and weak M-0

interactions. (£f [Ru(C0) (PMe Ph) (PhCOS) ] v (PhCOS) 1600, 1570;
Z Z Z Z LU

V 945 cm 1, which has S-bonded PhCOS groups1). Furthermore, theCb

electronic spectra of these compounds are similar to those of other

well established square planar M(II) complexes, and this fact, together

with the ir evidence suggests they have structure (1) and/or (2).^

S CPh L S ^
'

\ / \ /
M M

./ V
~.CPh PhCtT"

o ^0

(1) (2)

31 1
Examination of the P and H nmr spectra of the compounds [ M(PhCOS) -

L ] (L = PMe Ph, PMePh ) has enabled the isomeric form to be established.
A Z

J. "^0
In fact Oro et al. reported that reaction of PdCl with Na[ PhCOS] in

water gave [ Pd(PhCOS) ] (vr,n 1530 cm 1) which was dimeric in benzene. InZ Z LU

our hands, however, reaction of Na^dCl^ and Nal PhCOS] in water gave a
material with strong peaks in its ir spectrum at 1660 and 880 cm 1 plus

very weak peaks at 1590 and 920 cm 1.
++ 16t [ Pd(PhCOS) (C H N) ] has been briefly reported elsewhere although the2 5 5 2

band was assigned to a peak at 1700 cm 1 which was not found in the ir

spectrum of our sample.



31 -,1 <
Thus, the P-J Hj nmr spectra in each instance, showed either a

singlet (Pd) or a 1,4,1 triplet (Pt) (Jptp ~ 2600 Hz) indicative of a

single isomer with directly bonded PR groups. The "'"H nmr spectra showed
o

a "virtually-coupled" triplet pattern for the methyl resonances of

17
the phosphine indicative of the trans structure (2). A trans

configuration has also been established by "^H nmr studies for

18
fPd(pyrm) (PMe Ph) J (pyrm = N-pyrrolidin-l-ylmonothiocarbaniate).Z Z J

4
Earlier, the analogous [Pd(MeC0 ) (Et NH) ] was also assignedZ Z Z "

the trans configuration (3) on the basis of dipole moment measurements.

However, clearly the isomer formed here depends on the Lewis base used

since the "^H nmr spectra of [ Pd(MeC0 ) (PR ) ] (PR = PMe Ph, PMePh )
2 2 3 2 3 2 2

made by reaction of [Pd(MeC0 ) ] with excess PR„, both show a "pseudo-
2 2 3 3

*
doublet" pattern for the methyl resonance indicative of the cis-configuration

31 1
(4). The P-f H^ nmr spectrum of [ Pd(MeC0 ) (PMe Ph) ] showed a singlet2 2 2 Z

at 5.3S consistent with only one isomer in solution. For [ Pt(CF CO ) -
3 3 3

(PMe Ph) ], however, made by reaction of [ PtCl (PMe Ph) ] with [Ag(CF CO )] ,
2 2 2 2 2 3 2

the "^H nmr spectrum showed a "virtually-coupled" triplet pattern

19
indicating the trans structure (3).

%
CR ^CR

u u > u *

\ / \ /
■M ' M

CR

0 L L 0

RC \
%

(3) (4)

t 4
The compound [Pd(MeC0 ) bipy] (bipy = 2,2 -bipyridyl) reported earlier2 2

must of course have the cis configuration (4). Similarly, reaction of

f M(PhCOS) l with various bidentate Lewis bases (L-L) gave the mono-1 2' n

A "pseudo-doublet" is a sharp doublet with additional signal intensity

situated between the doublet. This spectral pattern is indicative of a

a small but non-zero J value when compared to J_.„ + J™,' I •
pp PH P« >
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meric, non-conducting compounds [ M(PhCOS) (L-L)] (M = Pd, Pt; (L-L) =

bipy;Ph P(CH )PPh , Ph P(CH ) PPh ) which must have the cis-configuration2 2 2 2 2 2 2

(i).

An interesting feature here is the big difference between the

31
positions of the P nmr resonances in [M(PhCOS) (Ph PCH PPh )] (-37.3 6

Z A A A

[ Pd] -49. lS[ Pt] and [M(PhCOS) (Ph P jCHj PPh )] (57.oS[Pd], 45.8£[Pt]).
A A AAA

31
This big difference between P nmr chemical shifts in 4 and 5 membered

20
phosphorus ring compounds has been found elsewhere but an acceptable

explanation has not yet been suggested.

Comparison of the platinum-phosphorus coupling constants in the

various compounds indicates that the trans-influence of the PhCOS

group is slightly lower than that of PMe Ph or PMePh , but considerably
A A

greater than chloride. Thus, trans-[ Pt(PhCOS)^(PMe Ph) ] and trans-2 2 2

[ Pt(PhCOS) (PMePh ) ] have values of 2546 and 2655 Hz respectively
A A A rtr

compared to 2761 and 3018 Hz in cis- [Pt(PhC0S)„ (Ph„PCH„PPh„)] and
A AAA

cis- [ Pt(PhCOS) (Ph p/ch ( PPh ) ]respectively. The compounds cis-
A A A A A

[ PtCl (PMe Ph) ] and cis-[ PtCl (PMePh ) ]have 1J values of
AAA A A A r tt

21
3549 and 3616 Hz respectively.

In contrast to the reaction of [Pd(MeC0 )J with stoichiometric
A At o

amounts of EPh (E = P, As) which gave the dimeric compounds [ Pd(MeC0 )3 A A

Eph ] (5)5 and ofTM(S-S) lwith PR which gave the monomeric compounds
o A A o

a|c afe

[ M(S-S) PR ] (6), attempts to obtain the analogous [M(PhCOS) L ] have2 3 2 h

been unsuccessful. Thus, reaction of [M(PhCOS) 1 with stoichiometric
2 n

amounts of L only led to the isolation of [M(PhCOS) L ] and unreacted
A A

[ M(PhCOS) ] . Furthermore, monitoring the reaction between [ Pd(PhCOS) ]2 n 2 n

**
This structure (6) has now been established by X-ray analyses for

[ Pd(S2PPh2)2PPh3{['Pt(S2CC6H5C3H7)2PMePh2l ,24 [ Pt^CNEt^PPh^ ,23,25
[Pt(S2P^0Et|2)2PPh3]25 and [ Pt (S^OEt^PPhJ ,25
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and small amounts of PMePh in benzene confirmed that only t*>e bis-
2

phosphine complex was generated in spectroscopically detectable amounts.

R<
°X /L

M M

/ \ / \
L 0 0 0

\r / XCRC ^
R 0

(5) (6)

For [ Pd(MeCO ) AsPh ] , only one methyl resonance is observed in
2 2 3 2

the nmr spectrum at ambient temperature. On cooling to 223K, the

singlet splits into two resonances of equal intensity consistent with that

expected for structure (5). Similar temperature variable nmr spectra

have been observed elsewhere for [Pd(RCO ) PMe Ph] (5),[made by reaction
2 2 2 2

of [ PdCl (PMe Ph)] with [ Ag(RCO )] (1:4 mole ratio)] and attributed to
2 2 £ <L

facile scrambling of terminal and bridging carboxylato groups by a

26
solvent assisted ring-opening mechanism. Attempts to synthesise pure

samples of [ Pd(MeCO ) PR ] (PR„ = PMe Ph, PMePh ) by reaction of
2 2 o 2 o 2 2

[Pd(MeCO ) ], with stoichiometric amounts of PR were unsuccessful,2 2 o 3

giving inseparable mixtures of the dimers and [ Pd(MeCO ) (PR ) ] .
2 2 2 2.

Furthermore, unlike [Pd(MeCO ) (PPh ) ] which rearranged to [ Pd(MeCO ) -
2 2 3 2 2 2

PPh ] when left in benzene for 12 hours, [ Pd(MeCO )0(PR„)0] (PR„ = PMe -22 223232

Ph, PMePh ) were recovered unchanged from benzene solution. This
2

reluctance to lose a PR group can be correlated with the higher
2

basicity and smaller size of these alkyl substituted phosphines compared

to PPh (cf rearrangement of [ PdX L ] to [ PdX L] which takes place far
2 2 2 2 2

- _ 26
more readily for X = 1 than for X = CI ).
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Unlike the reactions of [M(S-S) ] with excess PR in polar solvents
^ O

2
which gave the ionic complexes [M(S-S)(PR ) ](S-S)(7) , no ionic species

have been detected in any reactions of [M(PhCOS) 1 . Thus reaction of2 n

[M(PhCOS) ] with various L in acetone led to no increase in the2 n

conductivity of the solution and only the neutral [M(PhCOS) L ] were

isolated from the reaction mixture. In contrast, reaction of [Pd(MeCO ) ]
Z Z o

with an excess of PR in acetone did produce a highly conducting solution.
o

However, only the neutral [Pd(MeCO ) (PR ) ] were isolated from the
Z ^ O Z

reaction mixtures and attempts to 'trap out' an ionic species by

addition of Ph AsClHCl or NaBPh were unsuccessful. By analogy with
4 4

the reaction of K PtCl with PR in water which gives initially [M(PR ) ]-
Z 4 o o 4

z7
[MCI 1 and then rearranges to [ MCI (PR ) ], the ionic species here are

Z o Z

probably [Pd(PR ) ] [ Pd(MeCO ) ] .
Z 4 Z 4

s

V* S\ /
(S-S) ^M^^

s pr3

(7) (8)

28
Finally, contrary to earlier reports, there is some very recent

evidence for the formation of neutral 1:2 dithioacid compounds [M(S-S)0-Z

25
LI. Thus, Fackler has shown by X-ray analysis that the reaction product

z

from [Pt(S CN Bu ) ] treated with excess PMe Ph in acetone/diethylether is
2t £» Z

the neutral monomer [Pt(S„CN1Bu„)„(PMe„Ph)„] (8) with trans monodentate
Z £&£»£$

bonded S CNXBu ligands. However, in solution, even at low temperatures,
z z

this compound rapidly rearranges to an ionic species of structure (7).

