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SUMMARY

CHAPTER 1

A short introduction about oxidation states of ruthenium is

followed by a literature survey on complexes of Ru (II) and (HI)

containing, nitrogen, phosphorus,arsenic, antimony, sulphur,

oxygen and carbon donor ligands.

CHAPTER 2

A detailed investigation of the reactions of RuX^(EPh^) -J V M

MeOH (A) (X = CI, Br; E = P, As) with ligands containing nitrogen,

(alkyl and aryl cyanides, pyridine, 2, Z'-bipyridyl, 1,10-phenan-

throline, 3,4, 7, 8-tetramethyl, 1. lO-phenanthroline), sulphur

(dimethylsulphoxide, dialkylsulphide, carbon disulphide, sodium

diphenylphosphinodithioate) oxygen, (tetrahydrofuran, acetone,

nitromethane) and carbon (norbornadiene, 1, 5-cyclooctadiene,

carbon monoxide) donor atoms is presented. Five different

types of behaviour towards these ligands are exhibited by (A)

when reactions are performed in non-polar solvents such as

CH_C1_, C.H,. There are:-
2 2 6 6

i) Displacement of methanol giving the Ru (III) compounds

RuX3(EPh3)2L e.g. L = RCN, DMSO, E^S, CS2> CS.
ii) Displacement of methanol and one EPh^ group giving

RuX3(EPh3)L2 e.g. L2 = Me^, CgHgN, bipy.
iii) Complete displacement of methanol, EPh3 and X without
reduction e. g. Ru(S2PPh2)3«
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iv) Loss of methanol giving the five co-ordinated RuX_(AsPh_)3 2

with retention of the (III) state.

v) Reduction to Ru (II) with or without complete displacement

of EPh, groups e.g. RuX_L_(EPh_)_ (L = CO, C_H0, RCN)
J £ £ J Li ( o

and RuX L (L = CcHcN, DMSO).2 4 5 5

Several of these complexes can also be synthesised from

RuCl2(PPh3)3.
The compounds are characterised by elemental analyses,

molecular weight, e. s.r, and magnetic measurements and

configurations tentatively suggested on the basis of i. r. (Ru (III) )

and n.m.r. (Ru (II) ) species. Finally, electronic spectra

(50,000-12,000 cm ^) are presented and discussed.

CHAPTER 3

A detailed investigation of the reaction of RuX (EPh ) -
J O C

MeOH, RuX3(EPh3)(N-N) [E = P, As; (N-N) = 2, 2'-bipyridyl,
1, lO-phenanthroline; L = PhCN] with excess (N-N) or L in

solvents of different polarity (MeOH, CH^Cl^) to give cations
such as [RuX(EPh )(bipy) J+ or [RuCP (PPhJbipy(PhCN)]+ is5 Z £5

presented. Also the reaction of RuCl3(PMe2Ph)3 with excess

(N-N) or L [(N-N) = 2, 2'-bipyridyl; 1, lO-phenanthroline; 2,

9-dimethyl 1, lO-phenanthroline; 3,4, 7, 8-tetramethyl 1,10-

phenanthroline; L = pyridine, norbornadiene, dimethylphenyl-

phosphine] in solvents of different polarity (MeOH, CH2C12,
hexane) to give compounds of the type [RuCl(PMe2Ph)3(N-N)]Cl,
[RuCl(PMe2Ph)2(N-N)S]Cl, RuCl2(PMe2Ph)2(N~N) [or (L2)] ,
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RuCl.(PMe Ph) etc. is presented. Tentative mechanisms of
o cL

reaction are also suggested. Finally a re-investigation of the

reaction of the " red solution" with excess 2, 2'-bipyridyl is

presented and discussed.

CHAPTER 4

The preparation of the anionic complex Ph F'hCH P-

[RuBr^COC^Hg] is described and the full characterisation of
the diene anions Ph,PhCH_P[RuX.COC_Hj (A) (X = CI, Br)3 L ( o

1 13
using i.r., Hand Cn. m.r. spectroscopy is presented. A

detailed investigation of the reaction of (A) with ligands (L)

containing group VB and VIB donor atoms is then given and

reaction mechanisms consistent with the observed variation in

product composition are tentatively proposed.

Papers published in association with T.A. Stephenson et al
are included at the end of this thesis.



CHAPTER 1

A SURVEY OF SOME OF THE CO-ORDINATION COMPOUNDS

OF RUTHENIUM (II) AND (III).

1.1 Introduction

1. 2 Ruthenium (II) and (ill) complexes containing:

a) Nitrogen donor ligands.

b) Tertiary phosphine, arsine and stibine donor ligands,

c) Sulphur and oxygen donor ligands.

d) Carbon donor ligands.
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* A Survey of some of the Co-ordination Compounds of

Ruthenium(II) and Ruthenium (III)

The work described in Chapters 2, 3 and 4 of this thesis deals

with the preparation, characterisation and properties of a wide

range of neutral, cationic and anionic co-ordination complexes of

ruthenium (II) and ruthenium (III). Hence, in order to place this

work in perspective, it is considered valuable to present first, a

review of some of the earlier work concerned with co-ordination

compounds of ruthenium in these oxidation states.

Therefore, in this first chapter a short introduction dealing

with the various oxidation states exhibited by ruthenium and

osmium complexes is followed by a survey of some of the

co-ordination complexes of ruthenium in oxidation states of II

and III.

1.1 Introduction

Ruthenium is a member of the first triad of Group VIII of the

transition elements. Iron, ruthenium and osmium are the

7 1
elements of this group with nd (n+i)s (n= 3, 4, 5 respectively)

outer electron configurations. Because ruthenium is a second row

element, its properties are closer to those of osmium than to

those of their lighter congener iron. This behaviour stems from

the similar atomic and ionic radii found for 2nd and 3rd row metals
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of the same triad.

Thus, for these heavier transition, elements, higher

oxidation state compounds are in general more stable than those

found for the elements of the first transition series. For

example, compounds such as RuO and Os OF- have no counter-
4 b

parts in iron chemistry.

A further characteristic of 2nd and 3rd row metal chemistry

is the tendency to form low spin complexes. This is due to a

combination of two factors:

i) The 4d and 5d orbitals are larger than 3d orbitals and

thus, there is a smaller energy penalty incurred in pairing

electrons in 4d or 5d orbitals.

ii) The ligand field splitting parameter, A , for a given

ligand is larger in complexes of the 2nd and 3rd row elements

which also encourages electron pairing.

In practice, virtually all ruthenium (II) ana osmium (II) (d )

complexes are diamagnetic (usually a tl ground state) whereas
Zg

those of ruthenium (III) and osmium (ill) are usually paramagnetic
3

(t ground state). Hence,magnetic measurements are invaluable
^*6

in helping to distinguish between complexes formed in these two

oxidation states.

Ruthenium and osmium also resemble one another in the wide

range of oxidation states exhibited in their compounds (from -II

to VIII). For each metal, there is a "normal" oxidation state,
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for which the greatest diversity o£ complexes is formed. This

is (III) for Ru and (IV) for Os. The least favourable states are

(VIII), (V), (I) and (O).

The nature of the ligand is an important consideration when

stabilisation of high or low oxidation states of the metal are

required. Thus, small and electronegative ligands such as

fluoride and oxide, stabilise complexes of Os and Ru(VIII) to (IV).

In the case of the oxide ligand, this may be partially associated

with its strong ir-donor properties. In fact, for Ru and Os, the

higher oxidation states (VIII) and (VII) are only observed in oxy-

complexes, either with or without fluoride or hydroxide ligands,

whereas unsubstituted fluoro complexes are formed only for

oxidation states of (VI) or lower.

Conversely, efficient ir-acceptor ligands such as CN , CO

and tertiary phosphines tend to stabilise low oxidation states such

as Os and Ru(ll), (I) and (O), whereas, ligands which are good cr

-donors but which do not have marked ir-donor or ir-acceptor

properties (e.g. H20, NHy H^NCH^CB^NH.,, etc.) are often
associated with the "normal" oxidation state of (IV) for Os and

(III) for Ru.

The tendency of third-row elements to exhibit more stable

higher oxidation states than their second-row analogues is also

shown by these metals. Thus, Os (VII), (VI) and (IV) complexes

are more common than those of Ru (VII), (VI) and (IV) complexes
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respectively, whereas more Ru (III) than Os (III) compounds are

known. These differences are not so marked for the lower

oxidation state compounds.

These various oxidation states of ruthenium will now be

examined in more detail and, in addition, a brief account of

related osmium chemistry will be included, (where relevant) in

the appropriate section.

Ru (Vni)4dQ, Ru (YIl)4d1 and Ru (VI)4d2
Since there are relatively few compounds of Ru in these

higher oxidation states, they are most conveniently discussed in

the same section. The most important compounds in these

states are the tetroxides and oxy-anions given in Table 1.1.

Ruthenium (and osmium) tetraoxides are poisonous, volatile,

crystalline solids with a characteristic penetrating ozone-like

odour. Both of them are powerful oxidising agents and are

extensively used as organic oxidants. Above 180°C, can

explode giving RuO^ and O^; it is also decomposed slowly by light
whereas OsO^ is more stable in both respects.

RuO^ is readily reduced by hydroxide ion first to perruthenate
(VII), which is in turn reduced to ruthenate (VI).



5

Table 1.1

Some Representative Compounds of Ruthenium

(VIII), (VII) and (VI)

VIII VII VI

RuG RuO. [RuOj2
2 4

RuG4.NH3 [RuOzClj "
3

Ru04py2 RuOF4
* RuO . PF 2

4 3

*(Ru04)2PF3 2

* Stable at low temperature only
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i.e. 4RuO + 40H"==? 4RuO/ + 2HG + O04 4 2 2

4RuO." + 4GH"^ 4RUO/"+ 2H00 + O,4 4 2 2

In contrast, OsG^ gives the ion [GsO^(OH)^J^ on reaction
with OH and this difference between Ru and Os is attributed to

the ability of the third row metal oxy-anion to increase its

co-ordination shell. Similar behaviour occurs for ReO. ,4

which in concentrated alkali gives the yellow meso-perrhenate.
- 3-3-

i. e. ReO + 2GH^S [ReO,, (OH),] ^ ReGc + H,0.4 4 '2 5 2

The oxo-anions of ruthenium and manganese have some

similarities. Thus, the fusion of metallic ruthenium or its

compounds with alkali in the presence of an oxidising agent gives

a green melt containing the perruthenate ion, RuO^ , but,
because of the high alkali concentration, on dissolution in water,

2-
an orange solution of the more stable rutheoate (VI) ion, RuO . ,

is usually obtained. However, if RnO is collected in an ice-

cold IM KOH solution, black crystals of KRuG^ can be isolated,
which are quite stable when dry. In contrast, the deep orange,

2-
tetrahedral RuO^ ion is moderately stable in alkaline solution.
It is also paramagnetic (two unpaired electrons) as opposed to the

osmate (VI) ion which is diamagnetic.

When RuG is treated with gaseous HC1 and CI , hygroscopic

crystals of the oxy-anion (H^G^tRuO^Cl^J are formed, from
which Rb and Cs salts can be obtained. This ion is rapidly

hydrolysed by water.



7

i. e. 2Cs RuO.Ci. + 2H-.0 -* RuG + RuG_ + 4CsCl + 4HC12 2 4 2 4 2

Similarly, when RuO.,, dissolved in dilute H-,SO„, is reduced4 2 4

with NaNO^, Na^SO^ or FeSO^, green solutions which contain
Ru (VI) are obtained. Although the precise nature of the species

2-
present is not known, it is probably [RuO (SO )_] . These

Ld t: U

green solutions decompose within a few hours to Ru (IV) species

and, like all ruthenium compounds in (VIII), (VII) or (VI)

oxidation states, they are reduced to Ru (ill) complexes by an

excess of iodide ion.

Addition compounds of RuO^ (and OsO^) with various donor
ligands are also reported, e.g. RuO PF , RuG.py , etc.

T: J w ti

These are black, hygroscopic solids of unknown structure.

Finally, some fluoride complexes of Ru (VI) e.g.

5 6
RuF. , RuOF have been characterised.6 4

Ru(V)4d3
There are very few examples of ruthenium ^.nd osmium)

compounds in this oxidation state. In fact, the only known

examples of this type are the fluoride complexes [RuF^J^,
2- _

[RuF,] , [RuF,].. , and the analogous osmium ion, [OsF,] .b b 2 b

3
The octahedral [MF^J ions have t^ configurations with

three unpaired electrons. Their magnetic moments are

independent of temperature, with values of c. a. 3.7 BM for the
7

[RuF.] salts and c.a. 3.2 BM for the [OsF.] salts.6 b
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Ru (lV)4cj4
Complexes of Ru (IV) £md Os (IV)) usually have octahedral

4
or distorted octahedral structures with t_, electron

2g

configurations, i.e. low spin compounds with two unpaired

electrons. The Ru (IV) complexes have practically normal

magnetic moments at room temperature (2.7 - 2.9 BM) but

these values decrease when the temperature is lowered. For

Os (IV) compounds, the room temperature magnetic moment

is in the range 1. 2 - 1. 7 BM and also decreases as the

temperature is lowered. The chief reason for this anomalous

magnetic behaviour is the large spin-orbit coupling constants

exhibited by the heavier transition elements.

There are relatively few Ru (IV) complexes and the most

important ones are undoubtably those containing halide groups.

For example, yellow cystalline RuF^ can be synthesised by
heating a mixture of [RuF ] , I and IFr. The correspondingD L* J}

o

RuCl^ only apparently exists in the vapour state above 75C C
and RuBr^ and Rul^ are unknown. However, the hexahalogeno
anions [RuX.]^ (X = F, CI, Br) are readily prepared although

these compounds rapidly decompose in aqueous solutions. In

fact, the ruthenium (IV) chloro-aquo system is extremely

complicated viz the changes in colour from red to violet to

yellow on addition . of chloride ion to ruthenium (IV) perchlorate

solutions. Equilibrium, kinetic and spectrophotometry studies
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indicate that the yellow colour arises from hydroxyaquochloro
2-

species such as [RuCl (OH).H.,Oj and [Ru(OH) CI ] (and
■j C* Ci u *

various polynuclear complexes) whilst the violet colour is

probably due to the trimeric Ru O Cl.(H.O), complex with a3 Z d c 6

linear Ru-G-Ru-O-Ru backbone.

Related complexes are the well-known " ruthenium reds"

obtained in a number of ways of which the commonest is the

aerial oxidation of [Ru(NH ),]C1,. The structure of the3 6 3

resulting red solid appears to be that of a linear trinuclear

ion with oxygen bridges between the metal ions, i.e.

[(NH3)5RuIII-0-RuIV(NH3)4-0-RuI(NH3)5] 6+. This type of
structure has been recently confirmed by X-ray analysis of the

ethylenediamune derivative [(NK^^Ru O Ru^n^OR^NKj^JCl^
(see section 1.2a). Since the average oxidation state of Ru in

these ions is 3.33', the metal atoms must be in different

formal oxidation states and thus, the observed diamagnetism

can only be ascribed to extensive Ru-O-Ru u-bonding as in the
4-

[Ru OC1.J ion (see below). These cations can also be
Ct ±KJ

34* 4 -f~
oxidised in acid solutions by air, F<2 or Ce ions to brown

paramagnetic ions of the same constitution but with charge +7

(i. e. with ruthenium ions in formal oxidation states of IV,

III, IV).

Another interesting compound of Ru (IV) is the deep red

crystalline solid, made by the reductions of RuO^ by HC1 in
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the presence of KC1. This was first formulated as K-fRuGGOH]
8

but magnetic measurements revealed that it was diamagnetic
9

and a subsequent X-ray analysis showed the compound to be

K^fRu^GCl^] with a linear Ru-Q-Ru arrangement (l). The
diamagnetism of this compound

CI CI
i ^ci | ci

ci >Ru --" O Ru CI
ci " S ci-—" |

Cl ci

(1)

can then be understood on the basis of a simple molecular orbital

treatment for the Ru-G-Ru grouping. The corresponding

K„[Ru,OBr, 1 has also been prepared.4L 2 iG

Finally, there are a number of ruthenium (IV) compounds
lO

containing nitrogen donor ligands, e.g. RuCl py_ ,

11

RuCl^bipy which are readily reduced to more stable complexes
of Ru (in) and Ru (II).

Ru (Ill)4d5
Ruthenium (IH) complexes are much more numerous than

those of Ru (IV). Most of these compounds are octahedral and
5

and paramagnetic (t ground state) with magnetic moments at

room temperature in the range 1. 8 - 2.1 BM. Since the

following sections of this chapter are devoted to a survey of

many of the co-ordination compounds formed by ruthenium in

this oxidation state, this section is confined to a brief discussion

of ruthenium (III) halide salts and complexes.
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All four trihalides RuX are known. RuF has been
12 6 3

prepared by the reaction of RuFr with an excess of I, at 15Q C
13 5 2

and crystallographic studies show the solid has a distorted

hexagonal structure. In contrast, RuCl^ exists in both water-
soluble and water-insoluble forms, and the latter exhibits both

a dark-brown (3 and a black a form. The p form is obtained by

o

heating ruthenium sponge at 330 G in a 1:3 mixture of carbon
14, 15

monoxide and chlorine , and the o. form by heating the (3
14

form in a current of chlorine to TOO C . The (3-*a transition
16

occurs at 450 C and is irreversible .

The water-soluble hydrated form of RuCR can be obtained
17, 18

by the prolonged action of hydrochloric acid on RuO^ , and
the deep red solutions of their product in water rapidly darken

19
due to hydrolysis . This commercial product,(usually called

" RuCl . 3H O" ), whilst containing Ru (III) species such as
J L.<

RuCl (H O) , also contains polynuclear Ru (IV) oxy and hydroxy5 Cs o
^

chloro species and sometimes the nitrosyl chloride [Ru(NG)Cl^]n .

In order to ensure the absence of Ru (IV) compounds, the

commercial salt must be evaporated several times with

concentrated HC1, which produces conversion to a mixture of

Ru (ill) complexes, shown by ion exchange experiments to consist
3 2 •+

of the ions [Ru(H.,Q) ,]" , [RuCl(H-O) ] and cis - and trans-/ 6 id. D

+ 20
[RuCl (H O) ] . Furthermore, it was recently reported that

C4 Ca U*

methandlic solutions of " ruthenium trichloride" in the presence
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of Zn will absorb molecular nitrogen to give a ruthenium {II)
21

nitrogeno species .

The two methods which have been suggested for the

preparation of RuBr^ are either treatment of ruthenium dioxide
with hydrogen bromide or reaction of hydrobron.ic acid with RuO.,

22
but in neither case was the product fully characterised . The

resulting brown crystalline products readily dissolve in water,

giving unstable brown solutions which on addition of alkali metal
2-

bromides yield salts of [RuBr^H^O)]
Rut^ has been prepared by the gradual addition of potassium

iodide to a solution of RuO^ in HC1. This compound which is
a fine black power readily undergoes thermal decomposition to

23

form ruthenium and iodine ,

Finally, a number of Ru (H) halogeno complexes have been

synthesised. The dark green K RuF,, which can be prepared by3o

treatment of RuCl„ with molten KHF_, is inert towards water
3 2

but dissolves in dilute acids to give solutions in which the

3_

[RuF^] ion is retained. Several Ru (ill) chloro complexes are
known of formulae MRuCl.H.O, M_RuCl., M~RuClr.. H„,0,

* Cj 1) w J

M_RaCl, and M.RuCl- (M = K, NM.e , etc.). Although sonue ofJ 6 4 7 tc

these complexes have bromo analogues, no corresponding iodo

complexes of Ru (III) are known.

Ru (Il)4d6
Apart from osmium dihalides, no simple salts of Ru (II) and
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Os (II) are known but both elements give an enormous number

of complexes in this oxidation state. The usual method of

preparation is the reduction of Ru (III) or Ru (IV) halides or

halogenc complexes in the presence of ligands. In some cases,

the ligand itself may act as a reductant. Virtually all complexes

of Ru (II) and Os (II) are octahedral and diamagnetic (tt ground

state configuration) although there are some examples of five
24,25

coordinated species, e.g. the well-known RuCP(PPh ) ,
L J J

in which the six-coordinated position is blocked by a hydrogen
26

of a phenyl group. Recently , a series of complexes of

general formula RuX (PR ), (X = CI, Br; PR, = PEt Ph,
31

PEtPh and PClPh ) have also been synthesised and p
L.i — Li

2 (

n.m.r. studies indicate a similar structure to that found for

the PPh^ complex.
Chloro complexes of Ru (II) have not been fully

2-
characterised. . However, the presence of planar [RuCPj ions

28
has been inferred by electronic absorption spectral

measurem.ents of the "blue solutions of ruthenium (II) in

hydrochloric acid. On standing, the species in these blue

solutions slowly disproportionate to the metal and trivalent

chloro species. When ruthenium chloride solutions are treated
3 -f-

with either hydrogen under pressure, with Ti , or are

electrolytically reduced, blue solutions of chloro complexes are

obtained. Using tetrafluoroborate or p-toluene- sulphonate
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28a
2+

solutions, the hexaaquo ion [Ru(H2G)6] , may be obtained
The well-known " blue solution" , which is thought to be

, 23b
a methanolic solution of [RucCl-_] , and the " red solution"

0 XL,

(containing carbonyl species), which is obtained by passing a

current of carbon monoxide through an ethanolic solution of

"RuG^^I^O" are very good starting materials for the
synthesis of a wide range of ruthenium (II) complexes (see later).

A detailed description of some of these Ru (II) complexes is

given in the following section of this chapter.

Ru (I)4d?
Until recently, the monovalent state was represented by

only halide and carbonyl halide complexes but several other

Ru (I) species have now been postulated. " RuX" (X = CI,

Br, I) can be made by the action of hypophosphorus acid on

aqueous solutions of the respective ruthenium trihalides

although it is possible that these solutions contain hydrido

Ru (II) or Ru (ill) halide species. [Ru(CG)Br] and
29 n

[Ru(CO) I] have also been reported . The latter is soluble

in benzene suggesting that it is not polymeric but possibly a
29a

dinner like [Os(CG) l]_. This Os (I) compound is very stable
T M

and may contain metal-metal bonds in addition to halide

bridges. Polymeric nitrosyl halides [Ru(NO)X ] (X = Br, I)2 n

have also been prepared by the action of nitric oxide on

[RuX (CGL] . The iodo complex reacts readily with ligands L,
u u n



15

30

(L = py, 1/2 bipy, Ph^MeAs) to give [Ru(NO)I2X-2}2
More recently, it has been shown that the interaction of

Ru^(CO)^2 with Me^PPMe^ gives [Ru(CG)3PMe2J2 believed to
have structure (2) .

Me
I 2

.P.

(CO)3RuC-^-^- -^--^RU(CG)3
Me

2

(2)

Gther genuine Ru (I) compounds which have recently been

established include, the carbonyl complexes

[Ru(RCO )(CO),(PPh )] which can be prepared from
32

Ru3(CO)^(PPh3)3 and the corresponding carboxylic acid .

The analogpus compound (R = Me) of structure (3) has also

been prepared from the ruthenium (I) dinner

[RuCl(CO) (PR )] [PR, = P(tBu(ptol) ] which has structure
33

(4) . The latter compound can be prepared by the interaction

of these bulky phosphines with the " yellow solution"

obtained by passing CO through a 2-methoxyethanol solution

of " RuCl,. 3H,0" . Less bulky phosphines such as PMe PhJ L Lt

give Ru (II) carbonyl phosphine complexes when reacted with

this yellow solution (see section 1.2b). The action of
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Me

(4)

chlorine on [RuC^CO^PR^)]^ gives the polymeric

[RuCl^CO^F'R^^n compounds which on further reaction
with ligands L (L = py, etc.) give the rnonomeric complexes

RuCl (CO) (PR )L containing cis-carbonvl and cis-chloride2 6
33

groups (i. r. evidence) . Finally, the compounds
34 35 36

[Ru(NH ) N_] , HRu(PFj. and the dimeric Ru Cl.(DMA)
O D L, .5 4 L 5

(DMA = N, N-dimethylacetamide) have been recently

reported. Solutions of the latter in dimethylacetamide

are active olefin hydrogenation catalysts.

Ru (Q)4d8
The most important Ru (O) (pnd Os (O)) compounds are

29
the carbonyls and their derivatives. Thus, Ru(CO)r is

monomeric, like the corresponding Fe and Os compounds
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and probably has a trigonal bipyramidal structure. The
29, 37 38

dodecacarbonyl Ru^(CO)^ and its Os analogue were

originally thought to be the enneacarbonyls M,(CO)c but
38a 2 9

X-ray analyses confirmed structure (5).

CO CO

(5)
39

Reduction of MCl2(CO)2(PPh3)2 (M = Ru, Os) with 2h
powder and CO gives the zerovalent M(CO) (PPh,)_. This

■J d u

five co-ordinate Ru complex regenerates RuCl2(CO)2(PPh3)2
on treatment with Cl2> and MHX(CO)2(PPh3)2 (X = CI, Br)
is formed for both Ru and Os when M{CO)3(PPh3)2 is

39
treated with HX

A wide range of zerovalent and higher oxidation state
39a

compounds can be synthesised from Ru3(CO)^2 . These
include Ru3(CO)9(PPh3)3, Ru^CO^C-^H^N.,) (6) and

40

RufCOFfC. ,H„ - N,) obtained by reaction with PFh„ andv '3V 46 36 4' 3

substituted pyrazolines, respectively.
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(CO)
t

,Ru.

(CO) Ru JRu(CG) 3

41

Finally, some olefin and arene-olefin complexes of

Ru are known, e.g. ( J^CgH^Ru^C.,!^) (CgH^ = 1, 5-cy-
clcocfcadieno; C H =1, 3, 5 cycloheptatriene);7 o

p6 CgHgRuJ^CgHg (CgHg = 1, 3-cyclohexadiene)etc.
9 lO

Ru(-I)4d , Ru(-II)4d

Some examples of these unfavourable oxidation states for

2- - 2-
ruthenium are the anions [Ru(CO) ] and [Ru(diphos) ]

T: Cm

which are presumably tetrahedral.

1. 2 Ruthenium (II) and (ill) complexes containing

a) Nitrogen donor ligands

i) Ammine and Amines

Ruthenium forms many more ammine complexes than
42

either osmium or iron . Thus, the air sensitive
43

[Ru(NHg)g]Cl2 has been prepared by the action of zinc
powder, ammonia and NH^Cl on aquecus ruthenium

trichloride solutions, whereas the panta-ammino species
44 , 45-47

[Ru(NH3)sf+ and [Ru(NH3)5(K20)r+ are obtained
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from the reduction of Ru (ITT) peatammine compounds with

chromous ion. These Ru (II) complexes are comparatively
48

stable in aqueous solution in the absence of oxygen . A

large number of nitrosyl tetrammine Ru (II) complexes have

been characterised, e.g. trans- j'RuX(NO)(NH ) M
49,50 50

(X = CI, Br, I) [Ru(N0)(N03)(NH3)4](N03)2
trans-[Ru(OH)(NO)(NH3)4]C12 and tris-, bis- and mono-
ammine Ru (II) complexes are also known, e.g.

51 45

RuC12(h2°)(nh3)3 , Na4[Ru(S03)2(HS03)2(NH3)2] ,

[Ru(NO)(OH)(NH3)en]l2 .

Ruthenium (ill) ammines are more stable in solution
3+ l'

than those of Ru (II). Thus the [Ru(NH ),] ion is obtained3 o

by the interaction of the [Ru(NH3)^+ ion with chlorine but

although, these colourless salts are very stable in acid

solution, in alkali, ammonia is evolved and the solutions

turn yellow, and then on subsequent addition of hydrochloric

or nitric acids, bright blue solutions are obtained. Such

reactions are not observed with the pentammines, although

both the hexammine and the pentammines give the intensely

coloured " ruthenium red" on refluxing with alkali in the
52

presence of oxygen (see section 1.1 page 9 ).

A variety of substituted Ru (ill) pentammines have also

been prepared, e.g. [RuC1(NH3)3]C12 can be made either
by the prolonged action of CI on [Ru(NH_) ,]C1_ or from the

C 3 D c
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49, 53 54
Ru (II) hexammine and HC1 ; the X-ray crystal structure ,

55 56

magnetic susceptibility , e.s.r. and electronic absorption
57

spectra have been recorded. Some other representative Ru (III)
57, 53

ammine complexes are, [RuX(NH_) _]X_ (X = Br, I) ,

43 3 5 2
[RuH^Q^H-^jJCb, i cis and trans - [RuX (NH^JX

5o, 59 6o 61
(X = CI, Br) , [Ru(0H)(NH3)5]S206 , [RuC1(NC>3)(NH3)4](N03) .

Amine complexes are comparatively rare for Ru (III)

although quite common for Ru (II). Thus, the Ru (II) complex

[Ru(en)3]Br2 can be made from ruthenium trichloride and
ethylenediamine in the presence of Zn powder followed by

precipitation with sodium bromide. The iodide and perchlorate
62, 63

were also prepared and i.r. spectra of these and the

deuterated derivatives were recorded and band assignments
62, 63

proposed . Interestingly, ESCA studies indicate that the
2+

attempted oxidation of [Ru(en)3] by air or iodine results in the
preferential oxidation of an ethylenediamine ligand giving the

64
a-di-irnine complex of structure (7)

(?)
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The syntheses and characterisation of diacido bis-

ethylenediamine ruthenium (III) complexes of the type,

[RuX^en^JfRuX^en] and some related compounds [RuX^en^jY
65

(Y = CI, Br etc. ) have been reported and as mentioned earlier

(page 9 ) the crystal and molecular structure of the ethylenediamine
66

analogue of " ruthenium red" [Ru^O^en^NH^^JCl^ (8)
confirms the proposed linear structure of the ammine compounds.

67
Mossbauer studies of this analogue suggest localised valences

of (ill), (IV) and (ill) respectively on the ruthenium atoms.