Clearly the nature of the product isolated by reaction of [M(S-S)0] with
1 z

excess PR is very sensitive to such variables as the nature of the
O

phosphine, the dithioacid, the solvent used and the method of
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work-up.^
Thus, reaction of [ M(S PR ) ] with an excess of PR such as£ £ £ O

PMe Ph, PEt , PPh etc appear to give only ionic compounds as shown
^ O J

22 32
by the X-ray structural analysis of [ Pd(S PPh )(PEt ) ] (S PPh ) '

£ £ «J Z Z Z

22 33
together with the observation of identical mull and solution ir spectra. '

A reexamination of the ir spectra of the dithiocarbanate compounds

prepared as reported in Ref. 28 also confirms that these are genuine

ionic species [ Pt(S^CNR^)(PMePh„)„] S„CNR„ (R = Me.Et) in the solid state
£ £t £ £ £ £ ————————————

and not neutral [ Pt(S CNR ) (PMePh ) ] which rapidly rearrange to the
£ £ £ £ £

++
ionic species in solution.

However, reaction of [M(S PPh ) ] with the more bulky phosphines
£ £ £

Pn(octyl) and PnBu give yellow solids whose mull ir spectra contain
O o

—1 — 22
strong bands at ca 540 cm , indicative of unidentate S PPh coordination

£ £

but no bands at 560 or 570 cm 1 characteristic of ionic or bidentate

22
S PPh ligands. These products are very unstable, readily rearranging£ £

in solution to give the ionic [ M(S PPh )(PR ) ]S PPh compounds.
£ £ £ £ £ £

Conclusion: Although the reaction of [Pd(MeCO^) ] with various Lewis£ £ O

bases (L) gives both the 1:1 and 1:2 adducts [ Pd(MeC0 ) L] and [Pd(MeC0 ) L ]
2 2 2 2 2 2

and likewise, with [M(S-S) ], reaction with tertiary phosphines gives
£

[M(S-S)2PR3] , [M(S-S)(PR3)2] (S-S) or [ HKS-S^PR^] , reaction of

[M(PhC0S>2]n with a variety of Lewis bases gives only the neutral
[M(PhCOS)_L ] or [M(PhCOS) (L-L)].

£ £ £

^Similarly with [Ni(S-S) ] where it is well established that the five and
£

six coordinate adducts [Ni(S-S) L] and [Ni(S-S) L ] respectively are readily
29

formed with a range of nitrogen donor ligands, very recent work has shown

that reaction of ^Ni(S COR) ] (R = Et^Bu) with PBu11 gives the red, square-
n 30

planar [Ni(S COR) (PBu ) 1 containing unidentate xanthate groups. Also,
£ £ £ £

reaction of [Ni(S PfOMej ) ] with Ph PC H AsPh gives [Ni(S PO(OMe)(Ph PC -
£ 22 2242 2 £ £

H AsPh )]0.5C H , probably via the ionic intermediate [Ni(S P$0Mej )(Ph PC -4 £ bo q- " £ £ £ £

H4AsPh2)]S2P(0Me)2.
1 Thus, v in the ir spectra (mull and KBr disc) of these compounds and of

L/IN
— — — 28 —1

[Pt(S CNR ) (PMePh )]Y (Y = BPh^,, PF,,, CI ) occur at ca 1560 cm (bidentate

S2CNR2 coordination)34 whereas in [Pt(S2CNiBu^ 2 (PMe 2Ph) = 1465 cm
(unidentate S ^2NR2 coordination)

2 2 2 2
_ 4' 6 ; -1 2-'->

'(S2CN1Bu ^ 2 (PMe2Ph)2] ^ = 1465 cm
34
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Experimental .

Microanalyses were by the University of Edinburgh Chemistry

Department. Molecular weights were determined on a Mechrolab vapour

pressure osmometer (model 301) calibrated with benzil. Infrared spectra

were recorded in the 250-4000cm 1 region on a Perkin-Elmer 557 grating

spectrometer using Nujol and Hexachlorobutadiene mulls on caesium iodide

plates. Electronic spectra were recorded on a Unicain SP800 spectrophoto¬

meter using unmatched silica cells. Hydrogen-l-nmr spectra were recorded

on a Varian Associates HA-100 spectrometer equipped with a variable

31
temperature probe and proton noise-decoupled P nmr spectra on a

Varian XL100 spectrometer operating in the pulse and Fourier-transform

31
modes at 40.5MHz ( P chemical shifts quoted in ppm to high frequency

of 85% H P0 ). Conductivity measurements were obtained on a Portland
•3 rx

Electronics 310 conductivity bridge at 298K. Melting points were

determined with a Kofler hotistage microscope and are uncorrected.

Palladium(II) chloride, potassium tetrachloroplatinate(II) (Johnson

Matthey Ltd), monothiobenzoic acid (Aldrich), triphenylphosphine (BDH),

dimethylphenylphosphine, methyldiphenylphosphine (Maybridge Chemical
* 1 Q p

Company) were obtained as indicated. NafPhCOSj , Ph PCH PPh Ph P-2 2 2 > 2

(CH2)2PPh2,36 [pd(0C0Me)2]3,4 [Pd(0C0Me)2AsPh3j25 and [pt^CNR^-
-i - - - 28

(PMePh ) JY (Y = S CNR , CI , BPh , PF ) were prepared as described2 2 2 2 4 6

earlier. Analytical data and characteristic IR bands for various

1 31 -J »
monothiobenzoate compounds are given in Table 1 and H and P-JHjnmr

data for selected monothiobenzoate and acetate compounds in Table 2.

Reactions involving tertiary phosphines were carried out under a

nitrogen atmosphere.
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Bis(monothiobenzoato)palladium(II)The compound pa.n adium(II)

acetate (0.40g) was dissolved in a minimum volume of cold benzene

(30ml) and monothiobenzoic acid (2.0ml) added in dropwise fashion to

the resulting red-brown solution to give an immediate red-brown precipitate.

Complete precipitation was induced by the addition of an excess of light

petroleum (bp 60-80°C) . The product was then filtered off, washed with

diethylether to remove any free PhCOSH, and then dried under vacuo

at 40°C mp 118-121°C (yield 0.30g) [Found C,43.3,H,2.7 M(CHC13) 1125
(0.90gdm~3) 1504 (2.08gdm~3), 1672 (4.08gdm~3) Calc. for C H 0 PdS ;

Iri iU Z 2i

C,44.2; H,2.6%; M 380 (monomer)] Ir spectrum(nujol mull) 1670vs(v^),
875vs(v^^,) . Bis (monothiobenzoato) platinum(II) : - The compound Na„PtCl,Co 2a 4

a

(0.50g), (prepared by passing K PtCl down/cation ion exchange column)
2 4 •»

was suspended in an ethanol (25ml)/water(5ml) mixture and treated with

Na[ PhCOS] (0.40g) dissolved in ethanol (40ml). This mixture was shaken

at room temperature for 5 days and then, the resulting yellow-brown

precipitate filtered off, washed with ethanol and dried in vacuo at

40°C mp 194°C (decomp) [Found; C,35.6; H,2.2; Calc for C H 0 PtS ;
14 1 \J 2 2a

C,35.8; H,2.1%] Ir spectrum(nujol mull):- 1660s, 1595s, 1575s (V£,q) »

920s, 880s (V ).
Co

The remaining red filtrate was evaporated almost to dryness and

o
then treated with an excess of light petroleum (bp 60-80 C) to give

a yellow precipitate which was washed with more light petroleum

and dried in vacuo at 40°C. [Found: C,38.3,H,2.6 Calc for [ Pt(PhCOS) —
2a

EtOH] C,37.3; H,3.1%] Irspectrum (nujol mull) 1660w, 1590vs, 1570-

1520vs (broad)cm 1 (v ); 950-920vs (broad), 880w cm 1 (v ).CO CS

If Na^PtCl^d .00g) was dissolved in hot water (15ml) and treated with
an aqueous solution (40ml) of Na[ PhCOS] (2.00g), a brown precipitate

is produced. After filtering, extracting into dichloromethane and

drying over MgSO^ for 12 hours, the solution was filtered, solvent
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partially removed and excess light petroleum (bp 60-80°C) a^ded to give

a pinkish solid [Found C.40.6; H,2.6%] Ir spectrum (nujol mull) 1580w,

1530vs (v ); 950vs, 920w (^Cg)•
On leaving the aqueous solution which remained after removal of the

brown solid^a yellow solid precipitated out after two days which was

filtered off and dried under vacuo. [Found, C,38.1; H,2.4%] Ir spectrum

(nujol mull) 1660s, 1590-1520vs (broad) (v ); 950-920 vs (broad);
v/U

880w cm 1 (Vcg).
Qualitative analysis showed that none of these platinum mono-

thiobenzoate complexes contained any chlorine.

General method of preparation of [ M(PhCOS)0L„] and [ M(PhCOS)„(L-L)]2 ,2 2

compounds:- The compounds [M(PhCOS) ] (M = Pd,Pt) were dissolved
u n

or suspended in benzene or dichloromethane and treated with an excess

of Lewis base (L). After shaking for 2-3 hours, the volume was reduced

and light petroleum (bp 60-80°C) added to precipitate out the products.

These were filtered off, washed with diethyl ether and dried under vacuo

at 40°C.

For L= SbPh or AsPh , the dichloromethane solutions were heated
o o

for 2-3 hours to induce complete reaction and the compounds then

crystallised out containing one molecule of dichloromethane of solvation.

For the bidentate ligands (L-L), an excess of ligand was avoided in order

to help prevent complete displacement of the monothio benzoate groups.

cis-Bis(acetato)bis(dimethylphenylphosphine)palladium(II):- The

compound [ Pd(OCOMe) ] in benzene was treated with an excess of dimethyl-2 O

phenylphosphine under nitrogen to give a yellow solution. Addition of light

petroleum (bp 60-80°C) gave a cream crystalline precipitate which was

o
washed with diethylether and light petroleum (bp 60-80 C) and air-dried

[Found:- C,47.8; H,5.8% Calc for C„„H„„0.P„ Pd:- C.48.0; H,5.6%] Ir spectrum
20 28 4 2

(mull) vasym (C0„) 1590, Vsym 1330 cm .
2
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cis-Bis(acetato)bis(methy1(diphenylphosphine)palladium(II) was

similarly prepared from [ Pd(OCOMe) ] and an excess of PMePh [ Found;
A O Cj

C,57 .5; H,5.1% Calc for C30H3204P2PdC, 57.7,H, 5 .1%] Ir spectrum
(mull) vasym (C0„) 1580; vsym 1315 cm .

z
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31
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TABLE1 AnalyticalDataandsomeCharacteristicIRBands(nujolmull)forsomePalladium(II)andPlatinum(II)MonothiobenzoateComplexes 1
»

Found%„

Required%

Compound

Colour

mpt(T°C)

C

H

N

M3

C

H

N

M

-1

cm

CO

-1

cm

cs

Pd(PhCOS)2(PPh3)2]

yellow

215-220

67.3

4.7

-

-

66.3

4.4

-

-

1595s,1570s

910vs

Pd(PhCOS)(PMePh2)]
yellow

190-192

61.6

4.7

-

-

61.5

4.6

-

-

1590s,1565s

930sh,915vs

Pd(PhC0S)2<PMe2Ph)2]
yellow

168

54.1

5.3

-

-

54.8

4.9

-

-

1595s,1560s

SlOvs'3

Pd(PhC0S)2(AsPh3>2]CH2C12
palebrown

173-174

56.5

3.9

-

1045

56.8

3.9

-

1077

1590s,1560s

925sh,910vs

Pd(Phcos)2(SbPh3>2]CH2CI2
yellow

175

52.3

3.7

-

1160

52.3

3.6

-

1171

1600(s),1570(s)
910vs

Pd(PhCOS)2(CgH^N)2]

palebrown
129

53.5

3.9

5.6

-

53.5

3.7

5.3

-

1590s,1565s

935ra,912s

Pd(PhC0S)2(bipy)]

yellow

280(decomp)54.8
3.5

5.0

-

53.7

3.4

5.2

-

1600vs,1570m
930s,910vs

Pd(PhCOS)2(Ph2PCH2PPh2>]
brown

194-196

61.4

4.3

-

-

61.3

4.2

-

-

1595vs,1560s
930sh,910vs

Pd(PhCOS)(Ph2P(CH2)2PPh2)]
palebrown

231

61.9

4.4

-

-

61.7

4.1

-

-

1590s,1560s

925sh,911vs

Pt(PhCOS)2(pph3)2]

yellow

263-264

59.4

4.2

-

-

59.4

4.0

-

-

1600s,1575s

915vs

Pt(PhCOS)(PMePh)]
paleyellow

160-164

55.0

4.1

-

-

55.2

4.1

-

-

1593s,1570s

930s,910vs

Pt(PhCOS)(PMe2Ph)]
paleyellow

203

48.2

4.5

-

-

48.3

4.3

-

-

1600s,1570m

910vs^

Pt(PhC0S)2(AsPh3)2]CH2C12
palebrown

250-252

53.0

3.7

-

-

52.5

3.6

-

-

1590s,1570s

925sh,905vs

Pt(PhCOS)2(bipy)]

palebrown
>300

45.3

2.9

4.0

-

46.1

2.9

4.5

-

1595s,1565s

935sh,920vs

Pt(PhC0S)2(Ph2PCH2PPh2)]CH2C12
palebrown

148-155

50.7

3.6

-

929

49.9

3.4

-

937

1595s,1570s

925sh,910vs

Pt(PhCOS)(PhP(CH)PPh)]
yellow

228

55.0

4.0

-

895

55.4

3.9

-

866

1590s,1565s

910vs

Molecularweightmeasuredosmometricallyat37Cinchloroform
b-1PartiallymaskedbystrongPMePhvibrationat900cm.



TABLE 2

1 31 1
H and P-[ H{ nmr data in CDC1 for various palladium(11) and platinum(II)

«J '

complexes at 300K

la
o value( H nmr) •

Complex Me

(carboxylate)

Me

(phosphine)

[ Pd(PhCOS)2(PMePh2> ] 2.14(t)

[ Pd(PhCOS) (PMe Ph)J
A A A 1.79(t)

[ Pd (PhCOS) (Ph PCH PPh )]
A A A A 4.10(t)

[Pd(PhC0S)2(Ph2P(CH2)2PPh2)] 2,33(m)

[Pd(MeC02)2(PMe2Ph)2]
[ Pd(MeC02)2(PMePh2)2]
[Pd(MeC02)2(PPh3)2]

2 .00(s)

1.64(s)

0.85(s)

1.42(pd)'

1.68(pd)"

[ Pd(MeC02)2AsPh3] 2

[Pd(MeC02)2PPh3]2

1.44(s),
1.47<s),1.41(s)'
1.42(s)

[ Pt(PhCOS) (PMePh ) ]
A A A

c ,h

[Pt (PhCOS )2 (PMe 2Ph)2]

2 ,23(t.t.)

c,h

[ Pt(PhC0S)2(Ph2PCH2PPh2)]

1.86(t,t)

4.43*

[ Pt(PhC0S)2(Ph2P(CH2)2PPh2) 2.18(m)

a b c i2 4.
±0.01 ±0.05 I J_„ + J

PH PH

d 2
= 7.0Hz CH„ resonance J.

31
P nmr

Ph PtP(Hz

7.0-8.2(m)

7.0-7.8(m)

7.0-8.0(m)

7 .0-8.2(m)

7 .0-8.0(m)

7.0-8.0(m)

7.0-7.8(m)

7.0-8.0(m)

7.0-8.0(m)

12.3(s)

-2.6(s)

-37.3(s)

57,0(s)

5.3(s)

14.8(s)

19 .7(s)

7.0.-7.9(m)

7.0-8.0(m)

7.0-8.0(m) •

7.0-8.0(m)

8.2(t) 2655,

i.
-6.2(t) 2546

•49.1(t)12761

45.8(t)13017

s = singlet, pd = pseudo doublet, t = triplet, m = multiplet

PH
10.0Hz

CH resonance
2

f i2
JPH + \n • = 13--0Hz g At 223K h 2jptH 28-0Hz 1.4.1 triplet

Too insoluble to determine splitting pattern
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Metal Complexes of Sulphur Ligands Part IS3" Reaction of [ RuCl L ]
z o End 4

(L = PR„, P(OR)Ph , P(OR) Ph) with various Dithioacid Ligands.
O 2

*

*

By Wilma J. Sime and T. Anthony Stephenson , Department of Chemistry,

University of Edinburgh, Edinburgh EH9 3JJ.
I

Reaction of the compounds [ RuCl L ] (L = P{OMe} Ph, PMePh )
a 4 2 Z

and [RuCl (PEtPh ) ] with various alkali metal dithioacid salts
2 Z o

gives, under all conditions, the complexes [ Ru(S-S) L ]z z

[ S-S~ = S PR1(R1 = Me, Ph), "s COMe, "s CNR3 (R = Me, Et)] .
2 2 2 2 2

In contrast the products of reaction of cis-fRuCl (PMe Ph) ]*2 2 4

and [RuCl (P{OR}Ph ) ] (R = Me, Et) with these dithioacid anions
2 Z o

are very sensitive to reaction conditions. For example,

shaking with Na[ S PR3] in benzene gives the yellow complexes
2 2

[ RuCl(S PR3)L ] which readily rearrange to the red five co-
Z ...Z o

ordinate cations [Ru(S PR3)L ]+ in alcoholic media. In contrast,
Z Z o

shaking with K[ S COMe] gives the six coordinate [ Ru(S COMe) L ]
2 2 2 o

(with mono-/bidentate S COMe coordination), which on heating,
2

rearrange irreversibly to [Ru(S COMe) L ] . Reaction of
z z z

[ RuCl (PMe Ph) ] with Na[ S CNR3]xH 0 for very short periods in
Z Z 4 z z z

ethanol gives the [ Ru(S CNR3)(PMe Ph) ] + cations whereas in benzene,
Z Z Z 4

[ Ru(S CNR3) (PMe Ph) ] are formed. All these compounds have been
Z Z Z Z o

1 31 1
fully characterised by elemental analyses, H and P-{ H}nmr

spectroscopy and a general mechanism for the formation of

[Ru(S-S) L ] from [RuCl L ] compounds has been proposed.2 2 2 oEIlQ 4



Reactions of [RuCl L ] (L = PPh , PEtPh ) and mer-[ RuCl (PMe Ph) ]
— — : Z u u . Z " O Z o

with various dithioacid ligands have previously been reported. In ajll

cases, the products obtained were the six coordinate ruthenium(II)

complexes [Ru(S-S) L ] [ S-S~ = "s PrV1 = Me, Et, Ph) , ~S CNR*(R = Me,
Z Z Z Z Z 2

Et, Ph), S COMe] containing bidentate dithioacid groups and, in most
z

2
instances, cis tertiary phosphine ligands.