H3N NH3 N N H n nh3
\/

- Ru

/\
H N ■ O—*— Ru O Ru —NH3

H N NH N N H H N NH,

(3)

Finally, various aniline complexes of Ru (II) and Ru (III) have
67

been recently prepared , e.g. A[RuX^(aniline)^], RuX^(ardline)^,
[Ru(aniline) }X (A = K+, NH.+, FhNH *; X = CI, Br, or I)be 4 5

ii) Nitriles and isonitriles

A large number of mixed ammine-nitrile complexes of
2-f- 3+

Ru (II) and Ru (III) are now known, e.g. [Ru(NH ) RCN]
69

(R = CH2=CH-, p-C5H4N, etc.) , cis- and trans-fRu(NHj^ (RCN)2J'
2+

etc. In the p-cyanopyridine complex, [Ru(NH3),_(p-CNCpH^N)]
i.r. evidence indicates that the ligand co-ordinates exclusively

through the nitrile group and thus, the cyanopyridinium salt
-3+ 71 1

[Ru(NH3)3p-CNC^H^NH] is readily prepared . Hn.m.r.
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studies of these Ru (II) organonitrile complexes also provide

information about the extent of metal ir- electron delocalisation

into the ligand orbitals.

A wide range of Ru (II) complexes containing nitrile groups
28b

have also been synthesised from the " blue solution" (see page 14)

For example, reaction of this methanolic solution with phenyl

cyanide gives the dimer [RuCl^PhCN) ] and halide bridgeCt O £

cleavage of this with Lewis bases gives [RuCl^PhCN^L^]
(L = CO, etc.). For L = CO, the complex

has cis - CO groups but for the other ligands, trans-configurations

have been postulated. Reaction of the " blue solution" with

succino-and-glutaro- nitrile (L1) gives insoluble brown complexes

of approximate stoichiometry [RuCl-L'J • probably containing
w n

bridging nitrile groups, whereas preparation of the " blue

solutions" in acetonitrile gives the complex RuCl^MeCN)^
which on further reaction with aniline or carbon monoxide yields

73

the complexes RuCl^MeCN)^!^ • The analogous complexes

RuCl2(RCN)2(PPh3)2 (R = Me, CH^CH-, PhCH2, Ph, nBut-, etc.)
74

can be prepared from, RuCl^PPh^)^ and RCN. All of these
complexes show strong bands in their i.r. spectra in the

region 2214-2275 cm * which since they are higher than v' in
75

the free nitrile; indicate that bonding occurs through the nitrogen .

However, an acrylonitrile analogue of the above complexes
76

RuCl_(CH CHCN),(PPh^);} was previously reported , with v ... at£ £ £ ■J £ <0 IN
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2215 cm . Since this is 13 cm ^ lower than v . for the free

nitrile, co-ordination through the olefinic functions was

suggested. The dimerisation of acrylonitrile to 1,4 dicyano-l-butene

with ruthenium complexes of the type RuCl-(CH_CHCN)_ . has
^ ^ u w or

also been briefly reported . The related complexes Rul (CO) L_
78

have been made by cleavage of the polymeric [Rul (CO)_]
b iC n

with excess L (L = MeCN, PhNH^, py, -|bipy, NHy AsMePh^)
whereas reactions of [RuX (CO) J with RCN gives

79 2 3 2
RuX (CO) RCN (X = CI, Br; R = Et, Ph, CH CH-) and reaction*

46, SO
of [RuCl NO] with MeCN gives RuCl (NO)(MeCN)

j n J < vb

In recent years, a number of cationic Ru (II) compounds

containing RCN ligands have also been reported. For example,

reaction of MHCl(CO)(PPh ) (M = Ru, Os) with AgClG* in
"81

MeCN gives the cations [MH(CO)(PPh ) (.MeCN^jClO^ (9) which
are particularly versatile intermediates because of the different

labilities of the two MeCN groups.

H _

oc-

PPh,

.M^
I
PPh,

(9)

. NCMe

NCMe

Similar compounds [MH^XEt^P^H^gPEt^^jBPh^ (M - Fe, Ru, Os)
8 2

(L = Me CCN, PhCN# N? etc.) can be prepared from acetone3 2

solutions of trans-MHCl(Et,P(CH2)2PEt>),, NaBPh^ and L.2 2

Also, reaction of [J^ C^H^RuCl^]^ with HgCl^ in MeCN gives



[J6C6H6RuCl(MeCN)2]HgCl3
24
83

Apart from the Ru (III) arnmine-nitrile cations mentioned
69

earlier , the only other Ru (ill) nitrile complexes are the

recently reported RuCl (PhSPi-1) MeCN and (RuCl (MeCN) ]MeCN
. 84

made by reaction of RuCl^PhSPr^MeOH with MeCN .

Although the latter is non-conducting in MeNQ,, the conductivity

in MeCN is ca one third of that expected for a 1:1 electrolyte

suggesting the following equilibrium in solution,

[RuCl3(MeCN)3]MeCN^ [RuCl2(MeCN)4]Cl.
It was also observed that [RuCl3(MeCN)^MeCN reforms
RuCl,(PhSPr1) MeCN in the presence of PhSPr1 , Other

J U4

Ru (III) nitrile compounds are discussed in Chapter 2.

■Some related isonitrile complexes of Ru (II) have also
85

been prepared e.g. RuI,(p-CNCrH.OMe) , cis- and trans-Z 5 4 Q 485a

RuX2(EPh3)2(CNR)2 (E = P, As, Sb) and RuCl2(PPh3)2(CNR)2
8 6

(R = p-tolyHsonitrile)

iii) Pyridine and substituted pyridines

A considerable number of pyridine complexes of Ru (II)

and Ru (ill) have been synthesised and some of these are listed

in Table 1.2. For example, in recent years, Ru (III) halo
87,88 84

pyridine complexes such as mer- and fac-RuCl py_,
87 25

[RuC^py^JCl , pyH[RuCl4py2J and pyHfRuCl^COpyJ have
been prepared by a variety of methods. The Ru (II) compound

87,88

trans-RuCPpy^ is also well-known and very recently, the
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39

cis-isomer has been synthesised via [Ru(C,OjpyjH O . The
9G

related oxaldto dirner [(Rupy,LC.O„1(BF L (lO) has alsojr/4'2 <a 4 2 x '

been fully characterised by X-ray analysis.

<BPh4)2

(IO)
2+

The mixed ammine-pyridine cations [R^NH^^py^]
3 + 2+

[R^NH^^py^] can be prepared from [R^NH^JgN^] and
n4 ^

[Ru(NH3)5py] (n = 2 or 3) are also readily available . These
Ru (II) ammine-pyridine complexes are deeply coloured due to

92
a strong charge-transfer band in the visible region whereas

the corresponding Ru (ill) species are almost colourless.
3 +

However, when the pH of solutions containing the [Ru(NH,)_LJ3 5

ion (L * py or methyl-substituted pyridine) is raised to 8,

coloured solutions are obtained suggesting that the equilibrium,

2Ru (111).^=* Ru (IV) + Ru (II) lies well to the right hand side
93

in basic solution

A number of carbonyl-pyridine complexes are known.
79

Thus, reaction of [RuCl^CO^Jp with pyridine gives both

RuCl^CO) py and RuCl^COj^py^ and the latter compound is also
isolated when the " red solution" (see page 14) is treated with
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pyridine . The corresponding bromo and iodo complexes are
25,78,65,94

also known . Although these dicarbonyl species do

not react with pyridine to give RuCl (CG)py , the latter is
Ci J

readily prepared by refluxing [RuCl-CGC_H0] with pyridine2 7 8 n
95

(C^H0 = blcyclo [2,2,1] hepta-2, 5 diene norbornadiene) . The
related Ru (II) nitrosyl complex RuCLNOpy., is obtained by

46, 8(J
reaction of [RuCl NC] with pyridine and [Ru(NO)l_py_ j_5 n

3G 2 i L
is formed from [Ru(NO)I_] .2 n

2+
Finally, the hydrazino ligands in [CgH^R^N^H^)^] and

[CgH^HuH(NMeNHg)g]+ can be displaced by pyridine giving
2+

[C H ,Rupy.] and [C H RuHpy.] ions respectively
o jlu 4 o r. / j

96

(CgH^ = 1» 5-cyclo-octadiene) . Other Ru (II) and Ru (III)
pyridine complexes are discussed in later chapters.

(iv) 2, 2'-Bipyridyl, 1, lO-phenanthroline

A large number of Ru (II) and Ru (III) complexes

containing pyridine or other Lewis bases and either 2, 2'-
11

bipyridyl or 1, lO-phenanthroline have been prepared ,

mainly by Dwyer and co-workers (Table 1. 2). Most of these

compounds which are obtained from either (N-N H)[RuC1^(N-N)J
or RuCl^N-Nj^N-N = bipy, phen) are six co-ordinate monomers,

although a hydroxo bridged Ru (III) complex

[Ru(N-N)_(0H),](C10 ) . 6hLO (11) has been isolated by the
Li Li x T: Lt

reaction of [RuCl(H_0)(N-NLjCl with a mixture of AgNO. and
11

NaCIC . . The electronic spectra of these compounds have been
97

measured and are discussed elsewhere (see Chapter 2).
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TABLE 1.2

Some heterocyclic base complexes of Ru (II) and Ru (III)

Ru (II)

[Rupy4N-N](C104)2
(N-N = bipy, phen)

[ RuXpy3bipy] +

11

(X = CI, Br)
11

RuX2py2W-N
(X = CI, Br, I, SCN; N-N =

bipy, phen)
11

[Ruacacpy bipy]CIO2
ii 4

Ruox py2bipy

.cis-RuX2(CO)2py2
25, 78

(X = CI, I)

[RuClpy phen?J CIO
11

11

[RuH2Opy phen2J(C104)2
io

cis-K[RuCl (NO)py]
lO

Rul (OH)NOpy
C

lO

RuCl3(NO)py2

Ru(OCOR)2pyn
187

(n = 2, 4 ; R = Me, Et, Ph)
78

RuI2(CO)2py2
191

Ru O(GCOR) ,py_

zt11
[Rupy4bipy]

Ru (III)
61

[RuCl2py4]Cl
[RuCl(OH)py4JCl
* RuCl3py3 ui

97

pyH[RuCl4py2]

61

11

[Ruacac py2 bipy](C104)2
[RuX2py2N-N]x
(X = CI, Br, I, SCN; N-N=bipy, phen)

11

[Ruoxpy bipyjCl
25

pyH[RuCl4(CO)py]
[Ru (OAc)py JClPtCl.3 2

io 6
(pyH) [RuCl py]2 5111

229

[RuX4COpy] (X =C1» Br)
112

[Ru(CO)2(py)2(SnX3)2]n
(X = CI, Br)

191

Ru_G(OCOR),py.3 611 3
RuCl^pybipy

+11
[RuCl2py2bipy]

* also methyl-py analogues
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Table 1. 2 continued

Ru (II) Ru (III)
11

[RuClpy„bipy]+
11

RuCl py bipy
11

2+[Rupy (phen) ]

[RuClpy(phen)2]
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As reported earlier for nitriles and pyridine, reaction of
46, 80

[RuCl NO] with (N-N) gives RuCl0 (NO)(N-N) and this

is a general method of preparing ruthenium nitrosyl complexes.
98

However, recently Meyer et al have shown that the nitrosyl

groups can be co-ordinated after the basic ligand framework

has been established around ruthenium by either of the following

reactions:

[Ru(bipy)2(HzG)X]+ + NOz" + 2H+;==~ [Ru(bipy)(NO)X]2+ + 2H20

[Ru(bipy)2(NG2)X]+ 2HPF6^ [Ru(bipy)2(NO)X](PF6)2 +
(X = CI, Br, NO )

99
Furthermore, they have shown that the reaction of the

nitrosyl complexes with aqueous aside solutions regenerates

the aqu° complex,

i.e. [Ru(bipy)2NOCl]2+ + N3" + H2G^ [Ru(bipy)2(H2G)Cl] +
+ n2+n2o

The above reaction also occurs in non-aqueous solvents giving

the solvent complexes [Ru(bipy)2(S)Cl]+ (S = Me2CO, MeOH,
MeCN) which are useful intermediates for synthesising a range

of complexes by solvent displacement, e.g. [Ru(bipy) Clpy]+,
lOO

Ru(bipy^Cl(NG2) etc.
The tris-2, 2' bipyridyl and 1, lO-phenanthroline complexes

of Ru (H) and Ru (III) have also been studied extensively. Thus,

direct reaction of the ligands on "RuCl3.3H20" gives the red

[Ru(N-N)3]C12. 6H20 and the corresponding bromide, iodide,
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perchlorate, nitrate salts are readily obtained by metathetical

reactions. Similar compounds with, 4, 4'-diphenyl-2, 2'-bi-

pyridyl, 4, 7-diphenyl-l, lO-phenanthroline and other
lOl

substituted ligands have also been synthesised . Partial

2+
asymmetric synthesis of the [Ru(N-N)3J ions were achieved
by using K^fRuCl^H^O], (N-N) and optically active tartrates.

2+
Oxidation of d or 1-fRu(phen)^,] ion with eerie ion then gave
the corresponding optically active, blue [Ru(phen)^+ ion which
can be reduced back to the divalent state with complete

102
3 +

retention of configuration. [Ru(bipy) ] has also been

2+ 102
produced by oxidation of [Ru(bipy)^] with both eerie ion

34. 24
and PbO^ and redox potentials for [Ru(bipy)^] /[Ru(bipy)^]
have been measured at different temperatures and ionic

strengths and thermodynamic data deduced from the results.

Absorption and luminesence spectra of [Ru^ipyJ^Cl^
and [Ru(phen) ]l have been measured and the possible use of

104,105
these compounds for lasers have been discussed . It

has also been observed that the corresponding trivalent cations

will chemiluminesce when added to an aqueous solution of a

base and this phenomenon is ascribed to charge-transfer
106

transitions .

There are also a number of tertiary phosphine, carbonyl,

nitrile or diene complexes of Ru (II) which contain 2, 2'-bipyridyl

or 1, lO-phenanthroline. Thus, reaction of RuHCl(PPhQ)^ with



31

107
2, 2'-bipyridyl is reported to give [RuHC^PPh^J^bipyj^
whereas with RuH(OCOMe)(PPh3)3> the complex
[RuH(OCOMe)(FPh )(N-N)j (12) is formed (N-N = bipy,phen)

108

-tnt

-Ru

PPh

(12)

In contrast, reaction of 2, 2'-bipyridyl with [RuCl (CS)(PPh,) j
Ct O Ld Ct

(see section 1,2c) in either MeOH or gives the ionic

dimers [RuCl(PPh )_bipy] CI whilst with 1, lC-phenanthroline,
109

the non-electrolyte RuCl^PPh^^phen is supposedly obtained
These and other phosphine/N-N compounds are discussed

further in Chapters 2 and 3, However, in CS , both ligands givec*

the neutral monomers RuCl^CSjPPh^N- N). O. SPh^PCS^ which
after recrystallisation from CH^Cl^ yields RuCl7(CS)PPh^(N-N)

109
0.5CH CI . Related complexes RuCl (PEt Ph) (N-N) have

tm* C* Cd C*

been prepared by reaction of the triple chloride bridged dimer
llO 111

[Ru^Cl3(PEt^,Ph)^]Cl with (N-N) and reaction of [ RuC^CG)^]^
or [RuCl^PbCN)^]^ with bipy gives RuCl-^CG^bipy and
RuCl (PhCN)_bipy respectively. The dicarbonyl complex can

112
also be isolated by reaction of bipy with the " red solution" .

However, other previously unreported products are formed
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in this reaction and these are discussed in Chapter 3.

Finally, several mixed bipyridyl-aiene cations of Ru (II)
3

have recently been prepared by displacement of -allyl groups

from [Ru( p^-allyl)(diene)(jV[eCN) _]+ cations e.g.
2+ 113

[Ru(diene)(MeCN)2bipy] (diene = C^Hg, 1, 5-CgH^)
1. 2b) Tertiary-phosphine, -arsine and -stibine donor ligands

In the last 15 years, a large number of Ru (II) complexes

containing tertiary phosphine, arsine or stibine ligands have

been prepared. For example, compounds containing only halide

ions and these Group VB donor ligands include RuX,(ER,)
25 26 26

2 3&
(X = CI, Br; ER = PPh , PEtPh , PEt Ph , SbPh ;

26 114 114a

X = CI; ER3 = PClPh2 , AsPh3»P(p-tol)J , RuX2(ER3)4
2 5 114a

2,
(X = CI, Br; ER = PFh , P(p-tol), , PMePh ,

26 3 115 " 116a
PMe Ph , AsMe Ph , AsMePh , PMe CHLPh

26 85a

(X = Br, ERg = PClPh2 , SbPh3 ) and the binuclear
[.Ru X (PR ),]X (X = CI, Br; PR, = PMePh,, PMe.Ph,2 3 3 6 3 2

no, 11?
PEtPh , PEt Ph, PPr Ph, PBu Ph, PEt etc.) . The

2 2 2
118 119

related RuX L (X = CI, Br; L = P(OPh) , PKPh ;2 4
110,120 121,122

L = ditertiary phosphine and arsine ) are also
Ct

well-known.

In contrast, relatively few Ru (III) complexes containing

these ligands have been reported. Such compounds include the

series mer-RuX^ER^ (X = CI, Br; ERg = PPh3, AsPh3,
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123,124
PMe Ph, PEt Ph, PBmJPh, AsMe Ph, AsEt Ph, AsMePh ) ," J

25,125
RuX (EPh ) S (X = CI, Br; E = P or As; S = MeOH ,

126 25

MeNO^ , Me^CO ), the anions trans-[RuX(ER„)„]2 2 4 12£ n
(X = CI, Br; ER^ = PPh3> AsPh3, PMe^h, PEt3 ) and the
binuclear [RuCl3(PR )2] and Ru C15(FR3)4 (PR3 = PPr^ ,

II

PBu3) . Attempts to synthesise a wider range of Ru (ill)
compounds containing tertiary phosphines and arsines are

discussed in Chapter 2.

The preparations of some of the Ru (II) and (III) complexes

mentioned above are outlined in Scheme 1.1.

The X-ray structural analysis of RuCl^PPh^in 1965
24

confirmed the five co-ordinate formulation, indicating a

distorted square pyramidal structure with trans - chlorides,

trans phosphines in the basal plane and an apical phosphine with

the sixth position blocked by an ortho-hydrogen of a phenyl ring (13).

CI

P?h3

Ru

PPh3

Ph P ^C1

(13)

On refluxing RuCl (PPh ) in acetone, a red solid analysing
L J J

for RuCl (PPh ) Me CO is precipitated whereas in
u O eh Lt

methylethylketone a black insoluble compound of composition

RuCl^PPh^)^ is deposited. Since the far i.r. spectra of both
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these compounds are practically identical, indicating the

presence of both terminal and bridging chloro groups and since

reaction with excess PPh regenerates RuCl?(PPh ) , they are
74

formulated as the dimeric compounds (14) .

PPh PPh

(14)

The bisphosphine complex is also formed when " RuCL. 3H O"
128

is refluxed in either isobutanol or cyclohexanol , whereas
25,128 128 128

in refluxing methanol , ethanol or isopropanol ,

RuCl_(PPh ) is deposited. All these compounds are excellent
C* J J

starting materials for the preparation of a wide range of

Ru (II) tripnenylphosphine complexes. Thus, reaction with
74 85a 25 74

various ligands (JL) such as RCN , RNC , CO , amines ,

etc. leads to the formation of cis- and trans-RuCl-L (PPh )
86

whilst with SQ_, the red complexes RuCl?(SO_)(PPh ) can
129

be isolated. A recent paper shows that carbonylation of

RuCl_(P.Ph„)^ proceeds in a stepwise manner forming firstC* J J

RuCl?CO(PPh3)2S ( S = solvent), then RuCl2(CG)2(PPh3)2
and where S = N, H-dimethylacetamide or N, N-dimetnyl-

formamide, the monocarbonyl complexes can be isolated. The
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related RuCl.(CO)(PPh ) (H O) can be made by reaction of
, 130

RuC12(CG)(H20) with PPb^ . Preliminary evidence
indicates that similar complexes are formed with other

27

RuX^PRg)^ species . The halide groups can also be partially
or completely displaced by other anionic ligands. For example,

reaction of RuCl^PPh^)^ with sodium carboxylates or sodium
acetylacetonate gives Ru(OCOR) (PPh ) and Ru(acac) (PFh„)

hi .J Lt Cm D C*
/4

(acac = acetylacetonate) respectively whereas with TlCrH ,

5 131
Jx -C,_ HyRu(PPh^)2Cl is formed . Similar compounds

5 , .

P -CrHcRu(ER ) CI are prepared starting from eitherJ J J 131

[Ru2Cl3(PMePh2)6]Cl or RuCl3(AsPh3)2MeOH . These
cyclopentadienyl complexes also undergo a variety of reactions

usually by replacement of the chloride ion, e* g. formation of

P^-C,..H Ru(PPh ) R (R = Me, C,Fc) by reaction with LiR and
J O D O L O D

5 131
P - CrH(_.Ru(PPh,) H by reaction with LiAlH.J J J -J c* •

Reaction of RuCl2(PPh3)3 with hydrogen in the presence of
either sodium phenoxide or triethylamine gives the air-sensitive

IO7

monohydrido complex RuHCl(PPh ) , shown by X-rayJ
132

analysis to have a distorted trigonal pyramidal configuration.

This compound which can also be synthesised either by refluxing
107

a mixture of RuCl-(PPh,)„ and NaBK, in benzene/THF or2 3 3 4
133

" RuCl . 3H_C" , formaldehyde and PFh in 2-methoxyethanol ,
J u J

has been shown to be an efficient catalyst for the homogeneous
IO7

hydrogenation of olefins Replacement of
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the chloride group with carboxylate ions gives the six co-
134

ordinate RuH(OCQR)(PPh ) (with a bidentate OCOR group)
108

which are also active hydrogenation catalysts . Reaction of

RuHCl(PPh3)3 with AlEt^ in ether under nitrogen gives a high
yield of the dinitrogen complex RuH^N )(PPh ) and reactionLi La j j

of this compound with hydrogen gives the tetrahydride

RuH (PPh ) ; this reaction is reversed by exposing the3
114a

tetrahydride to nitrogen . The same compound is also

prepared by treating RuCl_(PPh ) with NaBH in a benzene/
135 4

methanol solution . Confirmation that this species is a
136

tetrahydride and not a dihydride as originally proposed was

obtained by its reaction with PPh which gave hydrogen (82 per3

cent) and RuH (PPh ) . Treatment of the latter with hydrogen
114a

chloride then gave additional hydrogen (85 per cent) , i.e.

RuH4(PPh3)3 + PPh3 RuH2(PPh3)4 + H2
HC1 (82 per cent)

2HZ
(85 per cent)

This tetrahydrjfcb complex undergoes several types of
135,137

reaction with small molecules (Scheme 1. 2) . These

include partial or complete replacement of hydrogen (N^ZO, NO,

S02# MeCN) insertion into a Ru-H bond (CS2)or reduction (C2H4).
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Scheme 1. 2

CIS ■RuOHCS^PPh^
C2«6

cs_
C2H4/H2 RuH2(MeCN)(PPh3)3

MeCN

n;

RuH4(PPh3)3 S02->Ru(S02)2(PP^)2
NO

Ru(H2)(N2)(PPh3)3
CO

|

RuH2CO(PPh3)3

N
Ru(NO)2(PPh3)2

Interaction of RuH (PPh ) with [Ph C]PF, leads to
Ci 3 4 3 6

[RuH(PPh3)4]PF^ by abstraction of hydride ion. This salt then
reacts with smaller phosphines such as PHPh or P(OMe) Ph(jL)C* 6

giving [RuHLjPF, whereas with MeCN, [RuH(MeCN)-(PPhJ_]PF,
1or, 3 O L 3 3 b
l3b

is formed • On standing in CH^Cl^, the tetrakisphosphineL> w

cation slowly forms a yellow complex of formula
, 138 139 139

[RuH(PPh ) ]PF, and H , P.n«WA. r> and X-ray studies3 3 6

indicate that the latter has structure (15). Other cationic

complexes of Ru(ll) 'which contain tertiary phosphines and other

ligands are discussed in Chapter 3.
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Related complexes RuH,(FR,). (PR0 = PMePh , PMe Ph)& 5 4 3 c a

have been prepared by reaction of [Ru C1,(PR,),]C1 either
140 3 6

with hydrogen/hydrazine mixtures or by treatment with
141

NaBH^ in ethanol . These compounds which form part of a

general series (M = Fe, Ru, Os; L = tertiary-phosphite,

phosphine, -phosphinite, -phosphonite or secondary phosphine)

exhibit stereochemical nonrigidity (temperature variable "*"H
31

and P n. m.r. spectra) which is explained in terms of a
142

" tetrahedral jump model" , These compounds also react with
141

other ligands giving RuH L'(PR ) (Lf = CO, PhCN) ; with
141

CC1 , RuHCl(PMe Ph) and CHC1 is formed , whereas with
14 O

HC1 only [Ru C1_(PR_).]C1 has been isolated
L. 5 Jo

In contrast to the reaction with triphenylphosphine,

refluxing " RuCl^. SH^O" with less bulky tertiary phosphines in
aqueous ethanol give the triply chloride-bridged cations

no

[Ru G1 (PR )/]Cl (16) . Although these cations do not react2 3 3 o
26,115

with excess PR to give RuCl (PR ). , the latter, together
J Ca j *
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26
with RuC12(PR^)3 have recently been prepared by reaction of
RuCl(PPh ) with PR in non-polar solvents, (see

m 3 O Or T: J

Scheme 1.1). However, the triple bridged halides can be cleaved

with such reagents as 2, 2'-bipyridyl, 1, lO-p henanthroline or
llO

ditertiary-phosphines (H^) giving RuCl^PPh^^J-^ .

R3P.

R3p

r3p

Ru

C1v

Cl-

CE

(16)

-Ru-

PR,

-PR,

PR,

CI

On heating [Ru^Cl^PEt-jPh^JCl in n-propyl propionate,
dark red crystals of Ru^Cl^PERPh)^. are formed whilst in
methyl acetate, the red solid [Ru CI (PERPh),][RuCl3(PEt Ph) ]

143-145 J C
is obtained , X-ray studies show the neutral.dimer to have

structure (17) and the anion to have meridional configuration (18).

PhEt P
2 -s

PhEt^P-
Cl'

.01 PEt,Ph
2

-Ru 01 Ru PEt Ph

/ \ 2
01

(17)

PEt^Ph

CI

01-

PEt_Ph

I 2
i
Ru

PEt Ph
Ct

PEt Ph

(18)
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A closely related species is the paramagnetic, mixed Ru (II)/

Ru (III) complex Ru^l^PR^ (19) (PR3 = PUPr3, PHBu3)
obtained by shaking " RuC133H_,0" and PR3(1:2.2 molar ratio)
in ethanol for 72 hours; the Ru (HI) dimer [RuCl (PR ) ] (20)

127,146 J C
is also formed . Other triple-halide-bridged Ru

complexes containing tertiary phosphines include the Ru (II)
147 148 149

carbonyl , thiocarbonyl and dinitrogen species

Ru^Cl^L(PPh^)A (L = CO, CS, N?) (21) and the paramagnetic3 "4
148

Ru2Cl5(CS)(PPh3)4 (22) .

CI

r3f-

r3p-
-Ru

(19)

PR, PR,

(20)

CI

Ph3P.
Ph3P

Ru

CI.

-Cl-

Cl'

Ru-

.PPh,
PPh,

(21)
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CK ^ CI PPh3

Ph3P Ru CI* -Ru CS
CI ^-Cl PPh,

(22)
143

Until very recently, the [RuCl3(PEt2Ph)3]~ ion
represented the only Ru (II) anionic complex containing tertiary

phosphines, arsines or stibines. However, complexes such as

148# 150
M[RuCl (CS)(PPh ) ] (M = Ph,PhCH,p , Ph.As t Rt.N )

151 4
and PPh3Me[RuI3(CO)2(PPh3)] have now been prepared and
further attempts to synthesise other anionic Ru (II) complexes

with these and other ligands are discussed in Chapter 4. In

contrast, a series of Ru (III) anions of type [RuX (ER ) ]
* O w

are readily prepared either by reaction of

RuX3(EPh3)2MeOH with MX/HX (E = P, As; M = Ph4As+,
Me^N+), reaction of the " red solution" (page 14 ) with excess

PR3 (PR-j = PMe^Ph, PEt3) or exchange of PPh3 groups in

[RuCl4(PPh3)2J" with neat PR3 (PR3 = PMe^h, PEt3»
P(OPh) ). Optical and magnetic properties of these anions3

25,126,151a
have been measured and a trans stereochemistry established.

The [Ru CI, (PR ). ]CI complexes are formed more
Cm 3 3 o

rapidly if the reaction between " RuCl 3H O" and PR is
115,117

carried out in 2-methoxyethanol whereas with AsEt Ph,
115

refluxing in this solvent for one hour gives RuCl_(AsEt_Ph') .
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The analogous complex RuCl (PEt Ph) can. be prepared by
115

shaking the " red solution" with PEt Ph for 11 days

However, a general method of synthesising mer-RuCl,, (PR., )„

complexes has now been developed, namely, reaction of

ethanolic'RuCl . 3H O" with PR in the presence of
123

hydrochloric acid which inhibits reduction to [Ru^Cl^PR^kJCl .

Unfortunately, these Ru (III) compounds are not good

precursors for the synthesis of other Ru (ill) complexes since

on reaction with other Lewis bases, ready loss of one or more

chloride groups with formation of Ru (II) compounds such as
152

RuCl^PR^^L (L = EtOH, NH^» NH^Et, etc. ) usually occurs ,

More examples of this type are discussed in Chapter 3.