In this paper, we now report the reactions of more [ RuCl L ] (L =
z o

P(OMe)Ph 3'4 P(OEt)Ph 3'4) and [RuCl L 1 (L = P(OMe) Ph,3,4 PMe Ph5'6
Z Z Z 4 Z Z

5,7 1
PMePh ) compounds with various alkali metal dithioacid salts [ S PR2 *22

(R* = Me, Ph), S COMe,~S CNR* (R* = Me, Et)]. Again the final products
z z z

were [Ru(S-S)„L^] complexes but, in some instances, several intermediate
Z Z *" * " "

products were isolated and characterised, and on the basis of this data,

a general reaction mechanism for the formation of [Ru(S-S) L 1 has been
2 2

proposed.3

Resuits and Discussion

a) Diphenyl- and dimethylphosphinodithioate complexes:- Prolonged

reflux of [ RuCl (P{OR}Ph ) ] (R = Me, Et) with an excess of Na[ S PMe ] -
2 2 o 2 2

2H 0 in alcohol produced a brown solution from which, for R = Me, no
2

solid could be isolated, but where for R = Et a small amount of red-brown

crystals analysing for [ Ru(S PMe ) (P^OEt^Ph ) ] (Table 1) were2 2 2 2 2

obtained. The infrared spectrum contained a band at 588 cm * indicating
_ g 22

bidentate coordination of the S PMe group, and the P nmr spectrum
2 2

in CDC1 at 303K (Table 2) consisted of two triplets at 140.76 and

86.706 assigned to the phosphinite and S PMe groups respectively. The
2 2

*H nmr spectrum at 301K contained a doublet at 1.436 due to the methyl

groups of S PMe and resonances at 3.30 and 1.206 from P(0Et)Ph . Un-
2 2 2

fortunately, at lower temperatures, the spectrum became very broad and



- 3 -

thus, the isomeric form could not be determined. Similarly^prolonged

reaction of cis-[RuCl (PMe Ph)] with Na[ S PMe ] 2H 0 produced yellow
2 Z Z Z

31 1
crystals, shown by P and H nmr spectroscopy to be identical to those

2
obtained from mer-[ RuCl (PMe Ph) ] viz cis-[Ru(S PMe ) (PMe Ph) ] .

o Z o - * Z Z Z Z 2

However, shaking [ RuCl (PMe Ph) ] or [ RuCl (P{OR}Ph ) l in methanolZ Z 4 2 Z o

(R = Me) or ethanol (R = Et) with NaS PR^ (R1 = Me, Ph) for a short timeZ 2

produced red, conducting solutions, which on addition of NaBPh^ precipitated
red solids analysing closely for [ Ru^^PR^L^] BPh . The ir spectra con¬
tained bands at ca 580 cm ^ consistent with bidentate S PR^ coordination

'2 2

and conductivity measurements in acetone indicated 1:1 electrolytes (see

experimental section). The latter result suggested monomeric structures ,

in solution and this was supported by molecular weight studies in CHC1

on [Ru(S PMe )(PMe Ph) ] BPh (Table 1). The presence of a monomeric
2 2 2 o 4

structure in the solid state has been confirmed by the results of a

preliminary X-ray analysis on [ Ru(S PPh ) (PMe Ph) ] BPh The cation
2 2 2 o 4

has a distorted square pyramidal geometry as found (and predicted) for

several other five coordinate ruthenium(II) complexes. ^
31 1

The P-{ H} nmr spectrum of [ Ru(S PMe )(PMe Ph) ] BPh in CDC1
2 2 Z o 4 o

3
at 298K consisted of a doublet at 32.366 (J =3.6 Hz) due to the

PP

PMe Ph groups which, because of facile intramolecular scrambling, are
2

rendered equivalent and thus equally coupled to the S PMe group, and
2 2

a quartet at 110.316 due to the S PMe group coupled equally to the three
2 ' 2

PMe Ph groups. Similarly, the "^H nmr spectrum at 301K consisted of a
2

2
doublet ( J = 13 Hz) due to the S PMe methyl groups (equivalentPH 2" ' 2

*
because of facile PMe Ph scrambling) and a "pseudo-triplet" pattern from

z

*
A "pseudo-triplet" pattern consists of a sharp doublet with a broad hump

situated between the doublet and signifies a relatively large J(PP) compared

to the j J(PH)+J(PH)1j value (cf cis-I Ru(S PMe0)„(PMe0Ph) J 2)*" 2 2 2 2 2



the PMe Ph methyl groups. Neither the P or H nmr spectra changed
z

on cooling to 213K indicating that intramolecular scrambling was still

rapid at these temperatures.

If tRuCl (P}ORjPh ) ] or [ RuCl (PMe Ph) ] were shaken withZ Z O Z Z 4

Na[ S PMe J 2H 0 in benzene, however, yellow non-conducting solids
z z z

analysing for [ RuCl(S PMe )L ] were obtained. These were fairly stable
Z Z o

in CHC1 or CH CI , but in methanol or ethanol, red solutions containing
«j z z

+ 31 1
the [ Ru(S PMe )L ] cations were formed immediately. The P-{ H} nmr

Z Z o

spectrum of [ RuCl(S PMe )(PMe Ph) ] at 213K in CDC1 consisted of an un-
2 2 2 3 3 ♦

symmetrical quartet centred at 93.906 ( S PMe group) and an AB pattern
2 2 2

(v 20.38; v 16.066; 2JAD 33.0 Hz)(PMe Ph groups). At 298K, the ABA B AB 2 2

pattern broadened and a singlet appeared at 21.266 corresponding to

[ Ru CI (PMe Ph) ]CI, formed presumably by the slow decomposition of2 3 2 6

[ RuCl(S PMe )(PMe Ph) ] in chlorinated solvents.
2 2 2 3

The "'"H nmr spectrum at 233K in CDC1 contained two doublets at
3

31
1.19 and 2.176 which both collapsed at the same P nmr frequency

•J- —
(viz 95.56 ) indicating that they arise from the methyl groups of S2PMe2.

31
There was also a doublet at 1.606 (decoupling P nmr frequency = 19.56)

and a broad resonance at 1.886 due to the PMe Ph groups. At 298K, only a
2

broad resonance at 1.706 was observed, indicating that, on the one hand,

all the PMe Ph groups and, on the other, the methyls of S PMe had
2 2 2

become equivalent.

The irradiation frequencies are different from the frequencies of the

31
P nuclei obtained from the Fourier transform spectrum because the former

are obtained from the HA-100 spectrometer (with Schlumberger FS30 frequency

synthesiser attachment) whereas the latter were directly measured on the

XL100 spectrometer and these have slightly different reference frequencies.



This low temperature H nmr data is consistent with structure (1)

in which the S PMe methyl groups are inequivalent; the doublet at
Z 2

1.606 is assigned to methyl groups (c) and (d) attached to the PMe Ph
2

group trans to CI whereas the resonance at 1.886 (two overlappping
*

'pseudo-doublets' ) is ascribed to the methyls on the two PMe Ph groups
2

trans to the dithioacid ligand. The equivalence of all the tertiary

phosphine methyl groups (and also Me(a) and Me(b)) at higher temperatures

is readily rationalised by postulating facile Ru-S bond cleavage to

generate five coordinate intermediates, followed by reformation to

produce various six coordinate isomers (see Scheme 1).

Reaction between [RuCl (P {OMe} Ph) ] and NaS PR* (R* = Me, Ph) under2 2 4 2 2

all these conditions, however, produced in both cases only[ Ru(S PR*) -2 2 2

(P$0Me^ Ph) 1. The *H nmr spectrum at 301K of[ Ru(S PMe ) (pfoMef Ph) ]2 2 2 2 2 2 2

exhibited a "pseudo-triplet" pattern at 3.606 and a broad resonanceat

1.806. As the temperature was lowered, the "pseudo-triplet" split into

two and the broad resonance sharpened, such that at 213K, the spectrum

contained two "pseudo-triplets" (decoupling to give two singlets at the

31
same P nmr frequency) at 3.42 and 3.586 and two doublets (also

31
decoupling at the same P nmr frequency) at 1.71 and 2.126, This low

temperature spectrum is consistent with a cis-configuration and the

mechanism of interconversion of optical isomers which occurred at higher

temperatures is probably identical to that established earlier for other

13
cis-[Ru(S PMe ) L 1 complexes.
"" 2 2 2 2

*
A "pseudo-doublet" is a sharp doublet with additional signal intensity

situated between the doublet. This spectral pattern is indicative of a

small, but non-zero, J » value when compared to | + Jpjj> | ^
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b) O-methyldithiocarbonate complexes^- Shaking [ RuCl (P{OR}Ph ) ]—- - — — — 2 2 3

(R = Me,Et) or [RuCl (PMe Ph) ] with excess K[ S COMe] in methanol produced^ Z 4 2

yellow, non-conducting solids analjsing for [Ru(S COMe) L ] . The ir2 2 o

spectra contained several bands in the region 1000-1200 cm * indicating
_ 311

the presence of coordinated S COMe groups and the P-{ H} nmr spectrum

at 298K (for L = PMe Ph) consisted of an AB pattern, confirming the
2 2

presence of three PMe Ph groups. The "'"H nmr spectrum of this compound
2

in CDC1 at 301K contained two resonances at 3.92 and 3.656 ( S COMe)
*j 2

indicating the presence of both mono- and bi-dentate xanthate ligands.
♦

The spectrum also showed "pseudo-triplet" and doublet resonances in

intensity ratio 2:1 (PMe Ph groups), (Table 3). The doublet could be
2

assigned to a PMe Ph group trjans to the monodentate dithioacid ligand

and the "pseudo-triplet" to the two cis PMe Ph groups, each trans2 * "

to a sulphur of the bidentate ligand.

If [ Ru(S COMe) (P"jOMe^Ph ) ] was heated under reflux in the2 2 2 o

presence of K[ S COMe] , orange-yellow crystals of [ Ru(S COMe) (PfOMefPh ) ]2 2 2 2 2

31 1
were produced. The P-{ H) nmr spectrum in CDC1 at 298K consisted

of a singlet at 146.516 while the 1H nmr contained a singlet at 3.716

( S COMe) and a "pseudo-triplet" at 3.226 (PMe Ph) suggesting a els
2 '2

configuration.

An intractable yellow oil was obtained from the reaction between

[ RuCl (P^OMej Ph) ] and excess K[ S COMe] but shaking [ RuCl (PMePh ) ]2 2 4 2 2 2 rr

and [ RuCl (PEtPh ) ] with excess of K[ S COMe] in alcohol produced
2 2 o 2

31 1
[Ru(S COMe) L ] . For [ Ru(S COMe) (PMePh ) ] , the P and H nmr

2 2 2 2 2 2 2

spectra at both 218 and 298K were consistent with a cis-configuration.

31 1
However, for [ Ru(S COMe) (PEtPh ) ] , the P-{ H} nmr spectrum at 218K

2 2 2 2

in CDC1 consisted of two singlets of equal intensity, at 50.32 and
u

44.316. As the temperature was raised, the singlet at 44.316 increased



nmr spectrum of [Ru(S CNMe )(PMe Ph) ] BPh in CDC1 at 301K contained
2 2 ^ 4 4 «j

a singlet at 2.376, "pseudo-triplet" at 1.766 and triplet at 1.276

in the intensity ratio 1:2:2, assigned to the S CNMe , the cis phosphines
V 2 *" 2

(P and PI and the trans phosphines (P and P ) respectively.
A B ' C D

The reaction between [RuCl (PMe Ph) ] and Na[ S CNMe ]2H 0 in benzene,
^ Z 4 2 2 2

however, produced a bright yellow non-conducting solid analysing for

31 1
[ Ru(S CNMe ) (PMe Ph) ]. The P-{ H} nmr spectrum in CDC1 at 298K

2 2 2 2 o o

2
exhibited an AB pattern (v =14.19; v = 11.486; J = 29.5 Hz) and2 A B AB

the "'"H nmr spectrum under the same conditions contained two singlets
*

at 3.49 and 2.906 (assigned to mono- and bidentate S CNMe groups
2 z

respectively), two overlapping "pseudo-doublets" at 1.966 arising from

the two phosphine groups trans to bidentate S CNMe and a doublet at
*"*" 2 z

1.076 from the phosphine ligand trans to the unidentate group.

This compound was also precipitated as yellow crystals on prolonged

reaction of [ RuCl (PMe Ph) ] with Na[ S CNMe ] 2H 0 in methanol. The
z Z 4 2 2 2

reaction presumably does not give [ Ru(S CNMe ) (PMe Ph) ] because of
2 2 2 2 2

the insolubility of [ Ru(S CNMe ) (PMe Ph) ] in methanol.
2 2 2 Z o

When [ RuCl (p{0Me^Ph ) ] was shaken with an excess of Na[ S CNRJxH 02 1 2 o 2 2 2

(R1 = Me, Et) in ethanol, cJ.s-[ Ru(S CNR^) (p{0Me|Ph ) ] (isomer confirmed2 2 2 2 2

31 1
by P and H nmr evidence) was the major product, together with a small

amount of the [ Ru(S CNR^)(P^OMe^Ph ) ] + cation which was trapped out by2 2 Z O

addition of NaBPh . In benzene, the major product was [ Ru(S CNMe )(PjoMe/ -4 2 2 '

1 31
Ph ) J shown by P nmr spectroscopy to partially convert to

2 o

[Ru(S CNMe ) (P(OMe)Ph ) ] in solution.
2 2 2 2 2

As for the other dithioacid ligands, treatment of [ RuCl L ] (L = PMePh ,
2 4 2

P(0Me)„Ph) and [ RuCl„(PEtPh„)„] with Na[ S„CNR^] H„0 under all conditions
2 2 2 o 2 2 2

31 1
gave only [ Ru(S CNR ) L ] . All the P-{ H} nmr spectra, (except [ Ru(S CNMe )

2 2 2 2 2 2

, 31 1
(PMePh ) J which was too insoluble for either P or H nmr studies), con-

2 2

sisted of a singlet except those of [ Ru(S CNR^) (PEtPh ) ] which contained2 2 2 2 2



- 9 -

two singlets, the higher frequency signals decreasing in intensity as

the temperature was raised from 213 to 298K. This suggested, as

for [Ru(S COMe) (PEtPh )], an irreversible isomerisation which was
2 2 2 2 '

shown for [Ru(SCNMe) (PEtPh )] to be from the trans to the cji.j3

isomer by means of the relative intensities of the three S CNMe
2 2

methyl resonances in the ^"H nmr spectrum at 301K, two of which are

of equal intensity and much more intense than the third.

The 1H nmr spectra of the remaining complexes were all consistent

with a cjLs stereochemistry. (See Table 3) . ♦

d) Proposed mechanism of formation of [Ru(S-S)0L„] from [RuCl„L ]
— .. — . ■ ■■ z z " * * z "o or 4

In view of the above results, in which several intermediates produced in

the formation of [Ru(S-S) L ] have been isolated, a reaction scheme for
z z

the formation of [Ru(S-S)2L2 ]from [RuCl^L^ can now be proposed;
(Scheme 2).

Thus for [RuCl L ](II) the initial step is probably replacement of
Z «j

one of the chloride ions by a dithioacid ligand to give the intermediate(III)

followed by rapid attack of the dangling sulphur atom on the vacant co¬

ordination site to produce (IV) . Complex (EV) is stable in benzene when

(S-S) = S PrJ but in alcohol, it loses chloride ion and converts to2 2

the cation (V) which can then react with more Na[ S PR^] to give (VI).z z

However, (IV) is not stable in benzene in the presence of stronger

nuclephiles such as S COMe and S CNR?", which replace the chloride ion
z z z

to produce (VI), although in polar solvents, for (S-S ) = S2CNR ^ the
initial step in this process is the formation of the cation (V). The

final step in this mechanism is then attack of the free sulphur atom with

the loss of L to give (VII).

For [ RuCl^^] (I) the reaction with Na[ S^R^ ] follows the same path as
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that of [ RuCl L ] and it seems reasonable, therefore, to assume that
^ O

loss of an L group occurs prior to reaction with the dithioacid ligand.

However, reaction with Na[ S CNR^]xH 0 in alcohol produced the cationic
AAA

species (VIII) containing four L groups, which is probably formed by

the rapid attack of the more nucleophilic S CNrJ ligand on [ RuCl L ] ,2 2 2 4

which occurs prior to loss of L. Subsequent loss of L and reaction

with S CNR^ yields (VI) which, because of its insolubility in alcohol,
A A

is precipitated out and further reaction does not occur. Treatment of

[ RuCl (PMe Ph) ]with K[ S COMe] produced only (VI) and, therefore, as
2 2 4 2 *

(VI) is formed by both pathways, it is not possible to determine which

one is operative in this case.

Finally, the isolation of several intermediate products in the reactions

of [ RuCl (PMe Ph) ] and [ RuCl (P(OR)Ph ) ] (R = Me, Et) with dithioacid
2 2 4 2 2 O

ligands, as opposed to the corresponding reactions of [ RuCl L ] (L = PMePh ,2 4 2

P(OMe) Ph) and [ RuCl (PEtPh ) ] , which yield only [Ru(S-S) L ] , is
2 2 2 o 2 2

presumably a reflection of the stronger Ru-P bonds in the former

complexes. Hence the last step of the mechanism, which involves the

cleavage of a Ru-P bond, is slow so that the intermediate complexes

containing three phosphorus donor groups are fairly long-lived and can

readily be isolated. On the other hand, for complexes containing

weaker Ru-P bonds, the tendency to lose an L group is much greater and

any intermediates will quickly rearrange to form [ Ru(S-S) L ] (VII).
2 2

E XPERIMENTAL

Microanalyses were by the University of Edinburgh Chemistry

Department. Molecular weights were determined on a Mechrolab Vapour

Pressure osmometer (model 301A) calibrated with benzil. Infrared spectra

were recorded in the region 4000-250 cm 1 on Perkin Elmer 457 and 225
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grating spectrometers using Nujol and hexachlorobutadiene mulls on

caesium iodide plates. nmr spectra were obtained on a Varian

Associates HA-100 spectrometer equipped with a variable temperature

attachment. Heteronuclear decoupling experiments were carried out on

this spectrometer using a radio frequency field provided by the

31
Schlumberger FS30 frequency synthesiser. P nmr spectra (proton

noise decoupled) were recorded on a Varian Associates XL-100

spectrometer operating in the Pulse and Fourier Transform mode at

40.5 MHz. Chemical Shifts are reported in p.p.m. to high frequency

of 85% HgPO^. Melting points were determined with a Kofler hot-stage
microscope and are uncorrected.