Reaction of PPh^ with " RuCl^SH^O" in 2-methoxyethanol
follows a different pathway, namely " reductive decarbonylation"

125,153
of the solvent giving RuHClCG^Ph.^ ; a similar
reaction with the bulkier tricyclohexylphosphine gives the five

co-ordinate RuHCl(CO)(PCy0) which undergoes further

reaction with smaller ligands to form RuHCl(CO)(PCy_) L
154

(L = C H N etc.) . Rather surprisingly, with SbPh only5 — *51
25

[RuCl (SbPh ) ] is formed . The related RuCl_(AsPh )2 3 3 n
U4 2 3 3124

has also been mentioned but very recently Poddar et al

have reported that their attempts to reproduce this preparation

gave only Ru (III) complexes such as RuCl^AsPh^^ and
RuCl (AsPh ) MeOH. These compounds react with oxygen in

J Cf £i
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124
the presence of P^As to give RuCl3(AsPh3)(OAsPh3)2 and
with a large number of other ligands as discussed in Chapter 2i

There are a very large number of carbdnyl complexes of

ruthenium (II) containing tertiary phosphines and arsines.

Thus, PPh3 reacts with H2Ru(CO)4 to give RuH^CO^PPh,)3 2
155

which is rapidly converted into RuCl.(CO) (PPh ) in CHC1,
M W J fa ^

Conversely, RuCl2(CO)2(PR3)2 (PR3 = PPh^ PEt ) are
reduced to the hydrides by LiAlH and *H n*m. r. studies show

155
these have structure (23) , (The triphenylphosphine dihydride

156
can also be obtained by high pressure hydrogenation of

129

Ru(CG) (PPh ) ). Recent work by James et al on
J J u

carbonylation of RuHCl(PPh3)3 in dirnethylacetamide shows that
a mixture of RuCl2(CO)2(PPh3)2 and RuHCl(CO)2(PPh3)2 (24)
are produced and these can be separated by recrystallisation

from CH2Cl2/MeOH.

OC.

OC

PR,
I -

I
t

Ru^

PR,

(23)

H

•H

Ph P
3 -v

OC

H

!

,1
RuJ

CI

(24)

PPh,

KCO

The isolation of RuI2(CG)2(PR3)2 (R = Ph, Cy) fromi PR,
7 8

and [Rul (CO) ] was briefly reported by Irving and has
157

been re-examined in detail by Hieber and John .
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Diamagnetic, non-conducting Rul (CO) (PR )? complexes wereC* 6 J u

obtained by reaction of PR ' (PR = PPh, , PCy,, PEt ,3 3 3 3 3

PPhEt , PPh-Et) with [RuI7(CO),] in benzene, from which& u c £ n

chloride or bromide displaced iodide to form the chloro and bromo

analogues. On the basis of dipole moments, n. m. r. and i. r.

spectroscopy, the various isomers produced were identified. For

example, four of the possible five geometrical isomers (25-28)

were observed with PPhEt , whereas the other phosphines gave

only isomers (25) and (26). The trans-carbonyl isomer (29)
2-

was not obtained. The addition of PPh^ to [RuX^(CO)-]. or
[RuX (CO) ]" anions gives RuX (CO) (PPh )., but i. r. studies2' '2- 3 2

show these to be a mixture of isomers

OC

X'

PR,

•Ru

PR,

(25)

CO

X.

X

PR,

Ru

PR,

(26)

..CO

-CO

R3P\
X

PR
3

Ru

CO

(27)

CO

Monocarbonyl complexes RuX2(CO)(PR3)3 were also isolated from
[Rul (CO)-] and Rul CO(PPhEt ) was shown to have structure2

(30)

pr, PR.

CO

r3p

OC

Ru

X

(29)

CO

X
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(30) (31)

However, other ways of synthesising these mono-and

dicarbonyl complexes are also known, namely by treatment of

" carbonyl-containing" ruthenium solutions with the appropriate
25,115,160

ligand or by carbonylation of [Ru CI (PR ),]C1
115,160

compounds (see Scheme 1. 3), The product formed depends

upon the reaction conditions, the solvent and the amount and

nature of the phosphine used. The bromo and iodo analogues of
25,160,168

RuCl CO(PR,) can then be obtained by metathesis .
6 J i

However, since the ease of replacement of chloride ion depends

upon the trans ligand (e. g, CI trans to PR^ is replaced more

rapidly than CI trans to CI or CO), then some interesting-

intermediates such as RuClXCO(PR_)_ (X = Br, I, SCN) can
117

be isolated ,

Reaction of [Ru_Cl_(PR^).]C1 with ethanolic KOH solution
°

115

leads to the formation of the monohydride (32) and these also

undergo some interesting reactions.
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Schemgj.3

RUC|CO)(PR3)3

RuHCKCOKPR^

V

RuXCl(CO)(PRJ
(32)RuC((N03)(C0)(PR3)3

(32)
RuHCl(CO)(PR ) L

O /I Li X,
MeOC H. OH

A 4

RuX2(co)(PR3)3
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CI

H

■Ru^"
R3P | ^pr3

CO

(32)

For example reactions with either mineral or carboxylic acids

HX (X = CI , NO^ , or OCOR) liberates hydrogen to form
RuClXCO(PR ) and these reactions can be reversed by

160
treatment with alcoholic KOH . The trans labilising effect

of the hydride ligands in (32) (PR = PEt , PPhEt , PPhPr^,
162

PPhBu^) was demonstrated by Douglas and Shaw who studied
the equilibrium,

RuHCl(CO)(PRjQ + L RuHCl(CO)(PR_)-L + PR.3 3 v 3 z 3

(L = AsPhEt^, AsPhMe?, PPhBu*, PPhPr^, PPhEt2, PEt3,
P(OEt ) , PPhMe , PPh(OMe) ) by observing the hydride

J J La LA

n. m. r. spectra of the complexes in the presence of various

L. The relative affinities for Ru increase from left to right

along the series given.

The corresponding RuX2(CO)(EPh3)3 and RuX2(CO)2(EPh^).
25

(E = As, Sb) can also be made via the " red solution" , or
163

for RuCl2(CO)2(AsPh3)2,from, Ru3(CO)^2 and AsPh^ .

Reduction of the latter with zinc dust in dimethylformanide

gives the five co-ordinate Ru(CO)3(AsPh3)2
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( £l Ru(CO)3(PPh3)2 page 17 ) and these species readily
undergo oxidative addition reactions with loss of one GO

group giving for example Ru(OCOR). (CO) (EPh ) and
£* C, J o

RuHGl(CO)2(EPh3)2 with carboxylic and hydrochloric acids
respectively. However, the tricarbonyl complexes

164

RuX_(CO)3PPh3 have been prepared from Ru3(CG)12 . On
heating, these undergo partial GO loss with formation of the

dimeric [RuX^COj^PPh^j^ which can also be obtained by
reaction of Ru (CO) (PPh ), with the stoichiometric quantity

164, 165 V
of halogen . Reaction of RuX_(CO)_(PR,) with Lewis

1 / /

4.
acids and CO gives the tricarbonyl cations [RuX(CO)3(FR3)2J
Finally, a variety of nitrosyl complexes containing tertiary

phosphines, arsines and stibines have been synthesised. These
46,80,167 168

include RuX,NOL, , RuH(NO)(PPh,), and3 2
169 3 3

RuCl(HO)(CO)(PPh3)2 .

1.2c) Sulphur and oxygen donor ligands

i) Sulphur donor ligands

In comparison with the large number of ruthenium

complexes containing tertiary phosphines, arsines, and stibines,

few complexes containing mono- , di- or trisulphides have been

reported. Earlier work includes the synthesis of the
. 17 0

ruthenium (HI) complexes RuCl3(Et2S)3 , [RuCl3(Et2S)2J2
and the Ru (II) nitrosyl complexes of general formula

46

RuCl3(NO)L2 (L = EtSBu11, MeSPh, (CH^S) . Wilkinson et al
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also described the preparation of the Ru (II) cation
112

[Ru^nCl^XbB^ICt^S)^] via the 11 red solution"
More recently, a series of complexes RuX^L^ = CI#

Br; L = PhSMe, PhSEt, PhSPr11, PhSBu11) have been prepared

by reaction of alcoholic " RuCl,3H_0" solutions with an excess
84 6 2

of L . However, when L = PhSPr\ Ph S, Me S, a
Ct. Ct

different pattern of behaviour was observed. Thus, for

PhSPr1 the methanol co-ordinated compound RuCl_(PhSPr1),MeOH
was formed which has a magnetic moment of 2.1 BM

5
consistent with a 4d configuration. The labile methanol can

then be displaced by MeCN to give RuCl^(PhSPr1)MeCN.
Attempts to co-ordinate other ligands gave precipitates of

approximate composition [RuGl^(PhSPr1) j^. With Me^S the
reaction gave [RuCl^Me^S)-(peff = 1.OBM), RuCl^Me^S).,
(peff = 2. IBM) and very low and variable yields of

RuCl (Me S) , whereas with Ph S, only a black insoluble
84

material of unknown composition was formed . Reaction of

RuX (R_S) with ligands such as pyridine or aniline (L') gave3 £* 3

the completely substituted products RuX^(L1)^, whereas with
(norbornadiene), the polymeric [RuCI^C^HqJ^ was formed.

84 °
E.s.r. studies revealed that the RuCEpy, complex was the

87,88
facial (C„ ) isomer whereas other methods of

3v

preparation give only the meridional (C^) isomer.
The disulphide complexes [RuCl_(RS(CH->)_SR) ]3 fai u D XI

Sri8
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(R = Et, nPr, Ph) and the monomeric RuX2(RS(CH2)2SR)2 ( X =
CI, Br, R = Me, Et, Pr, Ph) have been prepared. Oxidation

of the latter complexes with perchloric acid or bromine gives

the Ru (ill) cations [RuX2(RS(CH2)2SR)2]+ and displacement of
one of the disulphides by CO gives cis-RuX (CO)JPhSfCHj-.SPhU

A trisulphide compound of formula RuCl,[MeC(CH SEt) ] has
J Cm D

also "been described. This reacts with CO in 2-methoxyethanol

to give RuCl?(CG) [MeC(CH-SEt)-] which has been formulated
84

as a seven co-ordinate Ru (II) complex . An interesting

property of RuCl^[MeC(CH2SEt)2] is that the carbonyl complex
RuCl_{CO)fMeC(CH?SEt) \ is formed when the compound is

84
refluxed in dimethylformami.de and this represents the first

example of solvent decarbonylation by a sulphide complex,

although decarbonylation with phosphine complexes is fairly

common (see page 43).

Several ruthenium complexes containing CS2 or CS ligands
have been reported. Thus, the reaction of RuCl^PPh^)^ with

109

CS2 has been reported to give the two products

3 3

[RuCl(JN' CS2)(PPh3)3)Cl (33) and (RuCl2CS(PPh3)2J2 (34).
CI

Ph3P

Ph3P "

-Ru

PPh„

CI
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PPh

PPh.

PPh,

PPh,

(34)

Reaction of the dimer with ligands such as CO, pyridine, etc. (L),
IC'9

then gives complexes of the type RuCl CS(L)(PPh ) . The
u J Ci

dirner also reacts with MC1/HC1 mixtures to give the first

reported thiocarbonyl anions M[RuCl,CS(PPh ) ] (M = Ph PhCh p+,
.148,150

-f- -f-
Ph.As , Et.N ) . However, a careful re-examination of4 4'

the reaction of RuCl_(PPh ) with OS. shows that in addition to
148

(33) and (34), a third product of formula Ru^Cl^CS^PPh^)^ can
be isolated and complete characterisation, including an X-ray

171

analysis reveals this compound has structure (21) (L =

CS, page 4:1). In contrast to the reaction of (34) with MC1/HC1,

(21) gives the paramagnetic dimer Ru^Cl^CS^PPh^)^ (22) (see
page "41), presumably by intermolecular displacement of a

148

PPh^ group with chloride ion . It is also reported that if
[RuCl_(EPh_)_] (E = P, As) is refluxed in CS for several2 5 2 n £

hours, the dithiocarbonyl complexes RuCl?(CS)?(EPh ) (VCS,
-lv

172

1295 crn" ) are formed , but in view of the above results,

further work is required to confirm these findings. Insertion of

CS^ into Ru-H bonds to give dithioformato complexes has also
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been observed, e.g. formation of cis-Ru(HCS )?(PPh ) from
136,173 Z L 32

RuH (PPh ) and Ru(HCS )(Cl)CO(PCy ) from
* 1 A " 3 C*114

RuHClCG(PCy )
J

Some Ru (II) complexes containing dimethylsulphoxide

(DMSO) have recently been described. Thus, the yellow

RuX (DMSO) (X = CI, Br) has been prepared either by

prolonged interaction of " RuX^H^O" in DMSO with hydrogen at
80°C or, more simply, by refluxing " RuCl,3H_On in DMSO for

176
1

a few minutes . A detailed study of the i.r. and H n. m.r.

spectra of this compound (X = CI) and its deuterated derivative

suggest a mixture of cis- and trans-isomers each of which may
176

have both S- and O- bonded DMSO . However, we have

synthesised compounds of this composition via RuX^(AsPh^)^MeOH
and our studies indicate that only very small amounts of O-bonded

complexes are present (X = CI) and only S-bonded compounds

(for X = Br) (see Chapter 2). Reaction of RuCl-(DMSO) with
u Tl

various Lewis bases then produces partial or complete replacement

of DMSO groups with the formation of compounds such as

RuCl2{F(OPh)353DMSO, RuCl2(PPh3)(DMSO)2, RuCl2(CO)2(DMSO)2
176

and RuCl2py^ . Other sulphoxide complexes of Ru (II)
include C.H,RuCL(DMSO) made fromjT^-C.H/RuCl-L and

83 6 6 2 177 6 6 2 2
DMSO (originally formulated as a dimer ), [Ru(NH.)_(DMSO)]l_3 6

91 2
which is prepared by reaction of (Ru(NH„LN-Jl with DMSO and

129

RuCl2(CO)(PPh3)2DMSO . I.r. studies indicate that the first
two are S-bonded and the third O-bonded. The only Ru (ill)
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complex RuCl (DMSG) which was supposedly prepared via the3
73 176

" blue solution" has now been shown to be a mixture of

compounds. However, some Ru (ill) DMSO complexes are

described in Chapter 2.

Reaction of RuCl-(DMSO) with NaS CNEt gives
176 4 2 2

Ru(S?CNEt^^DMSG)^ and related compounds Ru(S-S)2(PPh2)2
[S-S = S CNR„, S COR (R = Me, Et)] have been prepared by

178
reaction of RuCl (PPh ) with Na(S-S) . A very recent

179
detailed study of the reaction of various ruthenium halide/

tertiary-phosphine and phosphite complexes with Na(S-S)

or NH4(S-S) [S-S = S2PR2(R = Me, Et, Ph), S CNMe2] shows
that for S-S = S2PR2« the products cis- Ru(S2PR2)2L2 (L =

PPh^, P(OPh)2> PMe2Ph, PMePh2» etc.) exhibit temperature
1

variable H n. m.r. spectra which is attributed to facile

interconversion of the two optical enantiorners. A complete
18 G

kinetic line-shape analysis suggests that the mechanism of

this process involves a solvent assisted cleavage of a Ru-3

bond trans to L.

Other dithioacid complexes of Ru (II) and (III) are confined

to N, N-dialkyl (-aryl) dithiocarbamates and include
181

Ru(S CNR-R'), [R = R' = Me, Et, nBu ; R = Me, R* =Z
182 183

PhCH2 ), [Ru(S2CN(PhCH?)2)2(CO)2]Cl , Ru(S£NR2)2(CO)
183 183

(r = Me, Et) , Ru(S.CNR7L(CO) (R = Me, PhCH ) andC c* L & 6

RuNO(S CNR ) (35) (R = Me, Et ). The latter is the
L w J
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first example of a Ru complex containing a unidentate dithioacid

group although carbcnylati on of cis-Ru(S PR ) (PMe Ph)"

Cd C* C* Lt (!*

gives three products of formulae Ru(S PR ) CO(PMe Pb),c* C* Ct c* Ct

(two isomers) and Ru^PR^^CO^Me^Ph, shown by "^H,
31

Pn.m.r. and hetereonuclear decoupling studies to have
179

structures feb-38)respectively .

/
R NC

2 V

NO

• Ru" CNR

/ 2

V

/
CNR,

S

(35)

PMe Ph

CO

(36)

..PMe Ph
Ci

1PMe.

RZP

PMe Ph

PMe^Ph
(37)



(38)

Finally, related species containing 1, 2-dithiolene ligands have
«

been prepared, e.g. Ru(S CNRR')(S2C (CFJJ (R = R = Me,
. 185

Et; R = Me, R = Ph) and Ru(S,C,(CF. L)(CO) (ER )^ £ 0*2 n 5 3-n

(n = 1, O; E = P, As) .

ii) Oxygen donor ligands

With the exception of aquo compounds and some recent

studies on ruthenium carboxylato and acetylacetonatc* complexes,

there are very few complexes of Ru (II) and (ill) involving

oxygen donor ligands.

Interaction of " Rud^E^O" with carboxylic acid,
carboxylic anhydride mixtures gives the unusual complexes

187

Ru^OCGR^Cl ( R = Me, Et, nBu) and an X-ray structure
of the n-butyrato compound confirmed the proposed tetra-

carboxylato bridged binuclear structure and showed that the

[Ru_,(OCOR) J units were linked into chains by Ru-Cl-Ru
188

bridges . These complexes have equivalent Ru atoms in the
187

mean oxidation state of +2.5 or as originally formulated

(II, III). This reaction also gives green solutions thought to
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189
contain the neutral dinaers Ru^(OCOR)^ but X-ray analysis
of the PPh^ adduct of the acetate revealed this species to be
an oxo-centred complex Ru-O(OCGMe) (PPh ) (39) with

190
formal oxidation states (II), (ill), (III) . Further papers

have now been published by Spencer and Wilkinson which reveal

that the oxo-centred Ru (ill) carboxylates of type

[Ru^C^OCOR^H^G)^] undergo successive one and two
electron reductions to form the species Ru^O^COR),,(H^O)^
and Ru,(OCOR),(H O) respectively and that the first reduction3 b c 3

is electrochemically reversible. These trinuclear compounds

also undergo further reaction with ir-acid ligands such as

CO, MeNC, etc. giving cornplexes such as Ru(OCGMe) CG(PPh )
191

and Ru(OCOMe) (PPh ) (MeNC). . The former, which has
ui J C*

one bidentate and one monodentate ligand (4G)
179

[cf Ru(S2PR2)^0(PMe2Ph)2 (37)] can also be made by
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192
reaction of RuH^COfPPh^)^ with acetic acid in 2-methoxyethanol.

PPh3

A /
MeC Ru

CO

0 c I?
CMe

PPh3

(40)

Similar reactions with other hydride and/or halide Ru (II)

triphenylphosphine compounds gave complexes such as
108,192 192

RuH(OCOR)(PPh ) , RuCl(OCOR)CO(PPh } ,

192 192

RuH(OCOR)CO(PPh3)2 , Ru(OCOR)2(CO)2(PPh3)2 and
Ru(OCOR)?(PPh ) is obtained in high yield by reaction of

74

RuCl (PPh ) with NaOCOMe . The related
74

Ru(acac)2(PPh3)2 is synthesised in similar fashion , and the
paramagnetic Ru(acac) can be prepared by direct reaction

193
between " RuCl33H20" and acetylacetone

Finally, there are a small number of Ru (II) and (ill)

compounds containing co-ordinated oxygen donor solvent
74

molecules, e.g. [RuCl (PPh ) (Me CO)] and
C4 ^ ^ n / " ^

1Z6

RuCl0(EPh )_MeNO^ (E = P, As) and more of these are5 5 c* u

discussed in Chapter 2.

1. 2d) Carbon donor llgands

i) Dienea

A relatively large number of complexes of Ru (II)
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containing diene ligands are known, but no Ru (III) complexes of

this type have yet been reported. The interaction of

ethanolic solutions of " RuC1.3H O" with various dienes
J L

(norbornadiene or 1, 5 cyclooctadiene) gives the polymeric

[RuCl diene] , which on further reaction with p-toluidine gave2 n
194

RuCl^dieneX ptol)^ . A recent note reports that similar
compounds are formed with other amines (e.g. Me^N,
cyclohexylamine, etc.) together with the hydrido complexes

195

RuHCl(diene)(amine) . Analogues of the latter can also be
107

prepared from RuHCl(PPh ) ; [RuCRC H ]f. has also been3 3 t. 7 8
g4

prepared from RuCl^R^S)^ and norbornadiene , and complexes
of type RuX^diene^PR^)^ can be obtained either by reactio^^f
RuX2(PPh3)3 Qr 4 or [Ru2C13(PR3)6]C1 with Or .
In contrast, reaction of " RuCl^H^Q" with 1, 3-cyclohexadiene
does not give the expected diene complex but instead,

dehydrogenation of the ring occurs to producefT,H RuCl ]
83,196 v 6 22

(41) . This then reacts readily with a wide range of ligands

nonome:

83,196

,-s 6
to give the monomeric j C H,RuCl L (42) (L = PR., AsPh ,

on lot: -J b b c 3 3

n>
Ru

Cl-^f ^C1
L

(42)

Carbonylation of [RuCl^C^Hg^ has been studied under a

variety of conditions and some of the products, which usually
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197

contain no diene, are shown in Scheme 1.4

Scheme 1,4

CO"

[RuCUCOL]3 2

EtOH

V

[RuClJCO) EtOH]
n

[RuC12C7H8J»

CO +

hydrazine

Zn + CO

4

CO+

hydrazine
+

PPh„

Ru3(C°)12 +
C?H8RU(CO)2(OH)2

+H4R"4(co)12

[Ru(NH3)5L]C1. \
[RU(NH3)5L] +

trans-Ru(CO) (PPh )
J J U

(L = CO, N2)

However, one of the products is Ru(OH) (CO) C H and
L, L, 7 O

although this is too insoluble and involatile for *H n. m.r, or

mass spectral studies, the presence of two v bands in the i, r.CO
197

spectrum led the investigators to suggest structure (43)

although (44) cannot be ignored, especially since the recent

X-ray analysis of RuCl,(C„H ) (aniline) indicates trans-
198

chlorides and cis-amine groups .

/ 11.

\ -11

CO

><

OH

(43)

.CO

OH

HI,

•11-

OH

"Ru^

OH

(44)

CO

CO
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The halide groups in [RuX^diene] are readily replaced
with various ligands. Thus, reaction of the polymers

with acetylacetone, salicylaldehyde, 2-rnercaptopyridine (L-L)
199

together with Na CO in dmf gives Ru(L-L) diene whereas
199,200 200

NaS-CNMe or NaS PMe (S-S) gives Ru(S-S) diene.
£ l* Ct c* u

The latter complexes react readily with ligands such as

Ph P(CH ) PPh (n = 1 or 2) and diarsine, (L-L*) to give
200

Ru(S-S), (L-Lr) . Reaction of [RuCL diene] with allylL L
201 n

magnesium chloride gives Ru(allyl) diene which on

treatment with various Lewis bases gives Ru(allyl) L (L = PR ,

201,202 202
P(OR) , etc.) . The dicarbonyl complex Ru(allyl) (CO)3

203
is best prepared by reaction of Ru(allyl)(CO)^Br with a

THF solution of Na amalgam . and excess of allyl bromide. The

X-ray analysis of Ru( P C^H^)_,[P(OMe)^]_ reveals that the
phosphite groupsare mutually cis, the 2-methyl allyl ligands are

204
l

asymmetrically bonded , and temperature variable Hn.m.r.

spectra of these compounds are explained on the basis of an
202

intramolecular twist mechanism involving the allyl groups .

113

Very recently , nionocationic Ru (II) complexes

containing labile MeCN ligands have been prepared by the

following reaction:

3 Ph3CEF4 3

Ru(]s C3H5)z diene > cis-fRu^C^HjfdieneUMeCN)JBF^
MeCN

This complex can then serve as a starting point for the synthesis
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of a range of cationic complexes either by displacing MeCN
3

groups with other Group VB ligands e.g. [Ru(p C^H^XC^Hg)

bipy]PFg, formation of dicationic complexes by removal of the
second -allyl group with electrophiles e.g.

[Ru(C„HQ)bipy(MeCN).](BF L or by displacement of dienes
/ o c* 4 I*

from, the dicationic species, e.g. [Ru(diars) (MeCN) ](C1C ) .

96 2 2 4 2
An alternative way of generating cationic Ru (II) diene

complexes is by reaction of [RuCL diene] with hydrazine in2 n

MeOH. Pink solutions are formed from which the salts

[Ru(diene)(N^H^)^](BPh^)^ slowly precipitate on addition of

NaBPh^. These and similar compounds then react with
various Lewis bases to give cationic complexes such as

[Ru(CgH12)L4J(BPh4)2 (L = py or bipy), [RuLgKBPh^
(Lf = P(QMe)g or >f -picoline) etc.

Finally, the reaction of nonbor na diene or 1, 5-

cyclooctadiene with the " red solution" gives the very insoluble

[RuCl CG diene] which on reaction with excess pyridine gives
95 n

RuC^COpyg . However, cleavage of the norbornadiene
compound with MC1/HC1 mixtures yields the anionic complexes

. 150,205

M[RuCl3COC7Hg] (M = Cs , PhgPhCH^4") . These are
the first examples of anionic diene complexes of Ru (II) and

their reactions with various Lewis bases are discussed in

Chapter 4.
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ii) Carbonyls

A very large number of Ru (II) ^.nd Ru (O)) carbonyl

complexes have been prepared and many of these are cited in

previous sections of this chapter. For completion, some

representative examples of mono-, di- and tri-carbonyl

complexes are listed in lable 1.3.

However, the only examples of Ru (III) carbonyl compounds
206 153

are M [RuCOCl ] (M = NH + , Cs ),
183

[Ru(CO)2((PhCH2)2NCS2j2]Cl , M[RuCl4COPy] (M = pyH ,
+ 25

Ph As ) and a brief report on the preparation of
125

RuBr_CO(PPh ) . Further attempts to obtain Ru (III)
J J w

carbonyl complexes are discussed in Chapters 2 and 4.
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TABLE 1.3

Some mono-, di- and tri-carbonyl complexes of Ru (II)

Monocarbonyls
78

RuCl^COpy^

cis-RuX2CO(ER3)3
115,25

(E = P, As, Sb; R3 = Ph.Et^Ply

125
X = CI, Br, I)

RuHCl(CO)(EPh3)3
(E = P, As)

RuXY(CO)(PMe2Ph)3
(X = Y = CI, Br,I, SCN; X = Br,I,

Y = CI; X = H, Y = CI, Br, I)
169

RuCl(NO)(CC)(PPh3)2

RuHCl(CG)(PR2Ph)2L
RuH2(CO)(PPh3)3

162

192

RuCl(OCGR)(CO)(PPh3)2
Tricarbonyls

[Rux2<c°)3]n
RuX2(CG)3py

79

79

[RuX(CG)_ (PPh ) Hg] HgX,3, "°"3

v i r 1.4[RUX(CO)3(PR3)2]A1C1

Picarbonyls
111

RuX2(CO)2py2
229

cis-RuX2(CG)2N-N
(X = CI, Br, N-N = bipy, phen)

229

Ru(SnX ) (CG) py
78

rui2(cg)2l2
(L = MeCN.py, NH3>bipy,

AsMePh2> etc,)

RuX2(CO)2(EPh3)2
85

(X = CI,I, E = P,As)

_trans-RuCl2(CO)2(ER3)2
115

(er. = pet , Ph, PEt , SbPh )J L
155 L 5

ruH2(co)2(pr3)2
(R = Et, Ph)

ru(so4)(co)2(pr3)2
(R, = Ph , Ph C/H Me)3 3 2 6 4

1?5

RuHCl(CO)2fPh3)2
Ru(acac^(CO)2
[Ru(SaCl3)(CG)2(Et2S)3] +

112

8'4

cis-[RuX2(CO)2(PhS(CH2) SPh)]



CHAPTER 2

NEUTRAL RUTHENIUM (III) AND RUTHENIUM (II) COMPLEXES

CONTAINING TRIPHENYLPHOSPHINE, -ARSINE AND OTHER

LIGANDS.

2.1 Introduction

Results and Discussion,

2. 2 Nitrogen donor ligands

a) Alkyl, arylnitrites

b) Pyridine

c) 2, 2'-Bipyridyl; 1,lO-phenanthroline; 3,4,7,8-

tetramethyl; 1, lO-phenanthroline.

2.3 Sulphur donor ligands

a) Dimethyl sulphoxide

b) Dialkylsulphides

c) Carbon disulphide

d) Sodium cliphenylphosphinodithioate.

2.4 Oxygen donor ligands

a) Tetrahydrofuran

b) Acetone, nirtomethane.

2. 5 Carbon donor ligands

a) Bicyclo [2,2,1] hepta 2,5-diene (norbornadiene),

1, 5 cyclooctadiene

b) Carbon monoxide.

2.6 Electronic Spectra.

2.7 ^(RuX) bands,

2.8 Experimental.
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CHAPTER 2

Neutral Ruthenium (ill) and Ruthenium (II) complexes containing

triphenylphosphine, -arsine and other ligands

2.1 Introduction.

There is now an extensive chemistry of ruthenium (II)

compounds with ligands such as tertiary phosphines (see Chapter
25

1). In particular, the complexes RuX,(PPh ) (X = CI, Br)
La J J Or 4

are excellent starting materials for the synthesis of a wide range
74

of ruthenium (II) compounds still containing triphenylphosphine .

llO
Such compounds as [Ru C1,(PR-),]C1 and the "blue solution"

2- 73
of " [Ru CI ,] " are also excellent precursors for

D 1C

synthesising ruthenium (II) complexes with a range of other

ligands.