Conductivity measurements were made at 298K using a model 310

Portland Electronics conductivity bridge. Conductivity vs concentration

-3
data were obtained over a range of concentrations (2 x 10 to

-3-3 A h
5 x 10 dm mol) and a plot of Vv(equivalent conductance) against C

-3
(concentration in equivalents dm ) gave a straight line which on ex¬

trapolation to C^ = 0 gave it • ^ subsequent plot of A - vl- vs C2 gave

14
a straight line whose slope is a function of the ionic charges. Thus,

the slopes obtained for various samples were compared with those for

known 1:1 and 2:1 electrolytes and hence the electrolyte type could be

determined.

Materials

Ruthenium trichloride trihydrate (Johnson Matthey) ; NaS CNr\h 0
z z z

(R = Me, Et; Ralph Emanuel) Na[ S PMe ] 2H oj15 N^S PPh j"5 and K(S COMef6z z z z z z

were prepared by standard literature methods. The various [ RuCl L„ 12 3 or 4

3-7
complexes were prepared as described elsewhere.

31 1
Analytical data is given in Table 1, P and H nmr data in Tables 2

and 3 respectively. All reactions were carried out in degassed solvents

under an atmosphere of nitrogen.
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Diaryljalkyl) phosphinodithi o_ate_ c oraplexes

Ch1oroJdji.methy1 phos ph inodijthioa to) tris (dimethylphenylphos ph ine) -

ruthenium(II):- The compounds [ RuCl„(PMe„Ph) ] (0.20g) and Na[ S PMe ]-
u Z 4 2 2

2H 0(0.20g) were shaken in benzene (20ml) for lh. The resulting yellow
2

solution was filtered to remove any unreacted Na[ S PMe 1 2H 0 and the
2 2 2

benzene removed to give the complex as yellow crystals which were

washed with water and dried in_vacuo m.p. 178-180°C. Ir spectrum:-
-1

V 600 cm

2

Chloro(dimethylphosphinodithioato)tris(methyldiphenylphosphinite)-
t

juthenium_( IJ_): - The compounds [ RuCl (P(OMe)Ph ) ] (0.20g) and2 2 3

Na[ S PMe ]2H 0(0.20g) were shaken in benzene (20ml) for lh., the
2 2 2

resulting yellow solution filtered and reduced in volume to ca 5 ml.

o
Addition of light petroleum (bp 60-80 C) then precipitated a yellow

solid which was filtered off, washed with water and dried in vacuo

m.p. 91-93°C; Vpg 595 cm .
2

Similarly, chloro(dimethylphosphinodithioato)tris(ethyldiphenyl-

phosphinite)ruthenium(II) was prepared from [ RuCl^(P(0Et)Ph^) ] m.p.

116-118°C; v„0 -1PS 595 cm
2

(Dimethylphosphinodithioato)tris(dimethylphenylphosphine)-

ruthenium(II)tetraphenylborate:- The compounds[ RuCl„(PMe„Ph)J (0.20g)
*" " 1 "■ 2 2

and Na[ S PMe ] 2H 0 (0.20g) were shaken in methanol (20ml) for 5m to
2 2 2

give a red solution. After filtering to remove any unreacted Na[ S PMe ] -
2 2

2H 0, a solution of NaBPh (0.20g) in methanol (5mL) was added and the
2 *± ,

red formed were filtered off and washed with water and

diethyl ether m.p. 149-151°C; v , 580 cm 1. Conductivity in acetone;
2

slope of Jl -\lvs C* plot = 192 (For [ Ru CI (P(OMe)Ph )lBPh , slope = 155;
O *~"1 2 o 2 6 4

for [ Ru(n-C H )(NH ) ] (PF ) . slope = 350). Similarly reaction with
6 6 3 3 6 2 >

Na[ S PPh ] produced red crystals of (diphenylphosphinodithioato)tris-
2 2 1 L" u 1 ,J
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(dimethylphenylphosphine)ruthenium(II)tetraphenylborate m.p. 160-162°C;

v„„ , 570 era 1.PS
2

(Diraethylphosphinodithioato)tris(methyldiphenylphosphinite)

ruthenium(II)tetraphenylborate m.p. 184-186°C; V 580 cm
2

conductivity in acetone, slope = 215 and diphenylphosphinodithioato-

tris(raethyldiphenylphosphinite)ruthenium(II)tetraphenylborate m.p.

o -1
150-152 C; v , 570 cm were prepared as red-brown and orange-

2

brown solids respectively by shaking [ RuCl (P(OMe)Ph ) ] with
<u Z O

Na [(S^PR^l ■"•n methan°l f°r 5m., followed by addition of NaBPh^ in
methanol to the resulting red solutions. Similarly, (dimethylphosphino-

_d_i thioaj: o_) tris (e thy Id iphenylphosph in ite) ru then ium(I I) tetraphenylborate

m.p. 116-118°C; Vpg 580 cm 1 and diphenylphosphinodithioato)tris-
2

o

(ethyldiphenylphosphinite)ruthenium(II)tetraphenylborate m.p. 174-176 C;

v , 570 cm "*■ were prepared as red-brown and orange-brown solids
2

respectively.

Bis(dimethylphosphinodithioato)bis(ethyldiphenylphosphinite)-

ruthenium(II):- The compounds [ RuCl (P(OEt)Ph ) ] (0.20g) and
" Z J

Na[(S PMe ]2H 0 (0.20g) were refluxed in ethanol (20ml.) for 2h. to
z z z

give a brown solution. On standing for 3 days, a small amount of

o -1
yellow brown crystals were deposited m.p. 230 C; v 588 cm

2

Bis(dimethylphosphinodithioato)bis(dimethylphenylphosphonite)ruthenium(II):-

The compounds [ RuCl (P(0Me) Ph) ] (0.20g) and Na[ S PMe ]2H 0 (0.20g)
2* Z 4 Z Z Z

were refluxed in methanol (40ml.) for lh to give a bright yellow solution.

After reducing in volume to ca 15ml. and leaving for lh., yellow crystals

were deposited, filtered off, washed with water and dried in vacuo m.p.

207-209°C; v „ 580 cm . Similarly, bis(diphenylphosphinodithioato)bis
2

o
(dimethyIphenylphosphonite)ruthenium(II) m.p. 211-213 C was prepared by

reaction of [ RuCl (P(0Me) Ph) ] with Na[ S PPhJ .
Z Z 4 Z Z



- 14 -

O-methyldithiocarbonate complexes

Bis(O-methyldithiocarbonato)tris(dimethylphenylphosphine)ruthenium(II):-

The compounds [RuCl (PMe Ph) ] (0.20g) and KS COMe (0.20g) were shakenZ 4 2

in methanol (30ml.) for 2h. during which time lemon-yellow crystals of

the complex were deposited. These were filtered off and washed with

water and diethyl ether, m.p. 123-125°C. Both bis(O-methyldithiocarbonato)-

tris(methyldiphenylphosphinite)ruthenium(II), m.p. 111-113°C and bis-

(O-methyldithiocarbonato)tris(ethyldiphenylphosphinite)ruthenium(II) m.p.

106-108°C were prepared similarly from rRuCl (P{0R}Ph ) ] (R = Me, Et)2 | Z «J

respectively. Bis(O-methyldithiocarbonato)bis(methyldiphenylphosphinite)-

ruthenium(II):- The compound [Ru(S COMe) (P(OMe)Ph ) ] (0.20g) wasL L 2 2 2 3

refluxed in CH CI (20ml.) containing K[ S COMe] (0.05g) for lh. to2» 2d 2d

give an orange-yellow solution. Methanol (10ml.) was added and the

dichloromethane allowed to evaporate off over a period of 2 days to

o
produce orange crystals m.p. 85-87 C.

Bis(O-methyldithiocarbonato)bis(methyldiphenylphosphine)ruthenium(II):-

The compounds [ RuCl2(PMe2Ph) ] (0.20g) and K[ S^OMe] (0.20g) were shaken
in methanol for 12h. The bright yellow sol_id obtained was filtered off

o
and washed with water and diethyl ether m.p. 163-165 C. The complex

bis(O-methyldithiocarbonato)bis(ethyldiphenylphosphine)ruthenium(II) was

prepared similarly as a yellow solid from [ RuCl (PEtPh ) ] m.p. 147-
2* 2 o

O
149 C.