In contrast, relatively few ruthenium (ill) compounds

containing tertiary mono-phosphines or arsines have been

reported. To recap, such compounds include the series mer-
123,124

RuX (ER ) (X = CI, Br; E = P, As) , RuX (EPh ) S
25,125 126 25

(X = CI, Br; E = P, As; S = MeOH , MeNO^ , MejpO ),
the anions trans - [RuX L-] (X = CI, Br; L = PPh,, AsPh,,

126
PMe Ph, PEt ) and the binuclear complexes [RuCl,(PR-)-L

127
and Ru Clc(PRj. (R = Prn, Bu11) (see section 1.2b page 32)

c o 3 4

The tertiary phosphite anions M[RuCl. L ] have also been
126

+ +
synthesised (M = Me„N , L = P(OPh«)^ ; M = [Ru.Cl-L-l ,4 j o n co o

cQ7

Ju = P(OEt) , p(OEt),Ph,. P(OMe)Ph„ ) although the latter3 « c

(ref 207) should probably be reformulated as the diamagnetic
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[RuCl^L^] anions . However, it has been found that the
reaction, in ethanol, of mer-RuX^PR^),, with ammonia and
primary amines (am) gives the ruthenium (II) compounds

RuX^PRj^am whereas with secondary and tertiary amines,
the alcohol complexes RuX_(PR_).EtOH are formed (see page

152

43) . Therefore, in view of the paucity of data on

convenient synthesis of ruthenium (III) tertiary phosphine and

arsine compounds containing other ligands,a detailed study of

the reactions of RuX^EPh^MeOH (A) with ligands containing
nitrogen, sulphur, oxygen and carbon donor atoms has been

undertaken and the results of this investigation are given in

this chapter.

Results and Discussion

Five different types of behaviour toward these various

ligands are exhibited by the complexes (A). These are, i)

displacement of methanol giving the six co-ordinate ruthenium (III)

compounds RuX^(EPh^)^L; ii) displacement of solvent ligand
and one EPh^ group giving the six co-ordinate ruthenium (ill)

compoundsRuX^EPh^L-jj iii) displacement of all ligands with
retention of the ruthenium (ill) oxidation state; iv) loss of

MeOH ligand giving the five co-ordinate species RuX (EPh ) ;
J J w

v) reduction to ruthenium (II) with or without complete

displacement of EPh^ groups giving RuX^L^ or RuX^L^OtCiPkg)^
These five types of behaviour occur when solvents such as
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dichloromethane, benzene or the ligand itself are used as

solvent in the reaction. However, when the reaction is carried

out in more polar solvents such as methanol, a sixth type of

behaviour occurs, namely, reduction to cationic ruthenium (II)

compounds e.g. formation of [RuCl(PPh^)(N-N)^]Cl (N-N ~
bipy, phen). The latter type of behaviour is discussed in

more detail in Chapter 3.

Ideally, it would be preferable to discuss these reactions

under these five types of heading. However, most of the 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 to best illustrate the sensitivity of the

product composition to changes in these various factors, the

results are presented and discussed below under ligand headings.

2, 2 Nitrogen donor ligands

a) Alkyl, aryl nitriles

Several syntheses of Ru (H) alkyl and aryl nitrile
74

compounds have recently been published, e.g. RuCl2(RCN)2(PPh3)
73

[RuCl (PhCN) ] , RuCl2(PhCN)2L2 (L = PR^ MeC^NH^
CO, etc) , RuCl (MeCN). , RuCl,(MeCN),L? (L =

73 2 4 78 * L 79

PhNH2, CO) , RuI2(MeCN)2(CO)2 , cisRuXjCOMRCN) ,
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46,80

RuGl„(NO}(MeCN)_ , and cations such as
3 L

81

[RuH(C0)(PPh3)2(MeCN)2}C104 , [RuX(M.eGN)(Upy)^T^
(X = CI" or N02) , [Ru(NH3)4(RCN)232+ ^

2+7°
[Ru(NH_)_RCN] (see section 1,2a page 21). Several of

J D

the latter can be readily oxidised to the corresponding ruthenium

3+ 7°
(III) species [Ru(NH,)_RCN] but, the only other Ru (III)

J D

nitrile compounds known (to us) are the recently reported
84

RuCl3(PhSPr1)2MeCN and [RuCl^MeCN^jMeCN (see page 24)
We now report that reaction of excess RCN with (A)

in dichloromethane gives the crystalline compounds

RuX (EPh ) RCN (E = P, As; X = CI, Br; R = Me, Ph,
O Cd

PhCH2> CH2=CH). These compounds (which are non-

electrolytes in CH2C12) have been characterised by elemental
analysis, molecular weights (Table 2.1) magnetic moments at

room temperature (solid and solution state) (Table 2.2), and

e.s.r. studies at 77K. The values of pe^(3QO K), ranging
from 1. 80 to 2.20 BM are indicative of monomeric spin-paired

56,88
ruthenium (III) compounds and all the compounds exhibit

intense e.s.r. spectra with a three g value pattern very
209

similar to those reported by Hudson and Kennedy for

various RuX3L3 compounds (L = PMe^Ph, SMePh, etc.)
Representative g values of these new ruthenium (III) compounds

are given in Table 2.3 and the e.s.r. spectrum of

RuCl3(PPh3)2PhCN is reproduced iii Fig. 2.1. The i. r.



TABLE2.1

AnalyticalDataforsomeNewRuthenium Found(%)

Complex

Colour

M.p.(°C)
C

H

N

RuCl^(AsPĥ)gMeCN

DarkGreen
19U-5

52.6

3.7

1.6

RuBr3(AsPh3)2MeCR

Brown

206

1+7.0

3.1+

l.b

RuCl3(PPh3)gMeCN

Green

190

59.1

b.3

1.8

RuBr3(PPh3)gMeCK

Purple

178-9

52.1

3.1

1.6

RuCl3(AsPh3)2(PhCH2CT)
BrightGreen

170(d)

56.U

h.O

1.5

RuBr(AsPh)(PhCH0CN)3322
Purple

212(d)

1+9.2

3.8

1.1+

RuCl3(PPh3)2(PhCH2CN)
BrightGreenl6l(d)

62.2

1+.6

1.8

RuBr3(PPh3)2(PhCH2CN)
Purple

15^-5(d)
53.6

3.9

1.5

RuCl(AsPh3)2(PhCN)
DarkGreen

225(d)

56.O

3.9

1.5

RuBr3(AsPh3)2(PhCN)
DarkPurple

233(d)

1+8.9

3.3

1.1+

RuCl3(PPh3)2(PhCN)

Green

200(d)

60.7

U.2

1.7

RuBr3(PPh3)2(PhCW)

Purple

172(d)

55-3

3-9

1.6

RuCl3(PPh3)2(CH2CHCN)
Yellow

175(d)

58.9

1+.3

2.1+

RuBr(AsPh3)2(CHgCHCN)
Red-purple

235(h)

1+6.0

3.3

1.7

(ill)Compounds

Required(%)

Others

,,a
M

C

H

N

OthersM

-

885

53.0

3.9

1.6

858

-

1120

1+5-9

3.3

1.1+

993

-

59.0

1+.3

1.8

-

9l+5

50.1+

3.7

1.5

906

CI,

1065

56.1+

1+.0

1.5

CI,11.3937

11.2 -

1110

1+9.1+

3.5

1.3

1069

-

62.2

1+.1+

1.7

-

-

53.7

3.8

1.1+

-

-

910

56.0

3.8

1.5

920

-

1+8.9

3.3

1.3

-

-

61.8

1+.-2

1.7

-

-

53.3

3.6

1.1+

-

-

59.7

1+.2

1.8

-

1100

1+6.5

3.3

1.1+

1006
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spectra of all these compounds contain a very weak band

(v ) at ca 2300cm , 50-100 cm * higher than in the free
v»JN

ligands, which suggests that bonding occurs through the
75

i -1 84
nitrogen (cf RuCl (PrSPr1) MeCN « v 23lO cm )

210
x

As expected , the H n.m.r. spectra of these compounds are

either too broadened by the paramagnetic ion to be observed

or consist of broad contact-shifted resonances, from which

little structural information can be derived. Although the

electronic spectra (50,000-12,000 cm *) of all these

compounds have been recorded and the spectral band6

satisfactorily assigned to intraligand and charge-transfer

transitions (see later discussion in section 2.6 and Table 2.7 ),

these measurements are of little use in determining the

detailed isomeric form(s) of the compounds. However, the

fact that the compounds are sharp melting, give single spots

on 1.1.c. plates and exhibit very similar electronic and e.s.r.

spectral patterns strongly suggests that only one of the three

possible geometric isomers (1 - 3) is produced in each case.

L X

(1) (2) (3)



73

In Table 2.4, the far i.r. spectra (400-200 cm ) of these

compounds are listed. By careful examination of these bands,

particularly for the triphenylphosphine compounds where masking

by ligand absorptions is minimised, at least one of the v-^u^
vibrations can be assigned and the ratio of v RuIJr)V

211
(ca 1. 30); which is in the range found by other workers ,

supports these assignments. It is well established that the
212

influence of the group trans to the halide may be substantial

Thus, terminal are generally found in the region 347-

299 cm * (when trans to chloride), 311-266 cm * (trans to CO),

262-229 cm * (trans to PR ) and bridging chloride stretching
x 117,210

frequencies are usually found below 250 cm . There

appear to be no below 300 cm * but the presence in all

these compounds of a strong v^^^jband at ca 330 cm * is
consistent with trans chlorides, suggesting either configuration

(1) or (2), Although it is impossible to distinguish unequivocally

between these possibilities on the basis of far i.r. studies alone,

the close similarity of the iir. spectra of RuX3(£Ph.j)_,RCN to
those of RuX (EPh ) MeOH, together with the established trans*

126
structure of the [MX^PPh^)^] anions (M = Rh, Ru) , strongly
suggests that the nitrile (and methanol) compounds have

configuration (1).

* An X-ray structural analysis of AsPh [RhCl. (FFh,)?]2 acetone

by A J F Fraser, University of Edinburgh confirms the trans stereo,

chemistry suggested earlier (ref 126) and this compound is

isom»rphous with the corresponding Ru (III) anion.
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TABLE 2. 2

Magnetic moments of some Ruthenium (III) compounds

Compound

(solid) J (solution)

Solvent

RuBr3(PPh3)2MeOH 2.20 1.83 CH2C12

RuCl3(AsPh3)2MeOH 1.71 -

RuCl3(AsPh3)2THF 1.72 -

RuCl3(AsPh3)2CS2 2.00 -

RuCl3(AsPh3)2DMSO 1. 90 -

RuBr {&sPh3)2ch2chcn 1.73 1.44 CHC13

RuCl3(AsPh3)2PhCH2CN 1. 80 -

RuB r
3 (A s Phj )2 PhCK^ CN 2.10 -

RuCl3(AsPh3)(Me2S)2 2.10 2.13 chci3

RuBr3(AsPh3)(Me2S)2 1.79 -

RuCl3(PPh3)(bipy) 1.83 -

RuBr3(PPh3)(bipy) 1.85 1.77 chci3

RuCl3AsPh3(bipy) 1.80 -

RuBr3AsPh3(bipy) 2.10 1.85 chci3

RuCl3AsPh3(C5H5N)2 - 2.C3 CH2C12

RuBr3AsPh3(C5^N)2 - 1.72 CH2C12

a
Faraday method; 294 K

228

Evans' method; 301 K



Unlike RuCl,(PhSPr )„MeCN, which readily undergoes
i L 84

displacement of PhSPr* by MeCN, giving [RuCl^MeCN^jMeCN,
we have found no evidence for the formation of RuX.(EPh-)3V 3'n

(RCN)^ (n = O or 1) by reaction of (A) with RCN. However,
prolonged reaction of RuX^PPh^MeOH with RCN results in
the formation of some RuX^RCN^PPh^^. A careful
examination of the product for X = CI, R = PhCH confirms

M

that it is identical to cis-RuCl (PhCH-CN) (PPh }
74

2269, 2243 cm , obtained directly from RuCl^PPhj)^ .

The ease of reduction depends on R and a qualitative order is

found to be MeCN«PhCN<rPhCH2CN<CH2CHCN. Under the
same conditions, no reduction products are found for E = As,

presumably because AsPh^ is a poorer reducing agent than PPh^.
b) Pyridine

In contrast to the reaction with nitriles, the products of

reaction between (A) and pyridine are very dependent on the

reaction conditions. Refluxing for 5-10 minutes with an excess

of pyridine in dichloromethane gives the crystalline compounds
25

RuX3(EPh^)py2 (mentioned earlier for X = CI, E = As).
These have been characterised by elemental analyses, molecular

weight determinations, e.s.r. and magnetic measurements

(Tables 2.1 - 2.3). Electronic spectra are given in Table 2.7

and discussed later. The presence of EPh^ and pyridine is
confirmed by i. r. spectroscopy and the strong band at



table 2. 3

The g-tensors of some Ruthenium (hi) Compounds

Compound Solvent §1 *2 83

RuCl3(AsPh3)2PhCN c6h6/g^c12 2.70 2.22 1.71

RuCl3(PPh3)2PhCN chci3 2.58 2.18 1.77

RuCl3(PPh3)2MeCN chci3 2.48 2.23 1.77

RuBr3(AsPh3)2PhCI^CN ch2ci2 2.76 2.19 1.70

rubr^asphjijchjchcn chci3 2.78 2.2c 1. 57

RuCl3(AsPh3)py2 chci3 2.84 2.28 1.49

RuCl3(PPh3)bipy chci3 2.68 2.28 1.72

RuBr3(PPh3)2DMSO chc13 2.55 2.32 1.82

RuCl3AsPh3(Me2S)? ch2ci2 2.69 2. 24 1. 68

RuBr3(AsPh3)2Et2S chc13 2.82 2.41 2.05

RuCl3(AsPh3)2MeOH chci3 2.52 2.g3

RuCl3(PMe2Ph)3a Et2C 2.88 2.03 1.66

RuCl,(SMePh)3a CHC13 2.7g 2.29 1. 68

From A. Hudson and M.J. Kennedy, J. Chem. Soc. (A). .

1116 (1969) (ref. 209)



E.s.r.spectrumof RuCl3(PPh3)2PhCN
inCHC1.
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ca 3 40 cm 1 (Table 2.4) :.s indicative of a trans-RuCl-, arrange¬

ment. Although differentiation between isomers (4) and (5)

is not possible on this evidence alone, the close similarity of

the e.s.r. and electronic spectra of these compounds with

RuX^EPh^bipy (see section 2.2c) suggests configuration (4).
This is also the configuration expected on the basis of the higher

213

trans effect of EFh^ compared to C^H^N .

(4) (5)

These appear to be the first well-characterised Ru (III)

compounds containing both pyridine and tertiary phosphine (or

arsine) ligands, although a number of Ru (III) pyridine complexes
87,88

are known. These include mer- and
84 61 87

fac- RuCl3py3, [RuCl2py4]Cl , pyH[RuCl4py2J ,
25

pyH[RuCl4(CO)py] and a number of 2, 2'-bipyridyl and
1, lO-phenanthroline complexes (see Table 1.2 Chapter 1).

If RuX3(AsPh3)2MeOH is refluxed with neat pyridine for
ca 20 minutes, RuX?py is obtained. This well-known compound

87,88
has been synthesised by several methods in the trans form

89
and more recently the cis isomer has been prepared , A

comparison of the i.r. and *H n. m.r. spectra of our products
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with those given in reference 8-9 confirms the trans configuration*

In contrast, reaction of RuX^PPh^J^MeOH with neat
pyridine gives a mixture of products which we could not separate

satisfactorily. However, the n.m.r. spectra shows that one

of the components is trans-RuX^py^ and the other(s) are

probably ruthenium (II) species (since sharp n.m.r. signals are

observed) containing both pyridine and triphenylphosphine. By
25

reaction of RuBr~(PPh ) with neat pyridine for short
J J

reaction times, it is possible to isolate a pure sample of the

latter species, subsequently shown by elemental analyses and

n.m.r. (Fig. 2.2) to be RuBr^PPh^py^* Longer reaction
times lead to precipitation of trans-RuBr„py„. Unfortunately,

2 4

various attempts to obtain the corresponding chloro compound

from RuCl^PPh^ and pyridine gave either RuCl^(PPh^)py^,
together with a small amount of RuCl^py^ (''"H n.m.r., i.r. and
analytical evidence) or, on longer reaction times, pure trans -

RuCl^py^. Although RuCl^PPh^Jpy^ could not be satisfactorily
separated from RuCl^fpy)^, a careful examination of the far i.r.
spectrum of the mixture in conjunction with that of RuBr^(PPh^)py^
indicates v(j^uc;i) cm , supporting the expected trans¬

configuration (6). Rather surprisingly, no evidence was found for

the complexes RuX^PPh^^py^ in our studies, although

RuCl^PPh^^Py^ is reported as the sole product when RuCl^PPh^)^
is refluxed with pyridine in acetone .
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H n.m.r. spectrum of
2.9

1 2 3 T

Figure 2. 2
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X

py„ PPh3
^-Ru

I N

py^ j ^py
x

(6)

However, very recently samples of RuCl^PPh^pyj ant*

RuCl?(PPh^)2py2 have been obtained by reaction of
214

f RuCl?(PPh_)_j with pyridine . The carbonyl analoguesTin 25,79 25,79
RuX (CO) py , cis-f EuX,(CO),(py)J (X = CI Br
161 L 112 * 95
I , SnClj ) and RuCl^COjpy^ are a well-established series
of compounds.

Although trans-RuX^py^ and trans-RuX^(PPh^)py^ appear
quite air stable in the solid state, dissolution in dichloromethane,

benzene or acetone results in a rapid (24 hour) conversion of

the initial yellow-brown solutions to deep green solutions (c.f.

reference 89). 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 RuBr^PPh^py^ is
melted (i. e. melts at 198°C and this is followed by a change in

colour from yellow to green and then decomposition at 210°C).
However, analytical data indicates that only partial oxidation

to Ru (III) has probably occurred and therefore, these studies

were not further pursued.
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c) 2 , 2'-Bipyridyl, 1, lQ-phenanthroline, 3,4,7,8-

tetramethyl, 1, lG-phenanthroline.

Reaction of (A) with either excess 2, Z'-bipyridyl, 1, lO-

phenanthroline or 3,4,7,8-tefcramethyl, 1, lO-phenanthroline

(N-N) in dichloromethane (shaken or refluxed) give

RuXj(EPh^)(N-N). These were characterised as previously
(Tables 2.1 - 2.4 and 2.7) (e.s.r. of RuCl^(PPh^)bipy - Fig. 2. 3)
and represent the first examples of ruthenium complexes

containing bipy (or phen) and tertiary areines and of

ruthenium (III) compounds containing bipy (or phen) and

tertiary phosphines. The far i.r. spectra are complicated due

to the many absorptions of the chelate ligands and it is

therefore difficult to assign v vibrations with certainty.

Nevertheless, careful examination of all these compounds

(Table 2.4) suggests for (N-N) = bipy, v. ^.-.335, 295 cm"1^RuCl)

(PPh3); 331, 285 cm 1 (AsPh^) which is consistent with

configuration (7).

X

EPh
3

N^l
XI

N

(7)



E.s.r.spectrumof RuCl3PPh3bipy
inCHC13 14.5
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For E = P, X = Br, a small amount of a ruthenium (II)

compound of empirical formula RuBr (PPh )_bipy is also form ed.

The same compound is obtained in higher yield by reaction of

RuBr^PPlij)^ and 2, 2'-bipyridyl in dichloromethane; similarly,

RuCl^PPl^^bipy can be synthesised from RuCl^PPh^)^ and
2, 2'-bipyridyl. The chloro compound has been previously

prepared by the reaction of [RuCl CS(PPh ) ] and 2, 2'-1
109

bipyridyl in methanol or benzene solutions ; the

compounds are conducting in methanol and exhibit a

band at 234 cm \ consistent with the dimeric halide-bridged
109

cationic structure (8) suggested earlier . However,

comparison of the far i.r. of the chloro and bromo compounds
109

(Table 2.4) shows that the bands assigned earlier for

V(RuCl) are ProbablY Hgand vibrations. The compound

[Ru^Cl^PPhj^phen^jCl^ [v^u£^35 cm *8 also obtained
from dichloromethane solutions of RuCl?(PPh ) and 1, lO-

109
phenanthroline which is in contrast to the earlier work

where [ RuCl^CS^Ph^)^ an-d 1» lO-phenanthroline are reported
to give the non-electrolyte RuCl^FFh^^phen (9)

PPh3 PPh3
(8)
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TABLE 2.4

Far infrared spectra (400-200 cm" of some Ruthenium

(III) and (II) Compounds

(shoulders are underlined)

Compound
V
RuX Other Bands

RuCl3(PPh3)2MeCN 332s 329s,255w

RuBr3(PPh3)2MeCN 265m 328m, 255w

RuCl3(AsPh3)2MeCN 330*vs 326s, 284w

RuBr3(AsPh3)2MeCN 262m 330s, 325s

RuCl3(PPh3)2PhCH2CN 334s 328s,255w

RuBr3(PPh3)2PhCH2CN 263m 328m, 255w

RuC]3(AsPh3)2PhCH2CN 330*vs 320s, 301w, 240m

RuBr3(AsPh^)2PhCH2CN 251m 328s, 32Cs, 24Cm

RuCl3(PPh ) PhCN 33Cs 340vs, 328s, 3GGw, 260w

RuCl_(AsPh ) PhCN5 j cL
332*s 322s, 312m

RuBr3(AsPh3)2PhCN 251m 340s, 329s, 32Gs

RuCl3(PPh3)2MeN02 327 vs 330s, 227m

RuCl3(PPh3)2MeOH 331vs 255w

RuBr3(PPh3)2MeOH 260m 330s

RuCl3(AsPh3)2MeOH 330*vs 240w

RuBr3(AsPh3)2MeOH 260m 330s,240w

ruci3(ppi^)(c5i^n)2 338vs 322s, 290m, 278w,

259w, 251w, 242m, 210m



Compound

RuBr3(PP^)(C6^N)2
RuCl (AsP^C^N)

RuBr3(AsPhJ)(C5^N)2

RuCl3PPh3(bipy)
RuBr3PPh3(bipy)
RuC^A s Pl^ (bipy)
RuBr3AsPh3(bipy)

RuCl3PPh3(phen)
RuBr3PPh3(phen)

RuC13A s Ph3 (phen)
RuB r

3A s Ph3 (phen)

RuCl3PPh3(imphen)
RuCl3(PPh3)2DMSO
RuBr3(PPh3)2DMSO
RuCl3(AsPh3)2DMSO
RuB r (A s Ph3) DMSO

RuCl3(PPh3)^e2S)2
RuBr3PPh3(Me2S)2

86

Other Bands

335m, 320s, 29Gm, 230m, 200m

345m, 330vs, 320vs,

289w, 255w, 240m, 220w, 205w

344m, 331vs, 320vs, 285m,

254w, 224m, 200m

320s, 280w, 252w, 245m

328s, 318s, 308s, 286m, 250w

338s, 318s, 300m, 250m

336s, 325s, 315s, 3G8w,

292m, 259m, 241w

328s, 3G8m, 288w, 250m, 240m

335s, 331s, 32Qs, 3G8m, 290w,

2SOm, 24 Om

33G*vs,298m 34Qs, 31Gs, 288w, 25Qm

26is 34Qs, 328s, 319vs, 3Q8s,

288w, 228w

330v8 338sh, 35Gm

329s 290w, 225w, 218w

26Gs 330w,305w

330*8 345s, 3QGw

25Gw 345s, 325m, 315m

335vs 325s, 29Gw

260rr, 335s,33Qs

v
RuX

2?Om

335*vs

270s

335s, 295m

27 Ora

331*s, 285m

268m

328 vs, 298m

272s
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Compound

RuCl,(AsPh,)_Et S3 3 2 2

RuBr3(AsPh3)2Et2S
RuCl3(PPh3)2CS2
RuBr3(PPh3)2CS
RuCl3(AsPh3)2CS2

RuBr3(AsPh3)2CS

RuCl3(PPh3)2THF
RuCl (AsPh )

RuBr3(AsPh3)2
RuCl2(PPh3)2C7H8
RuCl2(PMe2Ph)2C7Hg
RuCl2(AsPh3)2C7H8
RuBr2(AsPh3)2C7Hg
[Ru2Cl2(PP^)4(bipyycl2

[Rv^B^ (PPhj )4(bipy)2 }Bi

RuX Other Bands

334*s,280m 325s, 32Gm, 305m

24Cw 335m, 321s, 315m

335vs 329s, 29Qw

247s 3lOw, 2SGw, 220m

331*s 347s, 321vs, 309s, 275w,

260m, 239m, 22Cm

250m 35Qm, 332s, 325vs, 319s,

309m, 283w, 26Qm

325vs 331vs,32Qs,275w

3 30* s, 311m 2 6 5w

253m 330s

278s,253s

277s,253s

28Gs, 256s

2200

234 vs

<200

[Ru2C^(PPl^)4(phenyci2 235s

325w

305w, 245s, 225m, 220s, 21Cs

356s, 341s, 329s, 311s, 247m

356s, 340m, 327s, 311s, 250m

300w, 280m, 264w, 250m,

245s,225s

30Gw, 275s, 264w, 251m,

243s,220s

335w, 3G9w, 245w, 215m.

Nujal mulls

Partially masked by strong AsPhj vibrations.
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PPb3

(9)
However, reaction of RuCl^PPh.^ with excess (N-N) in

methanol gives red solutions from which the monomeric cations

[RuCl(PPh^)(N-N)^]Cl are isolated, together with small amounts
of the rather insoluble [Ru^Cl^PPh^^N- Nj^jCl^ The above
reaction and similar reactions of RuCl^EPh^MeOH with
(N-N) in methanol are fully described in Chapter 3.

2. 3 Sulphur donor ligands

a) Dimethyl sulphoxide

As for pyridine, the products of reaction between (A) and

dimethylsulphoxide are dependant on the reaction conditions. If

(A) and a DMSO/water mixture (1:1 by volume) are shaken for 24

hours, the only products are RuX (EPh ) DMSO. The i.r.J D u

spectra show several absorptions in the region 1000-900 cm \
indicative of O-bonded DMSO but no band ^>1100 cm \ which could

215

be attributed to an S-bonded sulphoxide group . Synthesis of

2
the corresponding [ H,]-DMSO compound (for X = CI, E = As)

o

confirms the formation of only an O-bonded isomer

(vgp 935 cm"1) (Fig. 2.4). The presence of a strong
band at ca 330 cm 1, together with the close similarity of e. s, r.

and electronic spectral patterns to other RuX^EPh^)^!, complexes
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is consistent with configuration (1) {page 72). These represent

the first genuine DMSG complexes of Ru (ill).

The same compounds are readily formed when the reaction

is carried out in neat DMSO. However, on further shaking

(for E = As), the orange-brown suspensions 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 RuBr^DMSG)^. The i.r. spectrum of this compound shows
a strong band at 1080 cm * assigned to S-bonded DMSG, (c£.

2+ -1 ^
[Ru(NH,) DMSO] v 1G42 cm ) but no bands which can be

J 3 i)U

definitely attributed to O-bonded DMSG. The absence of G-bonded

DMSO groups are confirmed by synthesis of RuBr^^lH^-DMSO)^
(see Fig. 2.5 and experimental section). The n.m.r.

spectrum of RuBr^(DMSO)^ (in CDCl^) is rather complex. At
301 K, (Fig. 2.6) it consists of five singlets at T 6.49, 6, 52,

6. 56, 6. 61 and 7. 39. By analogy with recent studies on
216

palladium and platinum (II) dialkylsulphoxide compounds , the

four resonances 6.49-6. 61T correspond to S-bonded DMSO and

the peak at 7.39T to free DMSO. In agreement with the i.r.

evidence, there is no evidence for any O-bonded DMSO (ca
216

7,OT) » 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
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I.R. spectra of RuCyAsPh^DMSO (—)
and RuCl^AsPh^)^ [Hj^DMSO ( ) (nujol mull)

13 50 12 OO lOOO 800

wavenumber cm *

Figure 2. 4
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1350 1200 lOOO 800

wavenumber cm

Figure 2.5
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the relative intensities of the S-bonded resonances indicates

that the one at 6. 56T decreases with respect to the rest.

Addition of free DMSG at 301 K also produces a substantial

decrease in the intensity of the 6. 56 resonance. Thus, these

observations are consistent with dissociation of RuBr (DMSG)

in solution, probably to RuBr (DMSO) (solvent) (T6. 56) and
25,27

DMSO (T7. 39) (cf. the facile dissociation of RuX,(PPh_L )."
6 3 4

Unfortunately, RuBr_(DMSO) appears too insoluble for direct
b 4

molecular weight measurements.

The three singlets at 6.49, 6. 52 and 6. 61T do not decrease

in intensity on addition of DMSG, indicating they do not arise

from dissociation products of RuBr^DMSO) •. The best
explanation for these that we can offer, at present, is to assign

the T6.49 resonance to the eight equivalent methyl groups in

trans - RuBrjDMSO)^ (assuming free rotation of methyl groups
even at 241 K (cf. ref 216) and the 6.52 and 6. 61 resonances to

the two different DMSO sets in cis-RuBr^(DMSG)^, the higher
resonance corresponding to the DMSO ligands trans to the bromo

groups. Raising the temperature increased the intensity of

the resonance at 6.49T with respect to those at 6.52, 6.61T.
175

This is consistent with a report by James ej al who have

recently synthesised RuX^(DMSO)^ (X - CI, Br) by reaction of
" RuX^SH^O" and DMSO mixtures with hydrogen at 80°C for 20
hours. The far i.r. spectrum shows 345 cm \ indicative

of a trans structure.
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T6.49

T 6. 61

'Sri n. m. r. spectrum of RuBr^(DMSO)
at 301 K in, CDC13

Figure 2.6
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at 301 K in CDC13

Figure 2.7



95

However, they also suggest that their chloro compound

may contain both S- and O- bonded DMSO groups although the

i.r. spectrum of the deuterated compound is required for

confirmation. Our first attempt to isolate RuCl^DMSO)^ from
the reaction of RuCl^AsPh^J^MeOH and DMSO was unsuccessful
due to the high solubility of RuC12(DMSO)4 in DMSO and the
consequent difficulty of removing the high boiling solvent

without decomposition of the product. However, samples of

RuCl2(DMSO)^ and RuCl^^Hj^DMSO)^ have been isolated from
2

very concentrated DMSO and [HLDMSO solutions respectively.
o

The ^H n. m.r. of the former (Fig. 2.7) is very similar to

that recently reported for RuCl (DMSO) prepared from
176

"RuCl 3H O" and DMSO , i.e. singlets at T 6.48, 6.51,
•J .Ci

6.57, 6. 62, 6.66, 7.27, 7. 31 and 7, 39. However, our i.r.

studies (Fig. 2.8) reveal only a very weak O-bonded DMSO
-1 2

band (v(gQ^ 930 cm in the [ H^] DMSO complex) and this is
consistent with the very low intensity of the resonances at

T 7.27 and 7.31 compared to the S-bonded resonances. However,

heating RaBr(BMSG^ to 333 K in an n.m. r. tube and then

cooling the solution to low temperature reveals an extra resonance

at 7.09 T (241 K). On raising the temperature, this moves to

higher field. Similarly, recrystallisation of RuBr2(DMSO)^
from hot CHCl^/acetone solution gives a darker coloured
material with additional i. r. bands at 112Q, 930 and 920 cm *
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(cf. ref 175). In addition, the *Hn. m.r. (3Q1 K) shows an extra

weak peak at 7.30 T indicative of some O-bonded DMSO.

However, the analysis of the recrystalliced product is ca 3 per

cent too low in carbon for RuBr. (DMSO)^ and the resonance

at 6.49 T has broadened considerably, suggesting that some

oxidation of the product may have occurred. In fact, if

solutions of jRuBr^(DMSO)^ 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*

Therefore these studies very clearly show that the

method of preparation of RuX (DMSO). is very critical in
it 4

determining the isomeric composition of the product,

b) DiaIky1 sulphide s

Reaction of (A) with Me S in CH CL gives
C4 L.i Cs

RuX,(EPh )(Me,S).. The n. m. r. spectrum of3 3 c* L

RuCl (AsPh,)(Me S)_ shows resonances at 1.33 T (para),
J) O Ca Ca

2. 62 T (ortho), 3. 34 T (meta) and 4. 6OT (methyl) which have

been shifted and broadened by the paramagnetic ruthenium (III)

ion. . This is unusual since in the majority of Ru (III)

compounds made from (A), the n.m.r. resonances are too

broadened to be observed. However, similar contact-shifted
217

spectra are observed for mer-RuGl.(PMe Ph) ,

193

Ru(acac)^ and Ru^PFh^)^ (see section 2.3d) whereas
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I.R. spectra of RuCl^(DMSO)^ (— ) and

RuC12(2[H]6DMSO)4 (---) (nujol mull)

wavenumber cm

Figure 2. 8
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RuBr^AsPh^MMe^S)^ gives very "broad nt«m. *. siga»la< 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 RuX,(EPh }(ke,S)

reveals a strong band at ca 335 cm * consistent with

configuration (4) (page ). For X = CI, E = P, an additional

product was isolated from the reaction mixture.

Unfortunately, analyses (and melting point) indicate a mixture

possibly of RuCl (PPh )2Me2S and RuCl2(PPh3)_(Me2S)2,
which we have been unable to separate by either

chromatography or recrystallisation. However, a pure sample

of the latter was readily obtained by reaction of RuCl^PPh^
and Me S.

In contrast, reaction of RuX^AsPh^^MeOH with
excess Et_,S gives RuX3(AsPh3)2Et2S(v<t|^u(2^334 cm
consistent with configuration (1) (page ??). Extended reaction

leads to products possibly containing the bis-sulphide but

these could not be separated satisfactorily from mono-

sulphides. For RuX ^ (PPh^) 2 MeOK even short reaction times
give a complicated mixture of products which could not be

218

separated, even by dry column chromatography without

decomposition of the products.
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Reaction of Ph. S with RuCl, (AsPh,) MeOH gives a
C* J -J LA

brown solid which i.r. spectroscopy and elemental analysis

confirm contains no Ph S but is RuCl,(AsPh ) (see section 2.4).^ -J o i>

These results suggest that the donor ability of organic

sulphides in these compounds is Me S)Et S^Ph^S but this
C* Ct L*

does not necessarily reflect the intrinsic bonding ability of the

sulphur atom towards ruthenium (III) since steric repulsions

of EPh^ groups will probably play an important role.
Although a number of ruthenium mono-^di-, and tri-

84

sulphide compounds have been recently reported (see Chapter

1 page 50), these complexes represent the first examples of

dialkylsulphides and tertiary phosphines (orar sines) bonded

to ruthenium (II) and (III).

c) Carbon Bisulphide

Reaction of RuCl^EPh^^MeOH with CS^, under reflux
conditions gives macrocrystalline brown precipitates whose

i.r. spectra (4000-4G0 cm *)are similar to the starting

materials, except for the presence of a broad band at 1510 cm

which indicates a linearly-bonded CS^ group. No bands due to
thiocarbonyl (ca. 1280-1330 cm *) or p-CS-, (ca 1120 or 1020 cm ^)

v

linkages are present (see Table 2. 5 and ref. 219). The compounds

analyse*, for RuCl,(EPh_)_CS_, a formulation supported by
J J b C*

magnetic measureznents. The far i.r, spectra are rather

complex but the probable assignment of = E)
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335 cm supports configuration (1) (page 72). As in other
221

complexes containing linearly bonded CS , the CS? in
w fa

RuCl^AsPh^^CS^ is easily lost. Attempts to recrystallise
the compound from CH^Cl^ or give only RuCl^AsPh^.
However, the CS^ group is not lost from the solid even after
prolonged drying in vacuo at 80° and the solid does not smell

of CS^. In contrast, several rhodium and iridium complexes
with linear CS ligands readily lose CS_ from the solid by

221, 222
pumping in vacuo or even washing with ether .

However, reaction of RuBr (EPh LlVieOH with CS_ under
J) fa fa

reflux for 30 minutes gives products whose i.r. spectra

exhibit thiocarbonyl bands at ca 1300 cm \ but no bands at

1500 cm . These compounds analyse for RuBr^EPh^J^CS.
Shorter reaction times give a mixture of this compound and

RuBr^EPh^-jCS^, (i»r» and analytical evidence, Table 2.6).
Longer reaction times (ca 6 hours) for RuCl^AsPh^^MeOH in

CS^ gives only RuCl2(AsPh2)2CS2» even in the presence of
excess AsPh^ which was added in an attempt to partially remove
sulphur from CS_. The reason for the non-formation of the

w

thiocarbonyl complex for X = CI is not understood. Attempts

to obtain RuCl^PPh^CS^ from RuCl^PPh^^MeNG^ gave only
unchanged starting material, showing that the MeNO^ ligand
is more strongly bound than CS^. Hence, it is established
that ligand strength in these compounds follows the series



TABLE 2. 5

Bonding group Compound Characteristic
i, r. bands

(cm 1)

Ref

s

[RuCl( CS^PH^JCl 1105s,
1 2

1055e,850ir,

1G9

£ i o in [RuC]2CS(PHb)232 v(cs)129°s 109

M-CS RUC^CCSXCOXPP^ "(cs)129°3 109

M- CS Ru2C14(CS)(PP1^)4 v(os)12S4s 148

M- CS Rucycs)2(pph3)2 "(cs)i295s 172

M-CS RuCyCS^AsPhj). "(cs,12956 172

M-S=C=S RhCl(|CS2XCS2XPH^)2 vscs15iDs
v _ 1028 s

X

220

TABLE 2. 6

Time of reaction
.

characteristic
^

i.r. bonds (cm )
Ratio

RuBr3 (A sFhj )2MeOH+CS2 vscs v CS

a3C min or more 1295 -

a
20 min 152G 1295 (1:3)

a
lO min 1520 1295 (5:1)

b
2 min 15 20 1295 (1:1)

C15 min (no reaction)

a - under reflux, b - gently warm, c - stirred room temperature
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MeN02>CS2>Me0H.
These compounds represent the first carbon disulphide

and the thiocarbonyl compounds of ruthenium (III) although
109

ruthenium (II) compounds such as [RuCl(pCS?)(PPh_) JC1 ,
109 J 148

[RuCl-CS(PPh.)J_ , Ru_Cl. (CS)(PPh ) and
148, iro

[RuCl (CS)(PPh ) ] have been recently synthesised
148

and the mixed Ru (Il)/Ru (III) species Ru_Clr(CS)(PPh0), isZ D 3 3

also known (see Chapter 1 pages 51, 52).

d) Sodium Diphenylphosphinodithioate

Reaction of RuCl^AsPh^L (jL = MeOH, PhCH2CN) with
NaS PPh in acetone produces the violet crystalline compound

Ct C*

Ru(S2FPh2)2> The same compound is also prepared from

Me4N[RuBr4(AsPh3)2]2 acetone (or " RuCl^ 3H20" . and

Na^PPh.). This compound is of interest in that its n. m. r.

spectrum exhibits contact-shifted ortho, meta and para protons

at T4. 35, 2. 64 and 2. 94 respectively (Fig. 2. 9) and also

because it is a rare example, in this series, of the displacement

of all ligands with retention of the Ru (ill) oxidation state. The
223

corresponding Ru(S PEt ) is mentioned briefly, elsewhere ,
ui fa J

but no preparative details have been given.



Hn.m.r.spectrumof^(S^PPh^)^ at301KinCDC13 345 Figure2.9
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2.4 Oxygen donor ligands

a) Tetrahydrofuran

If (A) is shaken in tetrahydrofuran, displacement of

methanol occurs and the compounds RuX,(EPh )„THF can be
•D J ^

isolated from the reaction mixture. These compounds are not

very stable, readily losing THF on recrystalUaation and slowly on
111

air-exposure of the solid. The compound RuCl^CO^THF
is one of the few other examples of complexes containing THF

a 8 a ligand.

RuX^AsPh^J^MeOH also loses the methanol group in

CH^Cl^, CHGl^ or solution giving yellow-brown
solutions. Addition of heptane gives brown solids, analysing

closely for RuX^AsPh^)^# irrespective of the solvent used.
The i.r. spectra (4CQO-4GG cm *) are identical to the

starting materials except for the absence of methanol bands at

348G and 1G1G cm * and the far i.r. spectrum reveals strong

v, vibrations at 33G and 311 cm"1 but no evidence for
(RuGl)

bridging chloro groups. Although the compounds are not

sufficiently soluble for molecular weight measurements, an

e.s.r. spectrum of RuCl^AsPh^-MeOH in CHCl^ shows a
two g value spectrum {Table 2.3, Fig. 2.10) which indicates

the presence of an axially symmetric complex such as (1G).

The intensity of the e. s.r. signals, coupled with the

normal magnetic moments found for the RuX^EPh^^MeOH



E.s.r.spectrumofRuCl^(AsPh^)^MeOHinCHC13
12.75

g2

17

Figure2.lO
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(lO)

compounds in both solid and solution state (Table 2.2) also

support their formulation as monomeric, magnetically-dilute

ruthenium (III) compounds. It is gratifying that a more recent
151a

study by Manoharan et al on the structure of RuCl,(AsPh ) MeOH
•J J Lt

in solid and solution phase has reached very similar

conclusions to those presented here. Several five co-ordinate

ruthenium (II) compounds of this type have been reported, e.g.
24 114

RuCl?(EPh ) (E = F , As ) and the compounds
224

RuX (EPh ) (E = P, As) were mentioned by Vaska and Sloane
•5 j Cj

but no preparative or other details about them are available,

b) Acetone and nitromethane

In contrast, dissolution of RuX^(EPh^)^MeOH in acetone
or nitromethane gives solvates which are surprisingly stable

and which can be recrystallised without loss of solvent. The

nitromethane compound RuCl^PPh^J^MeNO^ is, in fact, an
excellent precursor for the synthesis of most of the chloro-

phosphine compounds deseribedi.in-'thi® its main

advantage over RuCl~(PPh-)?MeGH is the ease of preparation
126

via AsPh^fRuCl^(PPh^)..] (which is prepared from RuCl^PPhjjfcj).
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The methanol solvate can only be prepared in low yield (40 per

cent) and on a small scale from " RuCl 3H O" (O. 2g) and
25

stoichiometric amounts of PPh^ . Attempts to " scale-up"
this reaction (to 1. Og of " RuCl^SH^O" ) gave only the reduced
product RuCl^(PPh^)^. However, very recently, an improve¬
ment in yield has been obtained by a colleague, Mr P W. Armit,

by carrying out the reaction in the presence of a plentiful

supply of air.

2. 5 Carbon donor Uganda

a) Bicyclo [2,2,1] hepta 2,5 diene (norbornadiene); 1,5

eye looctadiene.

A number of ruthenium (II) diolefin compounds, such as
194 95 150,205

[RuX2C7H3Jn , [RuX2(CG)C7H8]n and [RuX^O^Hg]"
have been synthesised in recent years (see page 62) but no

diene compounds of ruthenium (III) are known. An attempt to

prepare a ruthenium (III) diene compound by reaction of (A)

with excess C_H in refluxing CH5C1_ produced no reaction.( o C C*

However, in refluxing benzene, crystalline, diamagnetic

precipitates are obtained which analyse quite closely for

RuX (E R_LC,H0 . For E = P, the same compounds can be
L 5 d 7 o

synthesised from RuX^FPh^)^ ^ and . Although the
compounds are too insoluble for n.m.r. studies, a careful

examination of their far i.r. spectra (Table 2.5) suggests that
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two V^U£J\ vibrations occur at 278, 253 cm"1 (E = P). Thus,

configuration (11) with trans- chlorides is unlikely because of

the low values. The other possibilities (i.e. where

both chloride groups are trans to the diene (12) or where one

chloride is trans to the diene and the other is trans to a

phosphine (or arsine) (13) can not be distinguished on i.r.
212

evidence alone, especially since earlier work indicates

that olefins, tertiary phosphines and arsines all have a similar

'(MCI)

X

i

X

(11)

However, we have also prepared the corresponding

31.
RuCl2(PMe2Ph)2C7H8 (vftuC1 277, 253 cm"1) from
Ph, PhCH,P[RuCl, COC„H ] and PMe Ph and the lH and "*P3 c, 5 ( o C

n.m.r. spectra unequivocally show trans-PMe Ph groups
117

(virtually coupled 'triplet') and the three diene resonances

expected for configuration (12) n.m.r.) and a singlet for
31

the trans-PMe2Ph groups ( P n.m.r.) (see page 209Chapter 4).
Similar compounds RuHXL^diene (L = PPL, P(GR)_, amine,

96,107,195 197
etc)

reported (see page 60).

and Ru(OH)_(CO)_C„H0 have recently been2 c(o
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The reaction of RuCl-(AsPh ) MeOH with 1, 5-cyclo-
194

octadiene in benzene gave only [RuCl_(C0H._)] and2 8 12 n

attempts to prepare ethylene and diphenylacetylene complexes

gave only RuCl_(AsPh ) .
•J J b

b) Carbon monoxide

The reaction of RuCl^AsPh^^MeOH with carbon
monoxide in CH^Cl^ results in the formation of a pale yellow,
diamagnetic monomeric solid which analyses for

RuCl^COj^AsPh^ 1993 cm * ^^Cl- ). A similar
product is obtained from RuCl^PPh^S ( S = MeOH, MeNQ^).
This isomer (for E - P) has been prepared earlier (from

25,129
RuCl_(PPh ) ) and assigned configuration (14)

u j ^ or *

-1 -1 31

(v^^2GOO cm ; vj£Uqj^4 cm ). The Pn,rri,r, of this
compound (singlet at 27»46 ppm) is consistent with this

configuration, Recrystallisation of (14) from hot benzene

gives a white cis- isomer (v 2061 and 1999 cm *) whose far" cu

i.r. spectrum (E = P) shows bands at 300 and 275 cm

This is consistent with configurations (15) and (16) but not

31
(17). The proton decoupled P n. m, r. spectrum of this white

isomer shows a singlet at 17.19 ppm indicating configuration
129

(16) and not (15) as originally proposed . A recent

13 -1
C n.m. r. study on the isomer with v_„2G6l, 1999 cm

225

by Fahey also shows this compound to have configuration

(16).
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Recrystallisation of (14) (E = As) from cold CH.Cl../
Cd c*

MeOH solutions causes several extra carbonyl bands to

develop. A band at 1943 cm * first appears and then further

bands grow at 2036, 1978 cm * although the mixture still

analyses for RuCl (CO) (AsPh ) . By analogy with recent
129

j
parallel studies on the PPh3 complexes , the 1943 cm

band can be assigned to the other trans carbonyl isomer (18)

(although it may be the monocarbonyl complex RuCl CO(AsPh ) >
M V W

MeOH - see Chapter 4) and the 2G36, 1978 cm * bands to the

cis-carbonyl isomer (17). Similar results were found for

RuBr_(CO) (AsPh ) (see experimental section).
Cd Ci J w

However, no evidence has been found for the formation

of Ru (HI) compounds such as the unknown RuCIjCO^sPh^^.
The compound RuBr CO(PPh ) has, in fact, been briefly

V J
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reported but no further details are available.

2. 6 Electronic spectra

In view of the difficulty in obtaining n. m. r. data for

most of the paramagnetic Ru (III) complexes described in

this chapter, we recorded the electronic spectra of these

complexes in an attempt to gain further information about

their structures.

The electronic spectra (50,000-12,000 cm"') of a

number of these Ru (III) compounds are given in Table 2.7

and Fig. 2.11 - 2.14). A close examination of these results

reveals that the absorptions between 30,000 and 12,GOO cm

are virtually independent of whether E = P or As or of the

nature of L (Fig. 2.11-2.12). However, the position of the

absorption bands depends markedly on the nature of X,

shifting to lower energy when X changes from chloride to

bromide (Fig. 2.13-2.14). Similar results have been found
3^ 226

in the electronic spectra of [RuX,] and various6
97

halogesoobipyridyl ruthenium (III) compounds . Hence, these

can be assigned principally to X-* Ru charge transfer

transitions [e.g. for [Co^H^^X] + (X = F, CI, Br, I), the
band due to charge transfer will appear at increasingly

227

higher wavelengths in the order F<Cl<^Br<l] . Also, the

molar extinction coefficient (£) of a charge transfer band is

about a hundred times greater than that of a "d-d" absorption
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band, which is consistent with, the Intensity of the absorption bands

observed in these studies between>3G,OOO and 12,000 cm \
The more intense absorptions 30,000 cm * can be

assigned to intra-ligand transitions superimposed on ligand to

metal charge-transfer transitions which arise from the tertiary-
3 +

phosphine, arsine and other ligand groups (cf_ [R^NH^Ji-RCN]
with an absorption band at 31, 500 cm * assigned to RCN-*» Ru

7G

charge transfer transitions) . However, the complexity of this

region makes assignment of the bands to specific energy processes

an impossible task.



TABLE2.7

TheElectronicspectra(50,000-12,000cmofsomeRuthenium(ill)Compounds (shouldersareunderlined)
Compound

Intraligand

L-*M

2

t

X

[RuCl3(AsPh3)MeCN]
10"3va

42.7

32.8

25.O

22.2

16.3

lO-3 eb
max

47.82

28.13

3.19(428)°

O.21(16)

[RuBr(AsPh)MeCN]
lO"3 v

40.3

32.1

20.3

17.5

lO"3 e
max

10.41

7.88

1.26(94)

[RuCl3(PPh3)2MeCN]
lO"3 v

42.8

33.6

24.8

22.7

15.8

lO"3 e
max

25.98

10.89

2.01(234)

O.08(5.6)

[RuBr3(PPh3)2MeCN]
lo"3 v

42.8

32.828.5
20.2

17.2

_3

lOe
max

56.48

18.52*

2.59(300)

[RuCl3(AsPh3)2PhCN]
_3

lOv

42.9

32.4

25.1

22.2

_3

lO ,
max

26.90

16.55

2.77(290)

[RuBr3(AsPh3)2PhCN]
lO"3 v

42.7

31.928.6
20.0

17.2

lO"3 e

46.OO

18.87

1.34(133)

max



CompoundIntraligand [RuCl3(AsPh3)2PhCHzCN]lOv
42.7

lO"3 e
max

25.17

[RuBr3(AsPh3)2PhCH2CN]lO_ v
42.4

lO"3 e
max

111.40

[RuCl3(PPh3)py2]
10"3v

42.4

lO"3 £
max

67.25

[RuCl3(AsPh3)bipy]
10_3v

42.4

lO"3 e
max

57.OO

[RuBr^AsPh^bipy]
10_3v

42.5

lO"3 e
max

33.50

[RuCl3(PPh3)bipy]
10_3v

40.0

lo"3 E
max

12.32

[RuBr3(PPh3)bipy]
10~3 v

42.5

lO"3 e

70.63

max

32.8

25.O

21.7

15.9

11.24

2.11(268)

0.11(7.4)

32.5

20.6

17.9

37.61

2.00(223)

33.3

25.4

22.2

17.39

5.22(450)

2.66(220)

34.4

25.6

22.7

17.7

31.60

5.88(780)

33.5

21.4

17.6

15.5

15.OO

2.78(345)

1.79(107)

34.O

25.6

22.2

7.78

1.71(230)

33.7

21.9

17.9

15.5

17.38

2.54(384)

1.90(158)



CompoundIntraligand 13(AsPh3)2][RuCl,(AsPh)DMSO]10_3v42.34P.O lO"3 e50.52 max

_3

[RuCi(PPh)DMSO]lOv42.7 D-JL*

icf3 e20.00 max

[RuCl(AsPh)(MeS)]10~3v42.838.3 DJZ"
lO"3 e22.4120.04 max

[RuBr3(AsPh3)(Me2S)2]10_3v42.937.7 lO"3 e40.5825.36 max

[RuCl3(PPh3)(Me2S)2]10_3v42.937.7 lO"3 e16.56 max

[RuCl3(AsPh3)2(Et2S)]10_3v42.739.2 lO"3 e46.51 max

[RuBr3(AsPh3)2Et2S]10_3v42.538.2 -3

lOe45.88 max

LM

XM

35.O 36.7 34.5 18.50 33.3 20.29 34.4 33.3

^7.7 3.67(520) 27.7 26.O 1.98(340) 20.2 1.83(240) 27.5 27.O 20.0 1.36(205)

23.4 23.2 1.18(128) 22.3 1.78(164) 17.4 22.7 0.72(65) 22.4
1.60(140) 17.O



Compound

Intraligand

L->M

XM

[RuCl3(AsPh3)2CS2] [RuCl3(PPh3)2CS2]
10"3v io"3 E

max

-3

lOv lO-3 E
max

42.7 41.89 42.7 135.55

37.7

35.7

28.5

27.O

23.O 2.83(440) 23.2 5.03(542)

17.9 19.6

a Bandenergy(cm b-1-1 Maximummolarextinctioncoefficient(molcm)

o

4-9
Oscillatorstrength(lOf)wheref=4.60x10e

and

max2max

vr=halfintensitybandwidthi.e.thewidthat1 2maxX
2max

(cm2)

SolventCHC13.
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2. 7 V{RuX) bands

A careful examination of the far i.r. spectra (350-250 cm \
5

see Table 2.4) of these series of Ru (III) (d ) complexes shows

that the intensity of the absorption band due to Ru-Cl stretch

(trans to CI) is particularly strong in comparison to the

corresponding band of Ru (II) (d^) complexes containing trans

chlorides (Fig. 2.15)*. This characteristic of Ru (III) complexes

(containing trans-Cl groups) may be due amongst other factors

to the dipole moment across the axis where the CI groups are

vibrating.

The brorno-analogues follow the same pattern, although

the bands for "both oxidation states are less intense than those of

the chloro-compounds.

It is interesting to note that this characteristic of Ru

(III) complexes was successfully used during this work to

anticipate the oxidation state of the metal. However, this

prediction must be supported by magnetic moments and e. s. r.

measurements,

A thorough examination of this empirical rule is out of

the scope of this thesis and is left as subject for further

studies.

* Same amounts of sample were used to run these i.r. spectra

(20 mg of compound in 500 mg of polyethylene).



Figure2.15
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2.8 Experimental

Microanalyses were by the National Physical Laboratory,

Teddington, A. Bernhardt, West Germany and the University of

Edinburgh Chemistry Department. Molecular weights were

determined on a Fe rkin-Eltner Hitachi osmometer (model 115) at

o -1
37 . Infrared spectra were recorded in the region 4000-200 cm

on a Perkin Elmer 225 Grating Spectrometer, using nujol mulls

on caesium iodide plates. Solution spectra were run in

potassium bromide cells and electronic spectra were recorded on a

Unicam SP8GO spectrophotometer using unmatched silica cells.
1
'H n.rn, r. spectra and solution magnetic moments (Evans1

228

method) were obtained on a Varian Associates HA-lOG

Spectrometer. Magnetic susceptibilities (solid) were measured

on the Faraday balance at Newcastle University, E. s.r.

measurements were performed on a Hilger Watts " Microspin"

spectrometer operated at 9.33 GHz and employing lOO kHz

magnetic field modulation and phase-sensitive detection. The

magnetic field was measured by means of a proton resonance

meter and g factors were calculated by using a dilute polycrystalline

sample of 1,l-diphenyl-2-picrylhydrazyl (g = 2.0036) as

reference. Conductivity measurements were made on a Model

310 Portland Electronics conductivity bridge and melting points
ii

were determined with a Kofler hot-stage microscope and are

uncorrected.
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Nitrogen Ligands

a) Nitriles:- Trichlorobis(triphenylarsine)(methylcyanide)

ruthenium (III)

Trichlorobis(triphenylarsine) methanolruthenium (III)

(O. lOg) was added to methyl cyanide (5 ml.) and the green

suspension shaken for one hour. The resulting dark green

crystals were collected and recrystallised from CH^Cl^/pentane
(Yield 76 per cent) (v^,^2305 cm *). Similarly, RuBr^-
(AsPh ) MeCN (v 2310 cm *) was prepared and recrystallised

(78 per cent). The reaction of RuCl^PPh^MeOH with

CHjCN gave RuCl^PPh^MeCN (vCN2306 cm"1) (75 per cent)
and the bromophosphine compound was similarly prepared

(^^2310 cm 1) (74 per cent).
Trichlorobis(triphenylarsine)(benzylcyanide)ruthenium (III):-

RuCl3(AsPh3)2MeOH (0.30 g) was stirred for 24 hours in
dichloromethane (40 mil) with excess benzylcyanide (1.0 ml)

under nitrogen. The resulting green solution was reduced in

volume and the addition of diethyl ether gave a green precipitate.

Recrystallisation from CH^Cl^/heptane gave the bright green
powder (71 per cent) (vcjsj230G cm ^), Purple RuBr3(AsPh3)2-
(PhCH^CN) was prepared by the same method (71 per cent)

(vcn23°°
Trichlorobis(triphenylphosphine)(benzylcyanide)ruthenium (III):-

As for RuCl3(AsPh3)2PhCH2CN except the reaction time was only
5 hours. Recrystallisation from CH CI /pentane gave bright

green microcrystals of the product (60 per cent) (v^.^2310 cm"1),
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However, prolonged treatment gave c is - diehlorobi s (tr iphenyl-

phosphine)bis(benzylcyanide)ruthenium (H) as a crystalline pale

green solid (yellow when powdered) rnp 158° [Found: C, 65,1;

H, 4.4; N, 3.O. Calc for C^H^C^N^Ru C, 67.0; H, 4.3;
N, 3.0 per cent]. This product is the same as that prepared

74
-1

from RuCl_(PPh ) and benzylcyanide (v_,.T 2269, 2243 cm ).
c, 3 3 CN

T ribromobi s (triphenylpho sphine) (benzylcyanide) ruthenium (III)

was prepared as for the chlorophosphine compound (60 per cent)

(v 2300 cm ■*"), prolonged reaction giving some reduced

species*

Trichlorobis(triphenylarsine)(phenyleyanide)ruthenium (III):

RuCl^AsPh^J^MeOH (O. 20 g) was dissolved in CH^'Cl^
(20 ml), excess of phenylcyanide added (O. 5 ml) and the

solution refluxed for one hour under nitrogen. The resulting

green solution was reduced in volume and the green residue

recrystallised from CH^Cl^/heptane (71 per cent)(v^^2280 cm *).
The same product is obtained by stirring for 24 hours.

RuBr^AsPh^^PhCN (7G per cent) (v_^2278 cm ) and

RuCl3(PPh3)2PhCN (70 per cent) (vCN223G cm"1) were
prepared by the same method. The corresponding RuX3(EPh3)2~
CH^CHCN were also prepared by this method (E = As, 75 per
cent; ^^2305 cm 1; E = P, 60 per cent).

b) Pyridine:- Trichlorotriphenylarsinebis(pyridine)

ruthenium (III):
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RuCl3(AsPh3)2MeOB (O. 20 g) and excess pyridine (0.4 ml)
in GH-Gl (lO ml) were gently refluxed for 5 minutes. Additionc* La

of light petroleum (bp 100-120°) gave an orange precipitate

recrystallised from CH^Cl^/pentane (88 per cent).
RuBr0(AsPh„)py_ and RuX0(PPh_)py. were prepared in the

•j j La 5 5 La

same way (9© per cent).