N,N dialkyldithiocarbamate complexes

(DimethyldithiocarbarLato)tetrakis(dimethylphenylphosphine)ruthenium(II)-

tetrapjoeny~ The compounds [ RuCl (PMe Ph) ] (0.20g) andL L - L L 1 i L ' ** 2d 2d .c

Na[ S CNMe ]2H 0 (0.20g) were shaken in methanol for 5m. After filtering,
2 2 2

NaBPh^ (0.20g) was added, the white precipitate filtered off and washed
with methanol and diethyl ether m.p. 154-156°C; V 1525 cm

CN
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conductivity in CH CI , slope of vt -v^ys C^ plot = 185. Similarly,2 2 O

(diethyldithiocarbanato)tetrakis(dimethylphenylphosphine)ruthenium(II)-

tetraphenylborate, V 1492 cm \ was prepared using Na[ S CNEt ]3H 0.
— —— — — CN 2 2 2

Bis(dimethyldithiocarbanato)tris(dimethyIphenylphosphine)ruthenium(II):-

The compounds [ RuCl (PMe Ph).] (0.20g) and Na[ S CNMe ] 2H 0 (0.20g)
2 2 * 2 2 2

were shaken in benzene (20ml.) for lh., the resulting yellow solution

reduced in volume to ca 5ml. and light petroleum (bp 60-80°C) added

to precipitate a yellow solid;.v^N 1510 cm . (Bis(dimethyldithio-
carbanato)tris(methyldiphenylphosphinite)ruthenium(II) was prepared

similarly from [ RuCl (P{CMe}Ph ) ]m.p. 95-97°C; V 1500 cm 1 (broad).
2 2 o Oil

(DimeJ;hy ldithip55jb tris (methyldiphenylphosphinite) ruthejijlum

(II) tetraphenylborate: - The compounds [ RuCl (p(0Me}Ph ) ] (0.20g) and
------ - - — - - ^ 2 o

Na[ S CNMe ] 2H 0 (0.20g) were shaken in methanol (20ml.) for 10m. to
2 2 2

give an orange solution. The addition of NaBPh^ (0.20g) produced an
orange-pink solid which was filtered off, leaving a yellow filtrate.

Recrystallisation of the solid from CH CI /MeOH gave yellow crystals
2 2

of [Ru CI (Pfc)Me}Ph ) ] BPh (identified by "*"H nmr) but on further
2 o 2 o 4

standing, the remaining red solution gave red crystals of the

complex; v 1510 cm . The yellow filtrate on slowly evaporating
Uii

to half its volume produced orange-yellow crystals of bis(dimethvldi-

o
thiocarbanato)bis(methyldiphenylphosphinite)ruthenium(II) m.p. 194-196 C;

v 1510 cm "}" Similarly, reaction with Nats CNEt 13H 0 gave _(diethyjl-LIi 2 2 2

dithiocarbarrato)tris(methyldiphenylphosphinite)ruthenium(II)tetraphenyl-

borate as red crystals, v 1480 cm 1 and bis(diethyldithiocarbar^ato)-

bis(methyldiphenylphosphinite)ruthenium(II) as yellow crystals m.p.

170-172°C; v 1482 cm"1.
viN

Bis(dimethyldithiocarbanato)bis(dimethylphenyIphosphonite) ruthenium-

(II):- The compounds[ RuCl (P{0Me} Ph) ] (0.20g) and Na[S CNMe ]2H 0
————— 2 2 4 2 2 2

(0.20g) were refluxed in methanol for lh. The solution was filtered

and the solvent allowed to evaporate off slowly to give yellow crystals

° -1 '
m.p. 178-180 C; vCN 1520 cm . Reaction with Na[S CNEt2] 3H20 yielded2
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yellow crystals of bis(diethyldithiocarbarrato)bis(dimethylpheny1-

phosphonite)ruthenium(II) m.p. 125-127°C; v 1482 cm 1. The

complexes bis(dimethyIdithiocarbarrato)bis(methyldiphenylphosphine)—

ruthenium(II) m.p. 229-231°C; VCN 1515 cm 1; bis(diethyldithiocarbam-
ato)bis(methyldiphenylphosphine)ruthenium(II), m.p. 84-86°C; V 1485 cm ;

V/il

bis(dimethyldithiocarbarrato)bis(ethyldiphenylphosphine)ruthenium(II) m.p.

o -1
133-135 C; V ^ 1515 cm and bis(diethyldithiocarbanato)bis(ethyldiphenyl-

o -1
phosphine)ruthenium(II) m.p. 152-154 C; v 1480 cm were all obtained

VxlN

as yellow solids by shaking [ RuCl (PMePh ) ] (0.20g) and [ RuCl (PEtPh ) ]2 2 4 2 2 3

(0.20g) respectively with Nal S CNMe ] 2H 0 (0.20g) and Na[ S CNEtJ 3H 0
A A Z Ct Zt

(0.20g) in methanol (30ml.). The complexes were filtered off and washed

with water and diethyl ether.

We thank Johnson-Matthey Ltd for generous loans of ruthenium

trichloride trihydrate, the S.R.C. for support (WJS), Dr. A.S.F.
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Boyd and Mr. J.R.A. Millar for obtaining the P and H nmr

spectra respectively and the Department of Chemistry, Glasgow

University, for the use of their Mechrolab osmometer.
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TABLE_ 1

Analytical data for some ruthenium(II) dithioacid complexes

Complex Found - % Calculated

C H N Ma C H N

RuCl(S2PMe2>(P{0Me}Ph2) ] 55 .5 5.0 55 .2 5.0

RuCl(S2PMe2)(P{ 0Et}Ph2>3] 55 .5 5.4 55.5 5.4

RuCl(S2PMe2)(PMe Ph)3] 46.6 5.7 744 46 .2 5.8

Ru(S PMe )(P{OMe}Ph2> ] BPh4 65.1 5.4 65.4 5.4

Ru(S2PPh2) (P{ QMe}f»h ) ] BPh4 68.2 5.2 68.3 5.2

Ru(S PMe ) (P{OEt}Ph >] BPh 64.9 5.6 1 64.2 5 .6

Ru(S2PPh2) (P{OEt}Ph2>3] BPh4 68.9 5 .3 68.9 5.5

Ru(S PMe )(PMe2Ph)3]BPh4 62. 3 6.1 492 62.6 6.1

Ru(S2PPh2)(PMe2Ph)3] BPh4 66 .3 5.8 66.5 5.8

Ru(S2PMe2)2<P[ °Et}Ph2)2] 46 .8 5.2 47 .3 5.2

Ru(S2PMe2>2(P[ OMe ^Ph>2] 35 .5. 4.8 688 34 .7 4.9

Ru(S2PPh2)2(P{0Me} 2Ph)2] 51.0 4.6 51.1 4.5

Ru (S2C0Me) 2 (P{ OMe} Ph2) g] 52.5 4.9 53 .4 4.7

Ru(S2C0Me)2(P(OEt)Ph2>3] 53.9 5.1 54.9 5.1

Ru(S2C0Me)2(PMe 2Ph)3] 45 .6 5.3 726 46.0 5.3

Ru(S2C0Me) (PMePh ) ] 50.5 4.5 50.4 4.5

Ru(S2C0Me)2(PEtPh2)2] 51.4 4.8 51.6 4.8

Ru(S COMe) (P{ OMe} Ph ) ]
z z z z

49 .1 4.3 48.4 4.3

Ru(S2CNMe2> (PMe Ph) ] BPh4 65.3 6.3 1.4 612 64.2 6.2 1.5

Ru(S2CNEt2>(PMe2Ph>4] BPh4 65.0 6.5 1.3 65.3 6.6 1.2

Ru(S 2CNMe 2)2(PMe 2Ph)3] 47.5 5.9 3.6 683 47.7 5.9 3.7

Ru(S2CNMe2)2(P {OMe}Ph2>3] 53.8 5 .2 3.1 54.7 5.2 2.8

Ru (S CNMe ) (P {OMe }Ph ) ] BPh
Z Z Z o 4

64.7 5.2 1.3 66.6 5.4 1.2

Ru(S2CNEt2)(P pMe}Ph2>3]BPh4 65.6 5.4 1.2 67.0 5.6 1.2

Ru(S2CNMe2)2(P{OMe}Ph2)2] 50.0 4.9 4.0 49.8 4.9 3.6

Ru(S2CNEt2>2(P {OMe}Ph2)2] 52.0 5.3 3.1 52.1 5.5 3.4

Ru(S2CNMe2>2(P {OMe >2Ph)2] 37 .8 4.9 4.0 37.7 4.8 4.0

Ru(S2CNEt2)2(P {OMe 42.0 5.5 3.7 42 .3 5.7 3.8

Ru(S2CNMe2)2(PMePh2)2] 51.6 5.1 3.5 51.8 5.1 3.8

Ru(S CNEt ) (PMePh ) 1
2 2 2 2 2

52.9 5.5 3.3 54.2 5.7 3.5

Ru(S2CNMe2)2(PEtPh2)2] 53.3 5 .3 3.4 53.1 5.4 3.6

Ru(S2CNEt2)2(PEtPh2)2] 57.1 5.9 3.2 55.3 6.0 3.4

775

479

691

729

a o
Measured osmometrically at 37 C in CHC1

o

b Half actual molecular weight since 1:1 electrolyte
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TABLE_2

Phosphorus_j 31_ nmr_data__(proton-noise_ decoupled) for some ruthenium
dithioacid complexes in CDC1

'ppm

Complex '—T/K

[RuCl(S PMe )(PMe Ph) ] 2132 2 2 3

SoPR„2 2

93.90C

[ RuCl(S2PMe2) (P {OMe }Ph )g]
[RuCl(S2PMe2)(P{0Et JPh^g]
[ Ru(S2PMe2)(PMe Ph) ] BPh4
[ Ru(S2PPh2)(PMe Ph) ]BPh4
[ Ru(S2PMe2) (P {OMe }Ph2>3]BPh4
[Ru(S2PPh2) (ftoMe}Ph2)3] BPh4

[Ru(S2PMe2)(P{OEt>Ph2)3]BPh4
[Ru(S2PPh2)(P{OEt>Ph2)3] BPh4

[Ru(S2PMe2)2(P{0Et}Ph2)2]
[ Ru(S2PMe2)2(P{OMe}2Ph)g]
[ Ru(S2PPh2)2(P{OMe)2Ph)2]
[Ru(S2COMe)2(PMe2Ph)3]