Trans-Dichlorotetrakispyridineruthenium (II):

RuCl^AsPh^^MeOH (O. 20 g) and excess pyridine (0.4 ml)
were heated for ca 20 minutes and the resulting orange-red

precipitate recrystallised from acetone/light petroleum (bp lOO-

120°) or CH^Cl^/pentane mp 270°(decomp) (89 per cent)
[Found;- C, 49.2; H, 4.1; N, 11.6. Calc. for c2qH2oC12N4Ru
C, 49.2; H, 4.1; N, 11.5 per cent]. The same compound was

prepared from RuCl^PFh^)^ and excess pyridine under the
same conditions.

n.m. r. (CDC1 ) T 1.44(d); T 2.40(t); T 2. 90(t) (see

ref. 89); v.- 34G cm \ Similarly, trans-Dibromotetrakis-
(RuGl)

pyridineruthenium (II) was prepared starting from

RuBr^AsPh^MeOH or RuBr2(PPh3)3 m.p. 280° (decomp)
(90 per cent). [Found: C, 43.1; H, 3.6; N, lO. O. Calc. for

G20H20Br2N4Ru 3*5' N' Per centJ* ^Hn.m.r.
(CDG13) T 1.28(d); T 2.36(t); T 2.92(t) (see reference 89).
Trans-Dibromo(triphenylphosphine)trispyridine ruthenium (II):

RuBr2(PPh3)3 (O. 20 g) was dissolved in excess pyridine



131

(0.3 ml) and gently heated for 10-14 minutes. Addition of pentane

gave a yellow powder recrystallised from CH^Cl^/pentane mp
198° (71 per cent) [Found: C, 53.1; H, 4.G; N, 5.7 M(C^H^)740

Cs^HsoBr^N^PRu requires C, 52.1; H, 4.0; N, 5. 5 per cent
M 671]. 4Hn.m.r. (CDC^) (Fig. 2.2) T 1. 00(t)T 2.40(t),
T 3. 26{t) [C„H_Nl andT 2.6-2.9 (multiplet) fPh„P]. Trans-

DO D '

Dichloro(triphenylphosphine)trispyridineruthenium (II) was

prepared from RuCl^PPh^)^ by the same method but could
not be satisfactorily separated from a small amount of

RuCl-py. which is also formed.
£ 4

n. m. r. (CDCl^) of mixture; [RuCl^PPh^py^]:-
T l.lO(d), T 2.40(t), T 3.14(t) [CcHcN] and T 2.6-2.9 (multiplet)5 D

[Ph P] trans- [RuCl py. T 1.44(d) (the resonances at 2.40
d bl *

and 2.9C are masked by those from [RuCl^PPh^py^].
[ Found: C, 55.3; H, 4.3; N, 7.9 [RuCl (PPh )py ] requires<£ i j

C, 59.1; H, 4.4; N, 6.3 per cent].

c) i) 2-2'Bipyridyl:- Trichlorotriphenylarsine(2,2'-bipyridyl)

ruthenium (III):

RuCl^AsPh^^MeOH (0.31 g) was stirred under nitrogen
with a CH^Cl^ solution (40 ml) containing excess 2, 2?-bipyridyl
(O.ll g). Concentration of the resulting dark red solution

followed by heptane addition gave the brown product

recrystallised from CH^Cl^,/heptane (SO per cent).

RuBr^(AsPh^)bipy and RuCl^PPh^Jbipy were similarly
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prepared (79 per cent and 90 per cent yield respectively).

Tribromotriphenylphosphine (2, 2'bipyridyl)ruthenium (III):

RuBr^(PPh^)^MeOH (O.IO g) in CH^CP, (20 ml) was stirred
under nitrogen with an excess of 2, 2'bipyridyl. After 3 hours a

golden-yellow solid was filtered off and the reaction continued

for two further hours to give a dark red solution. Precipitation

by heptane and recrystallisation from CH CI /heptane gave the
W M

dark red product (50 per cent). The golden-yellow solid was

identified as the reduced species Bis(triphenylphosphine)-

(2-2'bipyridyl)-ruthenium (Il)-u-dibromo-bis(triphenylphosphine)-

(2, 2'bipyridyl)ruthenium (II) dibromide. m. p. 295-6° [Found

C, 57.6; H, 3.9; N, 3.2 C„_H^ , Br„ N„ P„ Rm requires C, 58.6;
yc, (b 4 4 4 C

H, 4.0; N, 3.0 per cent]. The same compound was also made

from RuBr^PPh^)^ (O. 2D g) and 2, 2'-bipyridyl (O. 04 g) in
CH CL (15 ml) stirred under nitrogen for 30 minutes

Li Lt

(A(7xlO ^M) in Jtf,eOH = 90Acm^ mol *). Similarly,

[Ru£Il2(PPh3)4(bipy)2]CF. was prepared from [RuCl^PPh^]
and 2, 2'-bipyridyl m. p. 300° [Found C, 63.7; H, 4.3; N, 3.2.

Calc. for C__H ,C1.N P Ru C, 64.0; H, 4.4; N, 3.2 per cent]92764442 J
- 5 2-1

(A(7 x lO .M) in MeOH = 88/1 cm mol ).

ii) 1, lO-phenanthroline and 3,4, 7, 8-tetramethyl, 1,1Q-

phenanthroline;- Trichlorotriphenylarsine (1,1Q-

phenanthroline)ruthenium (III):- As for RuCl3(AsPh3)bipy.
The following method is an alternative, RuCl^AsPh^MeOH
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(O. 2 g) was stirred overnight with an excess of 1, lO-phenanthroline

(0.31 g) in methanol (7Q ml). The resulting orange solid was

filtered and washed several times, with small volumes of

methanol and pet-ether (bp 40-60°); recrystallisation from

CH^Cl^/heptane gives an orange-brown crystalline solid (68
per cent)*

Tribromotriphenylarsine(l, lO-phenanthroline) ruthenium (III):-

As for the above complex. Brown microcrystalline solid (70

per cent) m.p. 255°. [Found, C, 46.7; H, 2.69; N, 4.3 per cent.

Calc for C H^N Br AsRu C, 43.5; H, 2.77; N, 3.4 per cent].
Trichlorotriphenylphosphine(l, lO-phenanthroline) ruthenium (til):

As for RuCl3(PPh3)bipy. Orange-brown solid (65 per cent).
Recrystallised from CH CF/pentane.

L* C*

Tribromotriphenylphosphine(l, lQ-phenanthroline)ruthenium &II):

As for RuBr3(AsPh3) phen. Recrystallised from CYL^Cl^/
pentane gives a brown solid (62 per cent),

Trichlorotriphenylphosphine(3,4, 7, 8-tetramethyl, 1, lO-

phenanthroline: As for RuCl^PPh^phen, gi-ving an orange sblid

(60 per cent).

Sulphur Ligands

a) Dimethylsulphoxide;- Trichlorobis(triphenylarsine)-

dimethylsulphoxiderutheniurn (III) RuCl3(AsPh3)2MeOH (O. 20 g)
was added to an aqueous solution of dimethylsulphoxide (1:1 by

volume) and the suspension stirred for 24 hours to give a tan
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precipitate. This was well-washed with water and air-dried

(60 per cent) Infrared (1350-800 cm *) (Fig. 2.4) 1315(m),

[1190(s), 1160(w), 1080(s), 1025(b), lOOO(rn) - all AsPh^
973(s) 935(m) (v ) 920(s). The same compound was prepared by

SO

shaking RuCl^AsPh^^MeOH with neat dirnethylsulphoxide and
filtering off the product after 5 minutes. A similar reaction with

2

fl^-dimethylsulphoxide gave Trichlorobis(triphenylarsine) -
2

( IH^-dimethyl- sulphoxide) ruthenium (III) Infrared (1350-
800 cm J)(Fig. 2.4):- [I190(s), 1160(w), 1080(s), Io2'>(s-},

lOOO(m) - all AsPh3J 1050(m) 935(m) (vS(^825(m)*
RuBr„(AsPh,)_DMSO and RuX,(PPh„),DMSO were readily5 5 L 5 5 c,

prepared from aqueous DMSO solutions by the method given

above (ca 70 per cent yields)*

Dibromotetrakis(dimethylsulphoxide)ruthenium (II):

RuBr^AsPh^MeQH (O. 20 g) was suspended in an excess of
dimethylsulphoxide (lO ml) and stirred under nitrogen for 24 hours.

The resulting pale yellow crystalline precipitate was filtered,

washed with water and air-dried rn.p. 219-20° (78 per cent)

[Found: C, 17.6; H, 4.2; Br, 28.6; S, 22.8. Calc. for

CgH24Br204RuS4 C, 16.7; H, 4.2; Br, 28.0; S, 22.3 per cent]
Infrared (1350-750 cm"1) (Fig. 2.5) 1304 (m), 1290(s), 1080(vs)

(v ) 1025(vs), 978(s), 942{s).
SO

2
Dibromotetrakis( IB^-dimethylsulphoxide)ruthenium (II) was
prepared by the same method m.p. 240°(decomp) (80 per cent)

[Found:- C, 17.0; D, 8.1; Br, 28.4; CgD24Br204RuS4 requires
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C, 16. O; D, 8.Q; Br, 27.0 per cent. Infrared (1350-750 cm

(Fig. 2. 5) lQ8Q(vs) (y ) lQ2Q(w), lOOO(m), 820(vs), 780(m),

770(s).

Dichlorotetrakis(dimethylsulphoxide)ruthenium (II)

RuCl (AsPh ) MeOH (O. 2 g) was suspended in an excess of
J J L

dimethylsulphoxide (O. 5 ml) and stirred overnight; then a

mixture of diethylether (5 ml) and dichloromethane (1 ml) was added

followed by O. 5 ml of dimethylsulphoxide; the treatment was

prolonged for 24 hours. The resulting pale yellow solid was

filtered, washed with diethylether and dried m.p. = 193°C(d),

(80 per cent) [Found: C, 20.1; H, 5.1. Calc. for CgH

RuS^ C, 19.9; H, 5.C per cent]. Infrared (135Q-75Q cm *)
Fig. 2.8, 1304(m), 1290(s), 1080(vs) (v ) 1025(vs), 974(s),SO

944(s),. 935(sh).
2

Dichlorotetrakis( (Hp-dimethylsulphoxide)ruthenium (II) - was

prepared by the same method (above), giving a pale.yellow solid,

m.p. = 186°C(d) (82 per cent) [Found: C, 19.3; H, 9.4. Calc.

for C D CI O RuS C, 18.9; H, 9. 5 per cent). Infrared (135Q-
o £4 £ 4 4 ■

750 cm"1) Fig. 2.8. 1080(vs), (v), 1025(w), lOOO(s), 820(vs),dU

785(sh), 775(b).

b) Dialkylsulphides; - Trichlorotriphenylarsinebis (dirraethyl-

sulphide) ruthenium (ill):- • RuCl^AsPh^MeGH (0.21 g)
in CH^Cl^ (40 ml) was treated with excess dimethylsulphide
(O. 8 ml) under nitrogen. After one hour, the red solution was

concentrated to give a red solid recrystallised from CH?CI /heptane£ C*
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(78 per cent)* RuBr (EPh0)(Me S) (E = P, As) were obtained
j o c* c*

by the same method except longer reaction times (ca two hours)

were needed for complete conversion (75 per cent).

Trichlorotriphenylphosphinebis(dimethylsulphide)ruthenium (ill)

was prepared as for the chloro-arsine compound, partial removal

of solvent giving a dark green solid (52 per cent). Concentration

of the remaining red solution gave orange solids whose analyses

and melting points were variable, suggesting a mixture of

RuCl3PPh3(MezS)2 and RuCl2(PPh3)2(Me2S)2 . However,
reaction of RuCl (PPh ) and excess Me S in dichloromethane

Ci J J Cu

(ca 5 mins) under nitrogen gave an orange-red solution.

Addition of heptane and recrystallisation of the orange-brown

precipitate from CH_. CI.,/heptane gave Dichlorobis(triphenyl-
Cu Cj

phosphine)bis(dimethylsulphide)ruthenium (II) [Found: C, 57.8;

H, 4.6; CI, lO. 5; M, 986(C,Hj C . H. _Cl,P-RuS_ requires
D o 4vJ Ci c c

C, 58.5; H, 5.1; CI, 8.7 per cent, M, 820]. *H n. m. r.

phenyl multiplet (2.4-3. 3T); methyl singlet (8.8T).

Trichlorobis(triphenylarsine)(diethylsulphide)ruthenium (III)

RuCl3(AsPh3)2MeOH (O. 20 g) was dissolved in CH2C12 (40 ml)
and stirred under nitrogen with an excess of Et S(G.l ml) forCt

2 hours. The resulting red solution was concentrated to dryness

and a mixture of heptane/CH? CI (6:1 ratio) added giving aLt Li

red solid, recrystallised from CH2C12/heptane (82 per cent).
Longer reaction times gave mixtures containing RuCl3(A sPh3)-
(Et2S)2 . RuBr3(AsPh3)2Et2S was similarly prepared (83 per cent).
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e) Carbon Disulphide:- Trichlorobis(triphenylarsine)carbon

bisulphide ruthenium (III):

RuCD(AsPh ) MeOH (O. 33 g) was refluxed in CS (30 ml) under
-J C* (L

nitrogen for ca 30 minutes and the resulting brown micro-

crystalline precipitate washed several times with carbon disulphide

and air-dried (71 per cent). The same product was formed if the

reaction was continued for six hours, even in the presence of

excess triphenylarsine (added in an attempt to remove sulphur

from the bound CS^ group). RuCl^PPb^^CS^, was similarly
prepared (70 per cent).

Tribromobis(triphenylarsine)(thiocarbonyl)ruthenium (III):

RuBr^AsPh^^MeOH (O. 20 g) was refluxed in CS^ (20 ml) under
nitrogen for ca 30 minutes. Concentration of the solution,

followed by pentane addition gave the brown crystalline product,

washed with CS and air-dried (73 per cent) (v 1295 cm *).
Shorter reaction times gave products with i.r. bands at

1295 cm * and 1520 cm * (v__ ) i. e. a mixture of RuBr_(AsFh,) CS
Co^ 3 3 2

and RuBr^AsPh-j^CS^,. The corresponding RuBr^PPh^J^CS
was prepared in an analogous way (68 per cent).

d) Tris(diphenylphosphinQdithioato)ruthenium (III) :-

RuCl0(AsPh^).MeOH and a four-fold excess of sodium
o 3 2

diphenylphosphinodithioate were shaken in acetone for two days.

We thank Mr. D.J. Cole-Hamilton and P.W. Armit for the

preparation of this compound.
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The violet crystals were then filtered, washed with water and

diethyl ether and dried in vacuo at 40° m.p. 219- 2G°

[Found: C, 50. 5; H, 3.3 C0,H0^P0RuS, requires C, 50. 9;
jo io 3 6

H, 3.5 per cent]. The same compound is also prepared from

RuCl,(AsPh ),PhCH,CN Me N[RuBr . (AsPh.)_] 2 acetone or
•J DC. c 4k 4 3 c.

" RuCl^H O" and NaS2PPh2.
Oxygen Ligands

*) Tetrahydrofuran: - Trichlorobis (triphenylarsine)(tetra-

hydrofuran)ruthenium (ill):- RuCl^AsPh^^MeOH
(0.20 g) was suspended in excess tetrahydrofuran (lO ml)

and Shaken for ca twelve hours. Addition of pentane to the red

solution gave an orange-red precipitate which was washed with

THF and air-dried (70 per cent). The corresponding RuBr^-
(AsPh-)-THF and RuX_(PPh0)_THF were similarly prepared5 c 5 5c

(ca 65 per cent yield).

b) Acetone, nitromethane:- The compounds [RuX^EPh^S]
(S = acetone, MeNO ) were prepared as for the THF adducts

M

and for S= MeNO^, from Ph^As[RuX^(EPh3)2J 2 acetone (ref. 126),
Trichlorobis(triphenylarsine)ruthenium (III):- RuClj(AsPb^)2-
MeOH was dissolved in benzene (or clichloromethane) giving a

yellow-brown solution. Addition of heptane gave the dark brown

product. Similarly, RuBr^AsPh^ was prepared.
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Carbon Donors

a) Bicyclo-[2, 2, l]-2, 5 heptadiene(norbornadiene):-

Dichlorobis(triphenvlarsine)(norbornadiene)ruthenium (II):-

RuCl3(AsPh3)2MeOH (0.40 g) and excess C?Hg (2.0 ml) in
benzene were refluxed under nitrogen for 24 hours. The resulting

orange-red crystals were collected, washed with benzene and

dried in vacuo m.p. 256-60° [Found C. 57. 8; H,4. 2; As, 16.4;

CI,7.8. C43H38As2C12Ru requires C, 58.9; H, 4.4; As, 17.1;
CI, 8.1 per cent]. Similarly, [RuBr (AsPh,),C_H0] wasL j u 7 o

prepared [Found: C,55.2; H, 4.0; As, lO. 6; Br, 16.8.

C43H3gAs2Br2Ru requires C, 53.5; H, 4.0; As, lO. 5;
Br, 16.6 per cent]. These compounds are very insoluble in all

common solvents.

RuCl_(PPh ) C H was prepared as for the chloro-arsine
l> j Z 7 o

compound from RuCl^PPh^S (S = CH3OH, CH3NC2) and
C_Hq m.p. 220° (6C per cent). [Found: C, 65.6; H, 4.9. Calc7 o

for C43H3gCl2P2Ru C, 65.5; H, 4.8 per cent].
RuBr9(PPh_) C_H was similarly prepared [Found: C, 60,8;Z j Z / o

H, 4.9. C. _H_0Br-P-Ru requires C, 58.8; H, 4.4 per cent],5 o c c,

These compounds are also very insoluble in all common solvents.

Dichlorobis(dimethylphenylphosphine)(norbornadiene)ruthenium(lI);-

Ph3PhCH?[RuCl3CO(C7Hg)] (O. 20 g) was refluxed in CH2C12
(lOO ml) under nitrogen with PMe2Ph (0.1 ml) for ca 24 hours.
Concentration of the yellow solution followed by diethyl ether

addition gave a yellow solid. This was washed with methanol
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to remove free Ph^BzPCl and recrystallised from CH^Cl^/
pentane m. p. 247°. [Found: C, 51.0; H, 5.5 M(C^H^)600;

retluires 51.0; H, 5. 5 per cent, M, 520.]

*H n. m. r. (see Fig. 4):- T6.70(2), 7.20(4), 8.50(2) [diene];

T2.0~26(10) phenyl multiplet; T7„ 74(12)-1; 2;1 "triplet"

[PMe^Ph].

Refluxing R a C ig (A s Ph^)^Me QH (O. 20 g) with excess 1,5
cyclooctadiene (1.2 ml) in benzene (4C ml) for 24 hours gave

the dark orange precipitate [RuCl^CgH^j^. [Found C, 36jl;
H, 4.3. Calc for CgH^Cl^Ru C, 34.4; H, 4.3 per cent],
b) Carbon monoxide:- Dichlorodicarbonylbis(triphenylarsine)-

ruthenium (II) (Confn. 14):- Carbon monoxide was

bubbled through an oxygen-free solution of RuCl^AsPhgj^MeOH
(0.40 g) in CH CI (40 ml) for £a lO mins. The solution was

b Cd

concentrated to dryness and the residue washed with acetone

leaving a pale yellow sciic" m.p. 230' (decomp) (36 per cent)

[Found: C, 52.4; H, 3.6; CI, 7.8, M(C,H.) 857.
o o

CjgHsoAs^Cl^OzRu requires C, 54.2; H, 3.6; CI, 8.4 per
cent M, 841] v 2G81(w), 2G36(w), 1993(s) cm *(nujol);

Vb»W

1993 cm ^(CH^Cl^). Recrystallisation from hot benzene gave

RuCl^CO^AsPhg)^ (Confn. 16; [Found C, 53.7; H, 3.7 per
cent (i£.q2061(s), 1999(s) cm *). Recrystallisation of 14 from
CH0 CI.,/methanol gave a mixture of isomers with v 2036,2 2 CO

1978 cm (nujol) assigned to confn. 17) and v 1943 cm *
CO

(nujol) (assigned to confn. 18). Similarly,
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RuBr^CO^AsPh^)^ (confn. 14) was prepared from
RuBr,(AsPh_)_MeOF m.p. 265° (decomp) (60 per cent)

J J w

[Found: C, 48.8; H, 3.3. C^gH^As^r^O^Ru requires
C. 49.1; H, 3.2 per cent (vc(^995 cm"1 [CH2C12]).
Recrystallisation from CH CL/methanol gave a pinkish-tan

hi Cm

product [Found: C, 49. O; H, 3.4 per cent] with a number of

carbonyl bands in the i. r. spectrum, v 2090(m),
CO

1980(e) cm 1 (confn. 17); 1940(w) (confn. 18). RuCl2(CO)2(PPhj)L,
(confn. 14) was also prepared from RuCl^PPhg^S (S =
MeOH, MeNC>2) by the same method m.p. 190° (35 per cent)
[Found: C, 60.3; H. 4.O. Calc. for _Cl,O.P_Ru

J O JU L. Cm Cm

C, 60. 6; H, 4.0 per cent (v 2005 cm 1).
CO '
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3.5 Experimental.
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CHAPTER 3

Cationic Ruthenium (II) and Ruthenium (ill) complexes containing

tertiary -phosphines, -arsin.es and other Uganda.

3.1 Introduction

Several successful methods of preparation of neutral

Ru (ill) complexes containing tertiary -phosphines and -arsines

have been presented in Chapter 2. However, as mentioned in

Chapter 2, when some of these reactions are carried out in more

polar solvents such as methanol rather than in dic'nloromethane,

reduction to cationic Ru (II) complexes is observed. Although a

wide range of neutral Ru (II) complexes have been reported

(see Chapter 1, section 1.2b), relatively few cationic Ru (II)

compounds containing phosphine (or arsine) ligands are known.
138

Recent examples include [RuH(PPh ) ]PF, , [RuHLP]PF,
138 J138

(L = PHPh , P(OMe) Ph) , [RuH(MeCN),(PFhJJPF, ,
C £ L D 6 O

ol

[RuH(C0)(PPh3)2(MeCN)2]C104 , [RuH(N2)Et2P(CH2)2PEt2]-
82

RPh^ , etc.
Therefore, in order both to extend the range of such

compounds and also to study in more detail the effect of solvent

media on the nature of the reaction products, we have reacted

the ruthenium, compounds RuCl^EPh^^VIeOH, RuCl3(EPh2)(N-N)
(E = P, As; (N-N) = bipy, phen), RuX_(PPh.)_ and

C j J

RuCl3(PMe Ph)^ with an excess of the nitrogen donor ligands
(N-N) or L [(N-N) = bipy, phen, methyl substituted phen; L =

py, PhCN]. The results obtained from these reactions and some
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tentative mechanisms of reaction are presented and discussed

in this chapter.

Results and Discussion

3.2 Ruthenium cations containing triphenylphosphine, -arsine

and nitrogen donor ligands

a) 2, Z'-Bipyridyl, 1, lO-phenanthroline

The synthesis of a range of neutral Ru (ill) complexes

containing tertiary-phosphines or -arsines and bidentate

nitrogen donor ligands has been successfully achieved by the

reaction of RuX^EPh^^MeQH (X = CI, Br; E = P, As) with
either 2, 2'- bipyridyl or 1, lO-phenanthroline (N-N). When the

reactions were carried out in CH CI , the only products
Cd L*I

obtained were the neutral paramagnetic Ru (III) complexes

RuX^(EPh^)(N-N) (except in the case where E = P, X = Br,
(N-N) = bipy, when a small amount of a yellow-brown solid

identified as the dimeric halide bridged complex [Ru^Br^-
(PPh).(bipy) lBr- was also isolated). The latter compound is

J TC La La

obtained in higher yield by reaction of RuBr^FPh^)^ and 2,
2'-bipyridyl in dichlorornethane; similarly [Ru^Cl^PPh^-
(bipy)2]Cl can be synthesised from RuCl^PPh.^ and 2,
2'-bipyridyl (see Chapter 2 page 88 ).

However, if the reactions of RuCl0(PPh_)_MeOH and3 3 2

excess (N-N) are carried out in methanol, the red-orange

crystalline solids [RuCl(PPh3)(N-N)2]Cl.H^O are obtained,
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together with very low yields of RuCl^PPh^N-N). The rnonomeric
cations can also be prepared by reactions of RuCl^$PPh^(N-N)
and excess (N-N) in MeOH. Similarly, reactions of RuCl^PPh^)^
with excess (N-N) in methanol gave red solutions from which

the same rnonomeric cations [RuCl(PPh3)(N-N)2]Cl (1) can be
isolated, together with small amounts of the rather insoluble

[Ru CI (PPh ) (N-N) ]C1 . The monomeric formulation is
C* C* J La La

conf irmed by the ready syntheses of the hexafluorophosphate

and tetraphenylboronate salts (see analytical data in Table 3.1).

In contrast, the reaction of RuCl^(AsPh^)^,MeOH or

RuCl„(AsFlObipy with excess 2, Z'-bipyridyl in methanol gives
3 3 ■

a mixture of products, neither of which contain triphenylarsine.

One of these is the well-known (see page 29) orange-red
lOl

[Ru(bipy)3]Cl_,. (2) which we have also characterised
by synthesis of the BPh salt. In addition, small amounts of

purple [RuCl(H Q)(bipy) ]C1H?G (3) (previously synthesised
99, lOO

in higher yields by several methods ) can be isolated.

However, if a mixture of RuCl^AsPh^bipy, 2, 2'-bipyridyl and

NaBPh^ are refluxed in MeOH, the only product is [RuCl-

(AsPh3)(bipy)2]BPh4 (1).
In Scheme 3.1 possible modes of formation of compounds

(1), (2) and (3) are presented. The structures of RuCl^-

(EPh3)2MeOH (A) and RuCl3(EPh3)(N-N) (B) have been
previously established (see Chapter 2, page 82). Thus, in

step (i), (N-N) displaces first the labile MeOH ligand and
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subsequently a EPh-j group to form the Ru (Ill)complex (B). In
dichloromethane, 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 a solvent. Here,

the more polar solvent encourages the dissociation of the halide

1 / \ 2
groups, probably initially of X (trans to N-N) and then X

3
(or X ) is subsequently displaced to give (1). The displacement

of halide groups is accompanied by reduction to the divalent

state. For E = As, further reaction occurs in methanol;

namely displacement of the Asph^ group and the remaining
halide ligand by (N-N) to give [Ru^N-N^jX^ (2) (step iv). In
addition, small amounts of [RuClQ^O^NiNj^JCl* H^O (3) are

produced, presumably by displacement from (1) of the AsPh^
groups by water (step v). Reactions (iv) and (v) do not occur

under these conditions when E = P, presumably because E'Ph^
is a stronger nucleophile than AsPh^. However, the synthesis
of [RuCl(AsPh_)(bipy)_]BPh by reaction of RuCl,(AsPh0)bipy,3 c* 4 3 3

2, 2'-bipyridyl and NaBPh^ in methanol confirms that (1) is
initially formed even for E = As (step iii).

Finally, if RuCl^(pPh^)2MeNO^ , excess 2, 2'-bipyridyl
and NaBPh^ are refluxed in methanol, two orange products are
* In Chapter 2, it has been shown that RuCl^PP'hp^MeNG^
undergoes the same reactions as RuCl^PPh^vieOH, providing
the entering ligand is a stronger nucleophile than MeNO^.
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formed. The more insoluble species which is obtained in higher

yield (60 per cent) analyses closely for the paramagnetic Ru (ill)

cation [RuCl (PPh L(N-N)]BPh (4) (see Table 3.1). Further

evidence for this formulation is the strong e.s.r. spectrum

exhibited by the complex (Fig. 3.1). The more soluble product

analyses for the Ru (II) cation [RuCl(PPh3)(bipy)^]BPh4 (1).
Thus, using a more polar solvent such as methanol,

preferential replacement of halide ion rather than PPh^ occurs
and the resulting Ru (ill) cation (4) can be precipitated out by

BPh~ ion before substantial reduction to the Ru (II) cation (I).

Hence, in polar solvents, step (vi) and (vii) (see Scheme 3,1) also

constitute an important alternative pathway for the formation of (1).

b) 2, 2'-Bipyridyl and phenylcyanide

In an attempt to synthesise mixed nitrogen donor ligand

cationic complexes of ruthenium, RuCl^PPh^Jbipy was reacted
in methanol with excess phenylcyanide. From this reaction a

paramagnetic yellow solid was isolated in high yield (72 per cent)

which analysed closely for the Ru (III) cation [RuCl^FFh^)-
bipy(PhCN)jcl. H^O (p^ = 1. 78BM). Thei.r. spectrum of this
compound contains a weak band (v^.^) at 2222cm * suggesting
that bonding occurs through the nitrogen. The same product is

formed in slightly higher yield (85 per cent) when conc. hydro¬

chloric acid was added to the reaction mixture. A careful

examination of the far i.r. spectrum of this complex revealed

two bands at 320 and 300 cm (v ) consistent with
RuCl
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E.s.r.spectrumof[RuCl(PPh)bipyjBPh
Figure3„1
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configuration (5). However, recrystallisation from CH^Cl^/
pentane gave a product with a single band at 334 cm * and no

changes in the rest of the spectrum. A possible explanation is

facile isomerisation of (5) to give (6). In this instance, the

absence of Ru (II) species (cf the reaction of RuCl^PPh^bipy
with 2, Z'-bipyridyl) can be attributed to the lower nucleophilicity

of PhCN compared to 2, 2'-bipyridyl.

CI.

Ph3P

N

Ru"

CI

(5)

\
N

'NCPh

I

CI)

N

CI

Ph3P

Ru;
i

N

CI

I
NCPh

(6)

CI

Attempts to extend the above reaction to the corresponding

RuCl3(AsPh3)bipy gave irreproducible results (mixtures of
compounds with and without co-ordinated AsPh3) and therefore
this study was discontinued.

3. 3 Ruthenium (II) complexes containing dimethylphenyl-

phosphine and other ligands

a) 2, Z'-Bipyridyl, 1. lO-phenanthroline, various methyl

substituted phenanthrolines

In view of the reactions of both RuX^EPh^^MeOH and

RuX2(PPh3)3 with excess (N-N) [(N-N) = 2, 2'-bipyridyl, 1, lO-
phenanthroline] in methanol to give the cationic Ru (II) compounds

[RuX(EPh3)(N-N)2]X, it was decided to examine the reactions in
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various solvents of other Ru (ill) compounds containing tertiary

phosphines. Mer-RuX,, (PMe^Ph), seemed an obvious choice
since it offered the possibility of using n. m. r. spectroscopy

for structural analysis if diamagnetic Ru (II) complexes were

produced.