298 96.65

298 109.38d

298 110.31(q)

298 104.26d

298 111.58(q)

298 103.96d

298 109.90(q)

298 102 .52(q)

86,70(t)

88.83(t)

89.47(t)

303

298

298

298

[ Ru(S2C0Me)2(P{0Me}Ph2)3] 298

[ Ru(S2C0Me)2(P{0Et}Ph2>3] 298

[ Ru(S COMe) (P{OMe}Ph ) ] 298
A A A A

[ Ru(S2C0Me)2(PMePh2)2] 218
[ Ru(S COMe) (PEtPh ) ] 2182 2 2 2

[ Ru(S CNMe„)(PMe Ph) ] BPh 2982 2 2 4 4

[Ru(S CNEt„)(PMe Ph) ] BPh 2982 2 2 4 4

[ Ru(S2CNMe2)2(PMe2Ph)3] 298

Other resonances

AB pattern;(v ,20.38,v ,16.06;
2

J 33.0Hz)
AB

139.67d

140.42

32.36(d)( Jpp= 3.6Hz)
32.29d

144.85(d)( Jpp= 4.4Hz)
144.95d

141.53(d)( Jpp= 4.7Hz)

141.39(d)(3Jpp= 4.2Hz)

140.76(t)(3Jpp= 6.0Hz)

170.54(t)(3Jpp= 6.8Hz)

170.97(t)(3Jpp= 6.3Hz)

AB2pattern;(v^,7.62;v^lO.61;
2Jao 30.3HZ)AB

AB pattern;(v ,136.70;
2

vb138.89; jab35-0 Hz>
AB pattern;(v ,132.64;v ,

2 A B

135.06; J 34.8 Hz)
AB

146.51(s)

30.89(s)

50.32(s)G, 44.31(s)f
6.02(t),-3.68(t)( Jpp=27.0Hz)

5.12(t),-3.32(t)(2Jpp=28.0Hz)
AB2pattern;(v^,14.19;v^ll.48;
2Jat29.5Hz)AB



TABLE 2 (continued

Complex T/K SPR
—— 2 2

Other resonances

[Ru(S2CNMe2)2(P{OMe }Ph > ] 218 - 143.80d

[ Ru(S CNMe )(P{OMe}Ph ) ] BPh
A A A o 4

218 - 145.47(s)

[ Ru(S CNEt )(P{OMe}Ph ) ] BPh
Ci Ct O ft

218 - 145.54(s)

[ Ru(S CNMe ) (P{OMe}Ph ) ]
z z z z z

298 - 147.57(s)

[Ru(S2CNEt2)2(P{0Me}Ph2)2] 298 - 148.37(s)

[ Ru(S2CNEt2)2(PMePh2)2] 298 - 31.40(s)

[ Ru(S2CNMe2)2(PEtPh2)2] 218 - 54.42(s)S,45.76(s)f
[ Ru(S2CNEt2)2<PEtPh2)2] 218 - 54.11(s)e,45.82(s)f
[ Ru(S2CNMe2)2(P{0Me>2Ph)2] 298 - 176.15(s)

[ Ru(S2CNEt2)2(P{OMe>2Ph)2] 298 - 176.64(s)

(s) - singlet; (d) - doublet; (t) - triplet; (q) - quartet

a
Chemical shifts reported to high frequency of 85% H PO .

O ft

b
Resonances from tertiary phosphine, phosphonite or phosponite ligands.

c
Multiplet resembling unsymmetrical quartet,

d e
Broad. Decreases in intensity as temperature raised.

f
Increases in intensity as temperature raised.

|



TABLE3 Hydrogen-1nmrdataforsomerutheniumdithioacidcomplexesinCDC1„
■—*~*3

6±0.Olppm

Complex
[RuCl(SPMe)(PMePh)]22Zo

T/K 233

Dithioligand 2.17(d),1.19(d)(JpH12.5Hz)
Otherresonances 1.60(d)(J8.0Hz) 1.88a 7.28-7.36(m)

[RuCl(S2PMe2)(P{0Me}Ph2)3] [RuCl(SPMe)(P{0Et}Ph)]22Z(J
301 301

1.36(d)(JpH12.0Hz) 1.52(d)(2JpH12.0Hz)

3.20a;7.10-7.60(m)b 1'25(t)(J7.0Hz) 3.36;7.20-7.40(m)

[Ru(SPMe)(PMePh)JBPh122234
301

1.82(d)(JpH13.0Hz),,

1.37(pt)(N=80Hz)<• 6.96-7.50(m)

[Ru(SPMe)(P{0Me}Ph)JBPh301222o4
1.44(d)(JpH12.5Hz)

3 .12(pt)(N=U.5Hz) 6 .98-7.50(m)

[Ru(S2PMe2)(P{0Et}Ph2)]BPh4301
1.36(d)(JpH13.0Hz)

1.19(t),3.40 6.94-7.50(m)

[Ru(S2PMe2)2(P{0Et}Ph2)2]
301

1.43(d)(JpH12.0Hz)

1•20(t)(J7.0Hz) 3 .30HH 6 .80-7.50(m)

[Ru(S2PMe2)2(P{OMe>2Ph)2]213
1.71(d),2.12(d)(JpH13.0Hz)

3.42(pt),3.58(pt) (N=12.0Hz) 7.36-7.70(m)

[Ru(S2C0Me)2(PMe2Ph)3]
301

3.65(s),3.92(s)

1.83(pt)(N=8.0Hz) 1.19(d)(J7.5Hz) 7.30-7.60(m)



TABLE3(continued) Complex
[Ru(SCOMe)2(P{OMe}Ph2)3] [Ru(S2COMe)<P{OEt}Ph2>3] [Ru(SCOMe)(P{OMe}Ph)] CjC*££i [Ru(S2C0Me)2(PMePh2)2] [Ru(S2eOMe)2(PEtPh2)2] [Ru(S2CNMe2)(PMe2Ph)4]BPh4 [Ru(SCNEt)(PMePh)]BPh /uCdZ'1̂

[Ru(S2CNMe2)2(PMe2Ph)3] [Ru(S2CNMe2>2(P{OMe}Ph2)^

6±0.Olppra

T/K 301 301 301 301 301 301 301 301 301

Dithioligand
3.33(s),3.46(s) 2.96(s),3.33(s) 3.71 3.81(s) 3.72(s),3.85(s) 2.37(s) 2.90(q),0.82(t)(J7.0Hz)

iin

Otherresonances

2.90(s),3.49(s) 3.02(s),3.10(s)

3.22(pt)fN=ll.OHz) 3.10(d)(J10.5Hz) 7.00-7.60(m) 3.00-3.40(m)C1.31(t) 1.26(m);7.10-7.50(m) 3.22(pt)(N=ll.OHz) 7.10-7.40(ra) 1.88(pt)(N=7.5Hz) 7.18(m) 2.30a,Q.60(ra) 7.18(m)• 1.76(pt)(N=6.5Hz) 1.17(t)(N=5.0Hz) 7.00-7.45(ra) 1.72(pt)(N=6.5Hz) 1.27(t)(N=5.gHz) 6.98-7.44(ra) 1.96a,J.07(d)(2J8.0Hi 7.31(m) 3.30(pt)(N=11.0Hz) 7.20-7.60(m)



TABLE3(continued)

6±0.Olppm

Complex
[Ru(S2CNEt2)2(P{OMe}Ph2)2] [Ru(S2CNEt2>2(PMePh2)2]

T/K 301 301

Dithioligand 3.44(q);3.60(q) 106(t);1.09(t) (Jhh7.0Hz) 3.57®1.07(t)(3J7.0Hz)
nn

Otherresonances 3.22(pt)(N=11.0Hz) 7.20-7.60(ra) 1.78(pt)(N=40Hz) 7.10-7.40(m)

[Ru(S2CNMe2)2(PEtPh2)2] [Ru(S2CNEt2)2(PEtPh2)2]
301 301

2.72(s) 2.91(s),3.ll(s) 3.10-3.90 l.l1

0.56(m),2.10®,2.50g 7.00-7.40(ra) 0.56(m),2.10g2.50g 7.00-7.40(m)

[Ru(S2CNMe2)2(P{0Me}2Ph)2]
301

2.91(s);3.04(s)

3.48(t),3.61ft)(N=7.50Hz) 7.30-7.50(ra)

(s)-singlet(d)-doublet(t)-triplet(pt)-pseudotriplet(m)-multiplet 1,

N=|J(PH)+J(PH) abcBroadresonancePhenylgroupresonancesOverlappingquartets
Containsatleastonetriplet

efABMspinsystem-fouroverlappingquartetsLessintensethanothertwosingletsandthereforeassigned O

tolessstableisomer, i

ghSymmetricalmultipletSeveraloverlappingquartets.
Atleasttwotripletsat1.01and1.186areobserved.



Ph

Me

Me.e
Ph —P^

Me^
Me

Me

^S.
s v

Ru'' ^P

Ph
Me.

Me

Me,

CI

PhMe„P2 A»

P Me„Ph
c 2

Ru

PhMe P
2 B

/I W
.CNR, BPh

P Me Ph
D 2

(1) (2)



Caption for Schemes

1. Possible rearrangements of [ RuCl(S PMe )L ] at 298K
£» Z O

2. Mechanism of formation of [ Ru(S-S) Lj from [ RuCl L ] and [ RuCl L 1 .2 2 2 4 2 3

(* cis^ isomer for L = PMe Ph; trans^ isomer for L = P{OMe} Ph)
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Scheme 1



SCHEME 2