Reaction of RuCl (PMe Ph) (Af) with excess 2,2'-
J u J

bipyridyl (N-N) in refluxing methanol for ca 12 hours gave a red

solution. Solvent removal and recrystallisation of the residue

from acetone/light petroleum (bp 1C0-120°C) gave an orange

precipitate and a red filtrate. The diamagnetic orange solid

whose i. r. spectrum shows the presence of PMe Ph, 2,2'-
w

bipyridyl and water ligands analyses quite closely for RuCl^-
(PMe Ph) bipy(H O) (Table 3.1) and a CH CI solution of the

£* J Cm L* £» Cd

2 -1
compound is conducting (/\(0. OOIM) 16. 5jf\cm mol ). The

'Sri n. m. r. spectrum of this compound in CDCl^ a-t 301 K (Fig.
3.2) consists of a doublet at T8.15 and two triplets at T8.81 and

8. 97 (relative intensity 1:1:1) arising from the methyl groups of

the PMe Ph ligands, several resonances between TO-4, due to

the 2, 2'-bipyridyl and phenyl groups of the phosphine and a

singlet at T7.73 assigned to a water molecule. Variable

temperature studies show that at 318 K, the two triplets are

still well defined,but closer together, the doublet is broadened

and the water resonance lias moved to higher field. On lowering

the temperature (or increasing the concentration) the singlet

moves to lower field. The behaviour of this resonance with



T8.81T8.97
yicure3.2
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temperature and concentration is indicative of the presence of
230

hydrogen-bonded water molecules(cf [P^S^CNR^MPR-j^CI. )
although it is difficult to infer from this evidence if the water

molecules are present a& co-ordinated water or'water of

crystallisation. The observation of a doublet and two triplet

methyl signals clearly signifies the presence of two mutually trans

PMe^Ph groups with no plane of symmetry passing through the
phosphorus atoms and a third PMe^Ph group cis to these ligands.
The observation of two triplets at all temperatures is consistent

with hindered rotation about the ruthenium-phosphorus bonds even

31
at 318 K. The proton noise decoupled P n, m. r. spectrum

(Fig. 3.3) which consists of a triplet centred at 6.88 pprn and

doublet at O. 38 ppm (relative intensity 1:2, J32.8 Hz) isJr }r

in agreement with this proposed stereochemistry.
1

There are three possible structures which fit the H and

31
P n. m.r. data, namely, (7)-(9). Structure (8) can be dis¬

counted because the conductivity data indicate a 1:1 not a 1:2

electrolyte and structure (9), containing a unidentate 2,2'-

bipyridyl linkage seems even more unlikely. However, (9)

cannot be completely ruled out at present especially since the

related compounds [PtCl(phen)(PEt ) ]BF have recently been
231

shown by X-ray analysis to have structure (lO), Nevertheless,

structure (7) appears to be the most likely structure for this

compound.
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O. 38 ppm
I

6. 88 ppm

I

V. v
31P n.m.r. spectrum of [RuCl(PMe Ph) bipy]Cl. 2^0

in CDC13.

Figure 3.3
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After removal of the orange solid, concentration of the

red filtrate gave a crystalline dark red solid (j\{Q. OOIM)
2 -1

20itcm mol in CH CI ). The analytical figures for this
Ua Ca

compound (C,H,N) are very similar to those found for the orange

complex (Table 3.1) and initially we considered the two complexes

to be geometrical isomers. However, the *H n.m. r. spectrum

of the red compound in CDCl^ at 301 K (Fig. 3.4) consists of
four doublets centred at T7.82, S.Ol, 8.56, 8.71 (relative

intensity 1:1:1:1) arising from the methyl groups of the PMe^Ph
ligands, several resonances between TO-4 due to the 2,2'-

bipyridyl and phenyl groups of the phosphine and a singlet at

T7.86. Variable temperature studies show that at 333 K, the

doublets are closer but not superimposed and that the position

of the singlet is virtually temperature invariant. Thus the



T7.86
I

Hn.m.r.spectrumof[RuCl(MeCO)(PMePh)bipy]CIinCDC1(methylregion). L*CtLiJ Figure3.4
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peak at T7. 86 is assigned to acetone not water and this is

supported by the weak i. r. band at 162G cm * (v^ „ ). The position
ou

of v _ indicates that the acetone is probably co-ordinated and
25

not solvated [cf RuCL(AsPh ).Me CO, v 1656 cm ,i J ^232 CO
F^BOCMe^,, v^^1640 cm ].

Furthermore, heteronuclear phosphorus-hydrogen spin

decoupling experiments show that irradiation of the phosphorus

spectrum at 40,481,715 Hz collapses the two doublets at T8.56,

8.71 whereas irradiation at 40,481,210 Hz collapses the doublets

at T7.82, 8.01. This clearly indicates that the red compound

contains only two PMe Ph groups which are mutually cis and

that the other ligands are so arranged that the phosphorus atoms

do not lie on a plane of symmetry of the molecule. The proton

31
noise decoupled Pn. m. r. spectrum (Fig. 3. 5) which

consists of two doublets at 27. 20 and 15.14 ppm (J 36jG Hz)ir xr

supports the above conclusion.

The only structures which fit all the above information are

(11a) or (lib). Similar compounds of composition [Ru(bipy)^-
(S)C1]C1 (S = Me^CO, MeCN, MeOH, H^O) have been reported

PMe Ph

PMe Ph
2

01

PMe^Ph
-N „PMe Ph

'N-

Ru\

CI

(lib)

CI
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15.14 ppm

31
P n.m.r. spectrum of [RuCl(Me^CO)(PMe^Ph)^bipy]CI

in CDC13

Figure 3.5



158

elsewhere (see Chapter 1 page 29) and these have proved to be

useful intermediates for synthesising a range of complexes by-

solvent displacement e, g. [Ru(bipy) Clpy]+, [Ru(bipy) Cl(NO-)].
lOO

etc. . likewise, preliminary investigations indicate that

[RuCl(Me2CO)(PMe2Ph)2bipy]Cl (11) is also a useful starting
material for reactions of this type. For example, reaction of

(11) with PMe^Ph readily gives the orange [RuCl(PMe2Ph)^bipy]
cation (7). Also, although the conductivity value of a dichloro-

methane solution of (11) initially corresponds to that of a 1:1

electrolyte, the conductivity decreases with time and after 4-5

hours, no conducting species are detected. This can be

explained by nucleophilic attack of chloride ion with displacement

of the co-ordinated solvent molecule to give the neutral complex

RuCl-(PMe Ph) bipy, which shows the same n.m.r.
£ L

spectrum as that of the compound obtained directly from the

reaction between RuCl^PMe^h)^ and 2, 2'-bipyridyl in CH^Cl^
(see later)

i.e. [RuCl(Me2CO)(PMe2Ph)2bipy]Cl^^RuCl2(PMe2Hi]£>ipy4Me2CO.
The same compound is slowly formed by suspending (11) in

benzene for several hours. Finally, leaving orange CH^Cl or
u L

CHGl^ solutions of (7) for several weeks gave red solutions of
(11) (S = CH2C12) plus free PMe^Ph (^H and ~^P n.m.r. evidence).
This evidence would strongly suggest that (11a) is the most

likely structure of the solvated compound which is consistent

with the higher trans effect of PMe Ph compared to 2, 2'-
Li
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bipyridyl. The solvated cation (Ha) is also slowly formed if the

neutral complex RuCl?(PMe Ph) bipy is left in strongly solvatingt~4 la ca

solvents for several days.

In Scheme 3.2, a tentative mechanism of reaction of

RuCl^PMe^Ph)^ with 2, 2'-bipyridyl in methanol is presented.
Displacement of chloride ion accompanied by reduction (step i)

is followed by co-ordination of 2, 2'-bipyridyl to give (7) (step ii).

Under the conditions of the reaction (refluxing in MeOH for 12

hours) some conversion of (7) to (11a) occurs (step iii) and in

nonpolar solvents such as benzene, rearrangement of (11a) to

RuCl?(PMe Ph) bipy (12a) is favoured (step v). Although nola la la

evidence has been found in this reaction for the formation of the

152
intermediate (B1), previous work by Chatt et al indicated

that RuCl^FMe^Ph^EtOH is formed when RuCl^FMe^Ph)^ is
reacted with secondary or tertiary amines in ethanol. They

suggested that reduction may occur through a hydride complex

intermediate and that the ethanol complex is preferentially

formed for steric reasons.

If the reaction between mer-RuCl^(PMe^Ph)^ and excess
2, 2'-bipyridyl is carried out in dichloromethane, the main

product (65 per cent) is a dark red, diamagnetic solid which is

non-conducting in CH CI and analyses for RuCl (PMe Fh) bipy.
la la la la cj

The *H n.m. r. spectrum of this product in CDCl^ at 3G1 K
(Fig. 3. 6a) consists of two broadened doublets centred at

T7. 96 and 8. 66 (methyl protons of PMe Ph) and several
la



160

SCHEME 3.2
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/

S
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resonances between TO - 4 due to the 2, 2'-bipyridyl and phenyl

groups of the phosphine. However, at 233 K (Fig. 3.6b) four

doublets are observed at T7. 79, 7.95, 8.39 and 8.72. Further¬

more, heteronuclear phosphorus-hydrogen spin decoupling

experiments at 301 K show that irradiation at 40,481,720 Hz

collapses the doublet at T8. 66 whereas irradiation at 40, 481,

220 Hz collapses the doublet at T7.96. Also the proton noise
31

decoupled P spectrum, of the neutral compound consists of two

broadened peaks at ca 29 and 16 ppm.

All this evidence suggests that the complex contains cis

PMe Ph groups which do not lie on a plane of symmetry of the

molecule i.e. structure (12a) and not (12b) or (12c). Unlike the

solvated cation (12a), the methyl groups undergo some scrambling

PMe^Ph
,-N.

V
Ru

CI

(12a)

. PMe^Ph

CI

CI

/Nv PMe Ph /N.

i >ux̂PMe Ph Vn^
CI

(12b)

PMe^Ph
.CI

Ru

\CI

PMe^Ph
(12c)

at ambient temperatures which could be attributed either to

facile rotation around the Ru-P bonds in (12a) or even to a facile

interconversion of optical enantiomers. However, the latter can

be discounted since variable temperature *H n. m. r. studies

reveal no changes in the 2, 2'-bipyridyl region.

Apart from (12a), this reaction gives very small amounts

of a rather insoluble compound which contains no PMe^Ph (i.r.
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evidence) (not sufficient for elemental analysis) together with a

small amount of orange-red product (20 per cent) which analyses

for bipyH[RuCl (PMe Ph)bipy]« The i.r. spectrum shows extra
J m

bands in the region 15GO-16GG cm * assignable to 2, 2'-bypyridinium
223

ion , but insufficient material was available for complete

characterisation. In hexane/CH Cl_ (1Q:1 ratio by volume), only
£r Li

RuCl-^PMe^Ph^bipy (12a) was isolated in 8G per cent yield.
From our earlier studies, it was expected that reactions of

1, lO-phenanthroline should follow the same pattern as those of

2, 2'-bipyridyl. Reaction of RuCl^PMe^Ph)^ with excess 1,
lO-phenanthroline in methanol does give two products which can

be separated by fractional recrystallisation. However the orange

solid (15 per cent) is not the expected [RuCl(PMe Ph) phen]Cl,
C* J

but analyses for phenHfRuCl^(PMe PhJphenjH^O (cf the minor
product from the reaction of RuCl (PMe Ph) with 2,2'-

J t* 0

bipyridyl in CH^Cl^)* The compound is conducting in methanol
2 -1

(A(O.OOIM) 90Acm mol ) and shows extra i*r. bands in the

region 150G-16GG cm * characteristic of 1, lG-phenanthrolinium
233

ion , Unfortunately, the compound is not very soluble in

CDCl^ and the *H n. m.r. spectrum in is not very
informative.

The main product (SO per cent), which is separated from

the orange solid by recrystallisation from CH^Cl^/light petroleum
(bp 100-120°C) is the expected dark red crystalline complex

[RuCl(CH CI )(PMe Ph) phenjCl. This compound is a 1:1
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T8. 66

a) at 301 K

b) 233 K

n.m.r. spectrum of RuCl (PMe Ph) bipy in CDC1& <L 3

(methyl region)

Figure 3. 6
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2-1
electrolyse in CH^Cl^ ( (O. OOIM) 16-4 cm mol ) and shows a

very similar n.rn.r. spectrum at 3G1 K in CDCl^ (four
doublets centred ac TV. 74, 7,94, 8.62 and 8.78 plus a CH„C1-,

2 2

resonance at T4.7 5) to its 2, 2'-bipyridyl analogue. Hetero-

nuclear decoupling studies show that irradiation as 40,481,720 Hz

and 40,481,230 Hz collapses the two sees of doublets
31

respectively. The proton noise decoupled P n.rn.r. spectrum

contains the expected two doublets at 27.95 and 16.14 ppm (Jpp
36.5 Hz) and therefore the compound is assigned structure (11a).

Although no evidence was found in this reaction for the

formation of [RuCl(PMe^Ph)^phen]Cl, addition of a large excess
of PMe^Ph to a red CDC13 solution of iRuCl(CH2Cl2)(FMe2Ph)2 -

phenjCl rapidly gives an orange solution with a n.m.r.

pattern very similar -o that described earlier for the |_RuGl-

(FMe2Ph) bipy]+ cation. The main reason for the instability
of the tris-PMe Ph complex here is probably steric. In hexane/

Lt

CH2Gl2 (1G:1 by volume), the only product isolated from reaction
of RuCl2(PMe2Ph), with excess 1, lG-phenanthroline was the
neutral RuCl„(PMe Ph) phen (12a).

£* Lt Li

In view of the unexpected differences in behaviour of

2, 2"-bipyridyl and 1, lO-phenanthroline, the reaction with

RuCl^(PMe Ph)^ was extended to some methyl substituted 1,
lO-phenanthrolines. Reaction between 3,4, 7, S-tetramethyl,

1, lO-phenanthroline (13) and RuCl^ (PMe Ph)^ in methanol gives
a red solution which after concentration ana addition of CH^Cl^/
pentane gave an orange-red precipitate (8G per cent) and a
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yellow filtrate. The orange-red compound, which analysed for

[RuC^PMe^PhJ^CtttiphenjJCl was a 1:1 electrolyte in CH^Cl^

(13) (14)
2 *• 1 31[j\(0. OOIM) 18/^cm mol ) and its proton noise decoupled P

n. m. r. spectrum showed the expected triplet (9. Ol ppm) and

doublet (1. 09 ppm) of relative intensity 1:2 (j^^32. 5 Hz)
indicative of a structure of type (7). However, recrystallisaticn

of the compound from CH_C1 /pentane gave a dark-red complex
L* Li

31
whose p n. m. r. spectrum consisted of two doublets of equal

intensity centred at 29. 03 and 16.74 ppm (J.^36. 2 Hz). The
*H n. rn. r. spectrum in CDCl^ at 301 K of this red compound
C/\(0. OOIM) 16. 5/lcm^ mol * in CH-C1 ) (Fig. 3.7) consists of

u Ct

two overlapping doublets centred at T7.47, 7.51 (methyl-

phenanthroline resonances), two doublets at T7.74, S.OO, a

"triplet" at T8. 64 (methyl-PMeph resonances) and a singlet at

T4.76 (CH_C1_). However, decoupling experiments reveal that
m L*

the "triplet" is in fact two overlapping doublets and thus, the

compound is formulated as [RuC^CH^Cl^HFMe^Ph)^tmphear)}Cl
(11a). The remaining yellow filtrate yields a small amount of

1 31
material whose H n. m. r. and P spectra indicate a complicated

mixture of compounds whose composition has not yet been
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satisfactorily elucidated.

In contrast, the reaction of RuCl^PMe^Ph)^ with excess

2, 9-dimethyl-1, lG-phenanthroline (14) in methanol gives a dark

yellow solution which after concentration and addition of CH Cl_/
Lt u

pentane gives a white crystalline precipitate and a yellow

filtrate from which a golden-yellow solid can be isolated. The

white solid is too insoluble for n.m. r. measurements but the

i. r. spectrum reveals that it contains no PMe^Ph ligands. The
compound analyses for RuCl^dmphen)^ but the compound is
strongly conducting in methanol C/\(0. OG1M) lSG-Ticm^ mol *)
suggesting the formulation [Rujpi^ (^iphen^JCl^ (15) (cf [Ru^-
C1 (N-N) (PPh ) ]C1 ). The yellow compound is identical ind Cj J 4: C

(15)

analysis, i. r. and H n.rn.r. to the well-known [Ru Cl_-
110,117

(PMe Ph),]Cl

These studies clearly show that steric effects play an

important part in these reactions. Thus, whereas 2, 2'-bipyridyl

readily forms the tris-PMe ph complex (7), 1, lO-phenanthroline
u

and its 3,4, 7, 8-tetrarnethyl derivative only give this compound

with difficulty and the sterically encumbered 2, 9-dimethyl

derivative gives no complexes containing PMe Ph groups.



T8.64

n,m-r-sPect'"™oftRuc>(CH2Cl2)(PMe2Ph)2(tmphen)]Cl inCDCl^(methylregion) Figure3.7
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b) Pyridine

In the previous section, we have examined the products of

reaction between RuCl„(PMe Ph), and various bidentate nitrogen8 Co

donor ligands as a function of solvent polarity and size of ligand.

It was therefore of some interest to study the behaviour under

similar conditions of a nionodentate nitrogen donor ligand such
152

as pyridine, especially since earlier workers have reported

that reaction of RuCl^PMe^Ph)^ with primary, -secondary and
tertiary amines in ethanol gives RuCl^iPMe^Ph^am with the
former and RuCl (PMe Ph),EtOH with the latter. A similar

lL L* -J

compound RuCl^PMe^PhJ^N^H^ was formed with hydrazine but
those compounds readily lose a molecule of the phosphine to

152

form [RuCl2(PMe2Fh)2N2H4]2
Reaction of RuCl_(PMe Ph) with excess pyridine in

J u J

either ethanol or dichloromethane gives a non-conducting yellow

solid which analysed for RuCl (PMe Ph) py (Table 3.1). The
Ct Ct Ci c*

n. m.r. spectrum of this compound at 301 K in CDCl^ (Fig.
&

3.8) contains a "pseudo-triplet" resonance at T8.40 (methyl-

PMe Ph) and various resonances between Tl-3.5 from
Ct

31
pyridine and the phenyl groups of the phcsphine. The P

n. m. r. spectrum shows a singlet at 23. lO ppm and the far i. r.

* A "pseudo-triplet" pattern consists of a sharp doublet with

a broad hump situated between the doublet which is usually

indicative of mutually cis tertiary phosphine groups cf [Ru Cl,-
110,117 26

(PMe Ph),]Cl , cis-RuCl_(PMe PhL .& o ——- l. L **



169

spectrum a single band at 319 cm"1 (v„ „). All this evidenceRuCl

is consistent with configuration (16a) containing cis-phosphines

and trans-chlorides. Recrystallisation of (16a) from CH„C1„
w Cj

gives a greenish-yellow compound which still analyses for

RuCl (FMe Ph) py and whose ^"H n. m.r. spectrum still shows
w C* (L C*

the pseudo-triplet resonance at T8.40. However, the far i. r.

spectrum shows two bands at 331, 319 cm 1 indicating possible

isomerisation to (16b).

CI

py.

X/
PMe Ph

py
X

CI

(16a)

PMe Ph
c*

py

CP FMe Ph
\ / 2

Ru
^ \CI PMe Ph

Cd

py

(16b)

OMe

CP PMe Ph
X I X L

Ru

CI PMe Ph
Ca

H2c
(17)

Although no evidence for the formation of an ionic complex

was found when the reaction was carried out in ethanol,

reaction between RuCL(?Me Ph) and excess pyridine in
J w J

refLuxing methanol gave a pale-yellow conducting solid (/V

(C.OOIM) 17.4picm2 mol"1 in CH^y. The XH n.rn.r.

spectrum at 301 K in CDCl^ revealed a pseudo-triplet pattern
at T8. 36 and pyridine and phenyl resonances between Tl-3

(intensity ratio of pyridine to PMe Ph is 1:2). However,the i. r.
u

spectrum showed a characteristic band at 1538 cm
-1

-1
attributed to the pyridinium ion (cf pyHfRuCl^CCpyj, 1529 cm

and ref. 234) bands at 34GO and 1650 cm 1 (H^O) and additional

25



17 O

T8.4Q

H n.m.r. spectrum of RuCl^PMe^Ph^py^
in CDCl^ (methyl region)

Figure 3. 8
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peaks (compared to (16a) ) at 2945, 2910, 2820, 1428, 1420, 1410

and 1005 cm * which were tentatively attributed to the presence

of a methoxy group (cf Os (CO) (OMe)?, 2935, 2913, 2812,
235

1454, 1433, 1043) . This diamagnetic material analysed

closely (G, H, N, CI) for pyH[RuCl2(0Me)(H20)(PMe2Ph)2j and
we therefore tentatively formulate this complex as the six co¬

ordinate anion (17).

This surprising difference in behaviour in the reaction of

RuCl^(PMe2Ph)^ with excess pyridine in ethanol and methanol can
be attributed to the facile formation of pyH+OMe when pyridine

is dissolved in methanol and subsequent participation of methoxide

ion in the reaction. Evidence for this statement comes from

conductivity studies on pyridine/methanol mixtures where there

is a rapid increase in conductivity when methanol is added to

pyridine. In contrast, there is no increase in conductivity when

ethanol is added to pyridine.

c) Bicyclof2, 2, ljhepta 2,5 diene (norbornadiene)

Reaction of RuCl,(PMe Ph) with excess norbornadiene in
J w J

1 31
methanol gave a yellow solid shown by analysis, i. r. H and P

n. m.r. spectroscopy to be RuCl (PMe_Ph)-C„H (18), The
Li Li Li I O

same compound can be obtained from the reaction of Ph PhCH_-
■J

[RuCPCGC_H ] with PMe Ph (see Chapter 4 page 209). In
■J lO Li

an attempt to obtain a cationic Ru (II) diene complex, NH^PF^
was added to the reaction mixture but only RuCl (PMe Ph) C HQ

Li C Li ( O

was isolated in any significant amounts.
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PIvie^Fh

PMe^Ph

(18)

d) Dimethylphenylphosphine

The reaction of RuCl^PMe^Ph)^ with excess PMe^Ph
follows different pathways depending on the solvent used. Thus,

when the reaction is carried out in methanol, [Ru.Cl,-
M J

(PMe Ph),]Cl is the only product. However, in hexane, the2 o

monomeric complex RuCl (PMe Ph) is formed, shown by *H,
C* &

31 13
P and C n. m. r. spectroscopy to have the cis configuration (19).

26
This compound which was prepared earlier by reaction of

RuCl_(PPh ) with excess PMe Ph in hexane readily rearranges
b J 7 u

to the ionic [Ru^Cl^(PMe^Ph)^]Cl complex when left in CDCl^
for short periods.

PMe^Ph
CI

Ru'"

,PMe Ph
/ 2

CI -PMe^Ph
PMe^Ph

(19)

3.4 Reaction of the " Red carbonyl containing solution"

with 2, 2'-bipyridyl

The reaction of the " red solution" with excess
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2, 2'-bipyridyl has been previously reported (see page 31) to

give the dicarbonyl complex RuCl,(CO)9bipy (v 2066, 2005 cm *)."

L* c, uU

However, a re-examination of this reaction reveals that the

products are very dependent on the temperature of reaction.

Thus, addition of excess 2, 2'-bipyridyl to a hot freshly

prepared batch of the " red solution" slowly gave a dark red

precipitate, shown by t.l.c. to contain a mixture of products.

Extraction with acetone gave a red solution and a red-brown

solid (v^^2040, 1970 cm v^ud)340,310 crn which analysed
for RuCl^CO^bipy (20a). Removal of solvent gave a red,

2 — 1
conducting solid (/\(0.0005) 40/icrn mol in MeOH) whose

_ i
i. r. spectrum shows a broad peak at 1985 cm * (v„r.) ana bands

234

due to 2, 2'-bipyridinium ion This paramagnetic complex

analyses closely for bipyH[RuCl CO(bipy)]2K O and therefore4 L

to satisfy the expected six co-ordinate structure, we tentatively

suggest the presence of a unidentate 2, 2'-bipyridyl linkage as

in (21) (cf pyH[RuCl. COpy] and RuCl-(CQ) py from reaction of
25

pyridine with an aged " red solution" )

CO

,N.

\N-

CO

'Ru

CI

/-N.

N-

C1

(20a)

CO

*

Ru/''

CO

(20b)

CI

CI

An alternative method

CO

CI.

cr

Ru

ci

•ci

N

(21)

N

of separating the mixture is to extract RuCl^CO).. bipy with
benzene and leave bipyH[RuCl^CObipyJ.
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However, if excess 2, 2'-bipyridyl is added to a cold

solution of a freshly prepared " red solution" , only samples

analysing for RuCl_(CO)„bipy are obtained. Short periods of

reaction gave the same complex as obtained from the hot solution

but on leaving the reaction mixture for several days, material

is precipitated which contains an extra i.r. band at 1910 cm \
Since there is no apparent change in the far i.r. spectrum of

these various samples, the complex with v_^191Q cm ^ isGO

tentatively assigned configuration (ZOb).

3.5 Experimental

Microanalyses, conductivities, i.r. and e. s.r. spectra

13 31
were determined as described in Chapter 2. C and P

n. m.r. spectra were obtained on a Varian XLIOO spectrometer

operating in the Pulse and Fourier Transform mode at
31

25. 2 MHz and 40. 5 MHz respectively ( P chemical shifts are

quoted in ppm to high frequency of 85 per cent H^PO^). Hetero-
nuclear decoupling experiments were carried out on the HA-

lOG Spectrometer using a second radio-frequency field provided

by the Sdiumberger FS30 frequency synthesizer.

Analytical data for some of the new ruthenium (II) and (ill)

compounds are given in Table 3.1.

Chloro(triphenylphosphine)bis(2, 2'-bipyridyl)ruthenium (II)

chloride-monohydrate:- [RuCl^(PPb^)bipy] (O. lO g) was
refluxed under nitrogen in methanol (lOO ml) for 24 hours with

an excess of 2, 2'-bipyridyl (O.Q4 g). Concentration of the



TABLE3.1

AnalyticalDataforsomeNewRuthenium(II)and(III)Compounds Found(percent)Required(percent)
Complex

Colour

Mp(°C)

C

H

N

Others

C

H

N

Others

[RuCl(PPhKbipy^l.H20
orange

235

58.3

4.3

7.7

-

59.7

4.3

7.3

-

[RuCl(PPh3)(bipy)2]PF6
red-brown

210

51.9

3.6

6.5

-

52.2

3.5

6.4

-

[RuCl(PPh3)(bipy)2lBPh4
orange

230

73.1

5.2

5.5

-

72.3

4.9

5.4

-

[RuCl(PPh3)(phen)2]Cl

orange

290(d)

6O.8

3.7

6.9

-

6O.9

3.7

6.8

-

[RuCl(PPh3)(phen)2]PF6
red-orange

213(d)

52.6

3.4

5.8

-

52.6

3.4

5.8

-

[RuCl(AsPh3)(bipy)2]BPh4
orange-red

206(d)

69.7

4.6

5.9

-

69.4

4.7

5.2

-

[RuCl(PPh3)2bipy]BPh4
orange

195-6(d)

71.9

5.3

3.4

-

71.9

5.1

2.4

-

[RuCl2(PPh3)bipy(PhCN)]Cl.HzO
yellow

165-7(d)

56.2

4.0

5.9

-

56.5

4.0

5.7

-

[RuCl(PMe2Ph)bipyjCl.2HzO
orange

123(d)

51.7

5.4

3.7

CI,9.4

52.4

5.8

3.6

CI,9.1

[RuCl(PMe2Ph)2bipy(Me2CO)]Cl
red

115(d)

51.6

5.5

4.03

CI,8.1

52.6

5.4

4.2

.CI,IO.7

RuCl2(PMe2Ph)2bipy

darkred

215-6(d)

51.2

4.8

4.9

CI,11.9

51.6

4.9

4.6

CI,11.7

bipyH[RuCl3(PMe2Ph)bipy]
orange-red

268-70(d)
53.1

4,7

6.8

-

51.3

4.3

8.5

-



[RuCl(PMePh)(phen)(CHCl^Cl
red

230(d)

46.1

ophenH[RuCl2(PMe2Ph)phen],H20
orange

>280(d)

52.9

RuCl2(PMe2Ph)2phen

dark-red
190(d)

53.6

[Ru2Cl2(dmphen)4]Cl2

white

205-6(d)
58.7

[RuCl(PMe2Ph)3(tmphen)]CI
orange-red

190-200(d)57.2

[RuCl(PMe2Ph)2(tmphen)(Cl^Cl2)]Clred
200-5(d)
51.6

RuCl2(PMe2Ph)2py2

yellow

170(d)

51.O

pyH[RuCl2(0Me)H70(PMe2Ph)2]
pale-yellow

144-6(d)

48.4

RuCl2(PMe2Ph)2C7H8

yellow

247(d)

51.5

bipyH[RuCl4(CO)bipy]

red

178-80(d)
39.8

4.33.9 4.27.7 4.64.7 5.1 5.83.2 5.23.6 5.44.5 5.54 2.88.7

48.84.53.9 52.94.27.7 53.84.84.5
9.9CI,12.456.54.19.4CI,12.1 58.25.93.4 51.55.23.6 51.45.34.6

5.52.6CI,13.145.75.72.4CI,12.3 51.05.5 40.63.29.0

o
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resulting red solution and recrystallisation from acetone/pentane

gave the orange product (78 per cent) (v\(0. OOIM) in CH^Cl^ =
2 _x

29jQcrn mol ). The same product was obtained from

RuCl^PPh^)^ anc* excess 2, 2'-bipyridyl in methanol (55 per cent).
[Found C, 59.3; H, 4.3; N, 7.1 per cent together with some

[Ru2Cl2(PPh3)4(bipy)2JCl2 (35 per cent).
The corresponding [RuCl(PPh )(bipy)_]PF, was prepared■5 d 6

from NH. PF, and [RuCl(PPh )(bipy)-JClH_0 in methanol,4 o j l. c

Similarly [RuCl(PPh.j)(bipy)2]BPh4 was prepared.
Chloro(triphenylarsine)bis(2> 2,-bipyridyl)ruthenium (II)

tetraphenylboronate:- RuCl3AsPh3(bipy) (O. lO g) was

refluxed in methanol (lOO ml) under nitrogen with an excess of

sodium tetraphenylboron (O. lO g) and 2, 2'-bipyridyl (Q.Q4 g)

for ca 1 hour. The resultant orange-red precipitate was filtered,

well washed with water, light petroleum (b.p. 100-120°) and
o 2 X

dried in vacuo at 40 (75 per cent) (./Y(O.OOIM) 20. l_ficm rnol

in CH2C12).
If RuCl3(AsPh3)bipy (0.30 g) was refluxed in methanol

(240 mil) under nitrogen with an excess of 2, 2'-bipyridyl (0.12 g)

for 24 hours, the resulting red solution contained a mixture of

two compounds (tic evidence). The solvent was removed and

the residue washed with water leaving a purple material (20

per cent) and an orange solution. The solution was concentrated

almost to dryness and on addition of an acetone/light petroleum

(bp 100-120°) mixture (80;20 by volume), the orange Tris-
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(bipyridyl)ruthenium (II)chloride hexa hydrate was obtained mp

>300° (6G per cent) [Found: C, 47.8; H, 4.2; N, 11.1.

Calc. for C30H36N606Ru:- C, 48.1; H, 4.8; N, 11.2 per cent]
(yV(O.OOlM) in MeOH = 170j\cm rnol *)* The corresponding

BPh^ salt was also prepared [Ru(bipy)3J(BPh4).>H2G rn.p.
27G° [Found: C, 76.7; H, 5.9; N, 6.1. Calc. C, 75.7; H, 6.1;

N, 7.3 per cent].

If the residue was washed with CH CI (leaving the orange
C* Ct

trisbipyridyl complex) and pentane added to the purple washings,

purple microcrystal6 of Chloro(aquo)bis(2> 2'-bipyridyl)

ruthenium (II) Chloride dihydrate were obtained m.p.^> 300

[Found:- C. 45.7; H, 3.4; N, lO. 2. Calc. for ^ZC^ZZG12~
_4

N O Ru C, 46.1; H, 3.8; N, 1G. 7 per cent]. (J\i6.8xlG M)4 3

2 -1,
in CH Cb = 7.QjR_cm rnol ).

La h

Dichloro(bistriphenylphosphine)(2, 2'-bipyridyl)rnthenium (ill) -

tetraphenylboronate:- [RuCl^PPhp^MieNG.,] (0,10 g) was
refluxed under nitrogen in methanol (12G ml) with an excess of

sodium tetraphenylboron (O. lO g) and 2, 2'-bipyridyl (O. G4 g)

for ca 5 hours. The initial green suspension became yellow

and after ca 2h of reflux, an orange solid started to precipitate

and finally the solution became red. The solid was collected

and washed with MeOH (60 per cent) (o\(0. OOIM) 19. 3jf^crn^mol *
in CH Cl_). The red filtrate was concentrated and the orange

M Ca

complex Chloro( triphenylphosphine)bis(2, 2'-bipyridyl)-

ruthenium (II) tetraphenylboronate which precipitated was
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washed with light petroleum (b.p, 100-120°) and methanol (20

per cent) m.p. 230° [Found: C, 72.3; H, 4.9; N, 5.4

C.-H.BC1N PRu requires C, 72.3; H, 4.9; N, 5.4 per cent].be 51 4

Chloro(triphenylphosphine)bis(l-lQ phenanthroline)ruthenium (II)

chloride: RuCl^(PPh^)(phen) (O.IO g) was refluxed under
nitrogen in methanol (lOO ml) for 24 hours with an excess of

1, lO phenanthroline (G.G4 g). Concentration of the resulting

orange solution and recrystallisation from CH^Cl^/pentane
gave orange microcrystals (78 per cent). (^/^(O. OOIM) in

2 -1,
CH CI = 28.6_0.cni mol ). The same product was

L Ci

obtained from the reaction of RuCP(PFh ) MeNO and excess3 3 2 2

1,10 phenanthroline in methanol (58 per cent) together with some

[.RuCl^PPh^phen)] (3G per cent). When RuCl^PPh^)^ and
1, lO phenanthroline were refluxed in methanol [RuCl(PPh^)-
(phen^jCl (58 per cent) and the yellow-brown powder

[Ru^Cl^PPh^fehen^jCR were obtained m.p.^>300° (20 per

cent) [Found C, 64.8; H, 4.2; N, 3.1, C^H^Cl^N^P^Ru^
requires C, 65.7; H, 4.3; N, 3.1 per cent] (7^(7,0 x lO ^M)

2 -1
in MeGH = 11. 5_TL cm mol ), The latter compound was

obtained in high yield (80 per cent) by reaction of RuCl_, (PPh^)^
and 1, lG-phenanthroline in CH_C1 .

e (L>

Chloro(triphenylphosphine)bis(l, lO-phenanthroline )rutheniurn-

(II) hexafluorophosphate:- A methanolic solution of [RuGl-

(PFh^Xphen^JCl was treated with excess NH^PF^. The
resulting orange solution was concentrated to dryness, washed
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with water and the red-orange product air-dried.

Dichloro(triphenylphosphine)(2, 21-bipyridyl) (phenylcyanide)-

ruthenium (III) chloride rnonohydrate:- [RuCl3(PPh^)bipyJ
(O. lO g) was refluxed under nitrogen in methanol (lOO ml) with

excess phenylcyanide (O. 08 rnl) for ca 12h. The resulting

orange solution was concentrated to dryness, the residue

dissolved in dichlorornethane followed by pentane addition and

a crystalline yellow solid precipitated (72 per cent) (/\,(Q.GOG6)

8.2_TLcm2mol 1 (in CH2C12^ ^ ^RuCl320' 3°° Cm 1
Recrystallisation from CH^Cl^/pentane gave an orange isomer

o -1
m.p. 168 C (v ^i334 cni )•

Ghlorotris(dimethylphenylphosphine)(2, 2'-bipyridyl)ruthenium (II)

chloride dihydrate: RuCl„(PMe^Fh), (0.3G g) was refluxed in
J ^ J

methanol (200 ml) under nitrogen with an excess of 2,2'-

bipyridyl for ca 12h. The resulting red solution, containing

a mixture of two compounds (tic evidence) was concentrated to

dryness and a mixture of acetone/light petroleum (b.p. 1GG-

12GCG) was added to the residue, giving the orange solid (6G

per cent). Concentration of the red filtrate gave a red solid

Chloro bis (dimethylphenylphosphine)(2, 2'-bipyridyl)(acetone)

ruthenium (II) chloride (3G per cent).

Dichloro bis (dimethylphenylpho sphine)2, 2'-bipyridyl ruthenium (II):

RuCl^PMe^Ph)^ (G. 20 g) was refluxed under nitrogen in

CH^Cl^ (lOO ml) with an excess of 2, 2'-bipyridyl (O. OS g) for
ca 12h. After removal of a very small amount of insoluble
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dark-red solid, the resulting red solution was concentrated and

then addition of light petroleum (b. p. 100-120°C) gave the

dark red solid (65 per cent).

Removal of solvent from the filtrate gave an orange-red

solid (20 per cent) which analysed for 2, 2'-Bipyridinium-

Trichloro(dimethylphenylphosphine)(2, 2'-bipyridyl)ruthenate (II).

RuCl^PMe^Ph^bipy was also obtained as the sole
product by carrying out the reaction between RuCl^PMe^Ph^
and 2, 2'-bipyridyl in a hexane/CH CL mixture (1GG:10 ml).

La La

1, lQ-phenanthrolinium tri(chloro)(clirriethylphenylphosphine)-

(1,1Q phenanthroline)ruthenate (II) rnonohydrate;- RuCl^-
(PMe^Ph)^ (O. 20 g) was refluxed in methanol (2GO ml) under
nitrogen with an excess of 1, lG-phenanthroline for ca 12h. The

resulting red solution containing a mixture of two compounds

(t. 1. c. evidence) was concentrated to dryness and a mixture of

CH^Cl^/light petroleum (bp 10G-12G°C) was added to the
residue giving the orange precipitate (15 per cent). From the

red filtrate, a dark-red solid of composition Chloro "bis-

(dimethylphenylphosphine)(I, lG-phenanthroline)(dichloromethane)

ruthenium (II) chloride precipitated on addition of

pentane (8G per cent).

Dichloro bis(dimethylphenylphosphine)(l, lO-phenanthroline)-

ruthenium (II):- RuCl^PMe^Ph)^ (O. 20 g) was refluxed in a
mixture of hexane/dichloromethane (100:10 ml) under nitrogen

with an excess of 1,lG-phenanthroline for ca 12h. The dark
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red solid was collected and washed with light petroleum (b.p.

10G-120°C) (7G per cent).

Chloro tris(dimethylphenylphosphine)(3,4, 7, 8-tetramethyl 1, lO-

phenanthroline)ruthenium (II) chloride: RuCl (PMe,Ph).
J dt 3

(O. 2G g) was refluxed in methanol (15G ml) under nitrogen with

an excess of 3,4,7,8 tetrarnethyl 1,1G phenanthroline (O, OS g)

for ca lGh. The resulting red solution containing a mixture of

two compounds (t.l.c. evidence) was concentrated to dryness

and a mixture of CH Cl~/pentane was added to the residue to
La L)

give an orange-red precipitate, which was washed with light

petroleum (bp 100-120°C) and dried (SO per cent). Recrystal-

lisation of this compound from CH^Cl^/pentane gave the red
crystalline solid Chloro bis(dimethylphenylphosphine)(3,4, 7, 6-

tetramethyl 1, lG-phenanthroline)(Iichloromethane)ruthenium (II)

chloride.

Bis(2, 9-dimethyl 1, IP-phenanthroline)ruthenium (II) p-di-

chloro bis (2, 9-dimethyl 1, lG-phenanthroline)rutheniurn (II)

dichloride: RuCl^(PMe^Ph)^ (O. 20 g) was refluxed in
methanol (120 ml) under nitrogen with an excess of 2,9-dimethyl

1, lG-phenanthroline (O. G8 g) for ca. 12h. The dark-yellow

solution was concentrated to dryness and a mixture of CH CI /
Ct Ca

pentane added to the residue giving a white crystalline

precipitate. Concentration of the filtrate gave yellow crystals

of Tris(dimethylphenylphosphine)ruthenium (II) (Ji-trichloro

tris(dimethylphenylphosphine)ruthenium (II) chloride mp 120°C.
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[Found: C, 46.1; H, 5.5; CI, 12.1. Calc. for C. 0H, .CI.P,Ru48 65 4 6 2

C, 49.4; H, 5.6; CI, 12. 2 per cent],

Dichloro bi s (dim ethylphenylpho sphine )bi s (pyridine) ruthenium (II):

RuCl^CPMe^Ph)^ (O. 20 g) was refluxed in ethanol (15G ml)
under nitrogen with an excess of pyridine (0.08 ml) for ca 12h.

The resulting yellow solution was filtered off, concentrated to

dryness and a mixture of CH-Cl /pentane added to the
Cj C*

residue, precipitating a yellow solid (v^ ^319 cm *)
Recrystallisation from CH CI gave a yellow-green isomer mp

iC* u*

17G°C (v 331,319 cm *). The same yellow complex wasjlyUCI

obtained when the reaction was carried out in CH Cl_.
L* Cs

Pyridinium(dichloro)(naethoxide)tris(dirnethylphenylpho sphine)

(aquo)ruthenate (II): RuCl^(PMe„Ph)^ (O. 20 g) was refluxed in
methanol (15G ml) under nitrogen with an excess of pyridine

(O.G8 ml) for £a 12h. The resulting yellow solution was

concentrated to dryness and a mixture of CH Cl„/pentane added
u* u

to the residue giving a pale-yellow precipitate.

Dichloro bis(dimethylphenylphosphine)(bicyclo[2, 2, ljhepta -2,

5 diene)ruthenium (II): RuCl„(PMe,Ph), (O. 2G g) was
J J

refluxed in methanol (15G ml) under nitrogen with an excess of

norbornadiene (Q.OS ml) and ammonium hexafluorophosphate

(0.4G g) for ca 12h. After removal of a pale yellow unidentified

solid (lO per cent), the yellow filtrate was concentrated in

volume giving a yellow precipitate (8G per cent), which was

washed with water and dried in vacuo. The same product is
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obtained if the reaction is carried out without NH.PF..
4 6

Tris(dirn.ethylphenylphosphine)ruthenium (II) q-trichloro tris-

(dimethylphenylphosphirie)rutheniurri (II) chloride:

RuGl^(PMe^Ph)^ (O. lO g) was refluxed in methanol (lOO ml)
under nitrogen with an excess of dimethylphenylphosphine (O. 04

ml) for ca 12h. The resulting yellow solution was concentrated

in volume and a golden-yellow solid precipitated (9G per cent)

and was recrystallised from CH_C1 /pentane rnp 120°C
LA CA

(W(0. OG1M) 16. 8_cx.crn^mol * (in CH CI ) [Found C, 48.7;
Ca CA

H, 5. 5 per cent. Calc. for C.0H, .CI P,Ru_ C, 49.4;r 48 66 4 6 2

H, 5. 6 per cent].

Cis-Dichloro tetrakis(dirriethylphenylphosphine)ruthenium (II):

RuCl,(PMe Ph) (O.IG g) was refluxed in hexane (SO ml) under
O L J

nitrogen with an excess of dimethylphenylphosphine (Q.G4 ml)

for ca 12h. The yellow solid formed was filtered off, washed

with light petroleum (b.p. 1GG-120°C) and dried (88 per cent)

mp 165-17G°(d). [Found C, 52.6; H, 6.2; required for

C32K44<~'*2'P4Ru 6.1 per cent].
Reaction of the "Red solution" with excess of 2, 2'-bipyridyl

" RuCl^. SH^O" (G. 5G g) was refluxed in ethanol (2G ml) and
carbon monoxide bubbled through the solution for ca 5h.

Excess 2, Z'-bipyridyl (O. 2G g) was immediately added to the

resulting hot, red solution and the reaction mixture left

standing for 4-5 days. A dark red solid was slowly formed

(mixture of compounds by tic evidence). This dark-red



product was then washed with benzene, leaving an insoluble red

solid 2, Z'-bipyridinium tetrakis chloro(carbonyl)(2, Z'-bipyridyl)

ruthenate (ill) dihydrate (vqq1985 cm *). The benzene solution
was concentrated to dryness and the residue washed with

methanol to give a red-brown solid, Dichloro di(carbonyl)-

(2, 2'-bipyridyl)ruthenium (II) rnp> 250°[Found C, 38.7; H, 2.4;

N, 7.O. Calc. for C^HgO^C^Ru C, 37.5; H, 2.1; N. 7.3
per cent]. The same compound is obtained if excess

2, Z'-bipyridyl is added to a cold freshly prepared " red

solution" .
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CHAPTER 4

Anionic Ruthenium (II) Complexes

1 Introduction

Although extensive investigations of the chemistry of
236 237,238 237

rhodium (I) ,palladium (II) and platinum (II) diene

complexes have been reported, relatively few studies on

ruthenium (H) diene complexes have been published (see Chapter

1 section 1, 2d). To recap, the first diene complexes of

ruthenium (II) to be synthesised were [RuX^diene]^ (X = CI, Br, I;
diene = C H0,l, 5C0H,_) and cleavage reactions of these with7 8 8 12

p-toluidine and pyridine give respectively RuX?(diene)(p-
194

toluidine) and trans-RuX^(py). . Carbonylation reactions of
197

[RuCl^diene]^ give, for example, cis-Ru^H^CO^C^Hg
(for other products see Scheme 1.4 ) and also» their reaction with

hydrazine gives the first cationic ruthenium (II) diene complexes
96

e.g. [Ru(diene)(N?H ) ](BPh ) . From these a range ofL* *X *X Ct

other cationic diene complexes, such as [Ru(diene)L,(L =
96

6
py, etc.) have been prepared and P -Benzene 1, 3-cyclo-

83

hexadieene ruthenium (II) cations have been recently reported

The neutral diene complexes RuX (PPh„),diene and RuHCl(PPh L-2 3 2 3 2

diene have been prepared by reaction of RuX^PPh^Jg ^
(or RuX3(PPhg)_,MeOH, see Chapter 2) and RuHC^PPhj^
respectively with diene. Treatment of [RuCl^dieneJ^ with
allyl magnesium chloride produced Ru(allyl) diene which, when

w
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diene = 1#5-C0H10» underwent further reaction with allyl halides8 12
201

giving the dimeric Ru2X2(allyl)2(CgH12)2 . By reaction of
dienes with the well-known " carbonyl-containing" red solution,

the first carbonyl dienes of ruthenium [RuX CO(diene)] were
95 n

isolated . Finally, from the reaction of [RuCl-,COC„H0l with2 7 d n

chloride ion in the presence of various large cations (M = ^h^-

PhCH^PCl, C/iCl), the first anionic diene complexes of
ruthenium(II), M[RuCl_COC_H0]» have been successfully

150 3 7 8
prepared

In this chapter, the preparation of Ph^PhCH^JP-
[RuBr_COC_Hr] is described and the full characterisation of theL 3 7 8

diene anions Fh3(PhCH2)P[RuX3COC7H8] (A) X = CI, Br;

C^Hg = bicyclo[2, 2,1] hepta-2, 5-diene (norbornadiene) is
presented. Earlier workers, particularly in rhodium chemistry

have shown that olefin compounds are often very useful

precursors for the synthesis of a range of complexes by
236,239

substitution of the olefin groups . In view of the small

amount of published work on convenient methods of synthesising

anionic ruthenium (II) complexes with ligands containing group

VB and VIB donor atoms (see Chapter 1 page 42 and reference

148), we have undertaken a detailed study of the reaction of (A)

with such ligands (L), in an attempt to obtain these compounds

and these results are also discussed in this chapter. Several

different types of behaviour are found experimentally, depending

on the nature and amount of ligand used in these attempted
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exchange reactions. Therefore, these different types of

product are first described and then, reaction mechanisms

consistent with this observed variation in product composition

are tentatively proposed.

Results and Discussion

4.2 Preparation and characterisation of benzyltriphenyl

phosphcnium (bicyclof2, 2, l] hepta 2, 5-diene) carbonyl

trihalogeno ruthenate (II) complexes (A).
95

Earlier work , has shown that [RuCl0COC_Hnl doesL 2 7 8 n

not undergo simple bridge-splitting reactions with neutral ligands,

since the severe conditions apparently required for bridge

cleavage also cause displacement of the diene. Thus, in neat
95

pyridine, RuCl^CC^py)^ is obtained . However, if a

suspension of [RuCl_CGC_H0] in acidified degassed acetoneL 7 o n

is shaken with a large excess of Ph^PhCH^PCl for several
days, slow conversion to the compound Ph^PhCH^PfRuClg-
CGC H ] occurs. This diamagnetic compound exhibits in its7 o

i.r. spectrum, a single carbonyl band at 2009 cm * (nujol), a

strong band which is characteristic of norbornadiene at 1303 cm *
and the many bands associated with the cation. Treatment of

a suspension of this compound in degassed acetone with excess

lithium bromide gives a brown solution from which

Ph (PhCH_)P[RuBr_(CO)C_H0] can be extracted. TheseJ Cm 5 I O

compounds are 1:1 electrolytes (see experimental section) and

remarkably stable to oxidation in solution. Furthermore, none
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of the compounds shows any tendency to undergo isomerisation

in solution, e.g. the sharp v/m, band at 2011 cm * in the i.r.(CO)

spectrum of a dichloromethane solution of the chloro salt is

unchanged in position even after standing for 24 hours or heating

to ca 323 K.

There are two possible geometrical isomers for the

(RuX„COC„H„] anion containing either trans(l) or cis(2)
J 7o ——— —

dissymmetry with respect to the diene group. A comparison of

the far i.r. spectra for the chloro and bromo compounds (see

experimental section) does not enable a distinction to be made

between these two possible isomers. However, close

examination of the n.m.r. spectra leads to an unequivocal

assignment of stereochemistry. Earlier work with the square

planar rhodium (I) diene compound RhCl(C H )(PPh ) (3)7 o 3

illustrates the effect of trans asymmetry on the norbornadiene

proton resonances. Four magnetically inequivalent sets of

protons are found (A - D) with the two sets of olefin protons A

and B assigned at 4. 66 and 7.00T respectively, well separated

because of the large trans effect difference between triphenyl-
24 O

phosphine and chloride ion . Similar spectra would be

expected if the ruthenium compounds had configuration (1)

However, the lH n.m.r. spectra of all the compounds

show five diene resonances (Table 4.1) (and Figure 4.1, X = Br)

which is consistent with configuration (2) since H^ and H^
will be magnetically inequivalent. Furthermore, the smaller
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(3)

separation between the H-, , and H0 r olefin protons is
O 3,3

consistent with cis asymmetry. The detailed assigments have

been confirmed by homonuclear decoupling experiments

(Table 4. 2) and the coupling constants obtained from those
13

measurements are also shown in Table 4.2. The C n. m. r.

spectrum of Ph^FhCH-^PtRuCl^COC^Hg] also shows five diene
resonances (Table 4.3) which supports the previous evidence

for configuration (2); it also shows a doublet from the

methylene group of the cation and several aromatic resonances

from the cation. No resonance due to the carbonyl group

was found.
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TABLE 4.1

1
H n.m.r. Chemical Shifts and Coupling Constants for Phy

PhCH,P[RuX CO(C H)]
L 5 I o

X = CI X = Br Relative Fine

Intensity Structure
Assignment

2.38 ) 2.52 ) 20 rnultiplet phenyl
)

2.90)

4.80

4.78

5.48

5.80

6.34

8.71

)
2.9C)

4.90

4. SO

5.62

5.90

6. 36

8.78

2

2

2

1

doublet

triplet

. , d
triplet

broad

multiplet

broad

multiplet

triplet

methylene

IP and H
6

PL and Hr

H,

H
4

H? and Hg

See configuration (2) 'JPH = 14*OHZ

Measured in CDC1„
Shown by double resonance
experiments to be over¬
lapping doublet of
doublets.



^Hn.m.r.spectrumofPh(PhCH)P[RuBrCOCH]3Z3/8
inCDC13. Figure4.1
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TABLE 4.2

Double resonance experiment on Ph PhCH_P[RuCLCO(C„H0)]
. . Z 3 7 8

Irradiate at Resonance Assignment Fine Structure
Observed observed

T T on irradiation

6.34 (H4) 4.78 h2,H6 double doublet

5.48 H3'H5 doublet

5.80 H1 no change

8.71 H7'H8 doublet

5. SO (H^ 4.78 H2'H6 doublet

5.48 (H3 and H^4.78 H2,H6

4.78 (1^ and H6) 5.48 H3'H5

5.48 double doublet
3 5

6.34 no change

8.71 H_,H0 doublet
I o

doublet

5.80 no change

6.34 sharpens to
triplet

doublet

5.80 sharpens

6.34 no change

J(H?,H8 - Hx) = 1,2,5 Hz: J(H7,Hg - H4) * 1,5° HZ
J(HZ - H3) = J(H6 - H5) = 4*5 HZi J(H1 - H2) = J(H1 - H6) = 3*° HZ
J(H4-H3)=j(H4-H5) = 3*5HZ
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TABLE 4.3

13
C n.m.r. Chemical shifts and coupling constants for

Ph (PI CH_)P[RuCl,COC„H0j (A) and norbornadiene (C_H0)
J & J f o / o

(A) Fine Assignment C^Hg Fine Assign-
b c ment

ppm structure pprn structure

134.697-

multiplet aromatic 143.3 singlet olefinic
127. 607

77.097 singlet C and C, 72.2 singlet methane2 6

64.843 singlet C and C 5C'.4 singlet bridge¬
head

60. 920 singlet C7
50.009 singlet C1
48.223 singlet C4
31.106 )

)
30.705)

d

doublet methylene

a) see configuration (2) * d)J = 48.7 HzGH

b) measured in CD Cl^
c) from Series Johnsohn and Jankowski, Spectrum No. 242

* This assignment is based on the assumption that the cis

influence of CO produces a lower field shift of the carbon

atoms 1, 2, 6 than that of chloride ion on carbon atoms 3,4 and

5. This is also the assumption made for the n.m.r.

spectrum* (Table 4.1)
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In support of the i. r. observations, no change in the n.m.

spectrum is observed on heating a deutero-chloroform solution

of (A) (X = CI) to 323 K and, unlike the rhodium compounds,

addition of excess diene or chloride ion produces no change in

the diene resonance positions, even after standing for three days

Thus, it appears that these diene anions are formed stereo-

specifically and are of high kinetic stability, undergoing neither

ligand exchange, isomerisation or oxidation under the

conditions studied.

However, the nature of the product is sensitive to the

reaction conditions and, in particular, to which large cation is

used. With Phg(PhCH2)PCl and CsCl, the only product
isolated under ambient conditions is the acetone-insoluble

M[RuCLCOC HJ. However, with Ph AsCl.HC1, reaction5 1 o 4

with [RuCl2COC7HgJn in acetone at room temperature gives 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

*

The results of this work which was carried out by

Dr E. S. Switkes are tabulated elsewhere (E.S. Switkes,

Ph.D. Thesis Massachusetts Institute of Technology 1972,

Table 8).
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If, however, Ph^AsCl. HC1 and [RuCl^COC^HgJ^ are gently
refluxed in acetone for ca one hour, a single product is

150
obtained which analyses closely for cis-(Ph^As)^[RuCl^(CO)-J .

In support of this formulation, the compound has a conductivity

in dichloromethane characteristic of a 2:1 electrolyte

2 -1
(AO. OOIM = 46j\cm mol ) and its i.r. spectrum shows two

v bands at 2030 cm \ 1940 cm * (nujol), very close to those
L»U

reported earlier for cisCs,[RuClA (CO).] (v 2036 cm \
1SS, 241 2 4 2 CO

1935 cm ) . No evidence for norbornadiene is 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 is not fully understood

but the extra carbonyl group may arise from the solvent (at,

the synthesis of RuHClCO(PPhg)g page 34 Chapter 1) or from
some intra molecular rearrangement process. It is of

95
interest that Robinson and Wilkinson also isolated a dicarbonyl

compound trans-RuCl^CG^quinoline)^ by reaction of
[RuCl_COC H,.J with excess quinoline in ethanol.2 7o n

4.3 Reaction of (A) with:-

a) Dimethylsulphide, dimethylsulphoxide, acrylonitrile

When (A) is dissolved in dichloromethane and refluxed

under nitrogen with either Me S, DMSO or CH CHCN(A/L1:2
^ c

molar ratio) for ca 12h, complete displacement of the diene

group occurs and yellow or orange crystalline compounds of
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composition Ph^CPhCH^JPtRuCl^COL^] (4) can be isolated
from the reaction mixture in 75-80 per cent yield by addition

of diethylether. For L = Me S, the ^Hn.m.r. spectrum
c*

(methyl region) consists of a strong singlet at T7.37 together

with two very weak doublets (ca 5 Hz separation) centred at

T6. 58 and T7. 37. There are three geometrical isomers

possible for (4) and the strong signal at T7.37 could be

assigned to isomer (4a) or (4b) and the weaker ones to the

presence of a small amount of isomer (4c) (assuming restricted

rotation of the methyl groups at 300 K). For L = DMSO, the

H n.m.r. spectrum reveals a strong singlet at T6.72

(attributed to isomer (4a) or (4b) and weak signals at T6. 60

and T7.36. The highest field signal corresponds to free DMSO
176

and the others to S-bonded DMSO (cf RuX,(DMSO) page 95 ).1 £* *

The i.r. spectrum of this compound (Figure 4.2) shows a

strong band ac 1113 cm 1 assigned to S-bonded DMSO but no

bands which can be attributed definitely to O-bonded DMSO.

The absence of O-bonded DMSO groups are confirmed by

synthesis of Ph3 (PhCH2)P[RuCl3CO(2[H]6-DMSO)2]
(v 1108 cm i) (Figure 4. 2).bU

For L = CH2CHCN, occurs at 2245 cm \ suggesting

that bonding occurs through the nitrogen atom rather than the

double bond (cf RuCl,(PPh ) CH,CHCN, v^.2230 cm"1, see

Chapter 2). The far i.r. spectra of these compounds (see
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I.R. spectra of [RuC13CO(DMSO)2]" (_)

and [RuC13CO[2H6](DMSO)2]' (---)

I ( J L_

13 50 1200 lOOO 800

Figure 4. 2

wavenumber cm
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experimental section) cannot unequivocally distinguish

between isomer (4a) [CI s' trans to L and CO] and (4b)

[CI s' trans to CO and Cl] but the similarity in properties

between (4) and Ph3(PhCH2)P[RuCl3CO (N-N)] [(N-N)= 2,2'-
bipyridyl, 1, lO-phenanthroline, see later] suggests that (4a)

is the most likely structure. This isomeric form is also

1 13
consistent with that established for (A) (2) by H and C

n.m.r. studies.

CO
I
t

Cl

Ru

\
Cl

Cl

(4a)

CO
\.

s.
Ru

Cl

CI
.X \

L

(4b)

\
Cl

J

Cl

i
L j CO
\i /

Ru

Cl

Cl

(4c)

(L, = Me, DMSO or CH^CHCN)
In attempts to extend the range of anionic compounds of

type (4), ligands such as Et^S, Ph^S, CS^, MeCN, PhCH^CN,
PhCN were reacted under the same conditions with (A), but

in all cases (A) was recovered unchanged.

These compounds of type (4) are stable in solution

for short periods even on heating. However, on prolonged

exposure to air the yellow dichloromethane or chloroform

solutions of Ph3PhCH2P[RuCl3CO(DMSO)2] turn deep-red.
Although attempts to isolate solid complexes from these



E.s.r.spectrumofoxidisedform [RuC13CO(DMSO)2J" inCH2C12.



201

solutions have been so far unsuccessful, the e.s.r. spectrum

of the deep-red solution (Figure 4.3) shows clearly that

oxidation has occurred. It is likely that these solutions contain

the Ru (III) carbonyl complexes RuC1^CO(DMSO)2.
b) Triphenylarsine, -stibine, pyridine

Reaction of (A) with L = AsPh^, SbPh^ or py (A/L, 1:2
molar ratio) in CH_C1 for 12h, followed by addition of

Ct L*

diethylether also gave the anionic complexes Ph^PhCH^P-
[RuCPCOL ] (4) but with yields of only 18-25 per cent. In

this instance, treatment of the ethereal filtrate with pentane

gave further yellow precipitates(6G per cent yield). These

were ncn-electrolytes containing CO, L and C?Hg groups

(*H n. m. r. and i.r. evidence) and elemental analyses and

molecular weight determinations (Table 4.4) indicated the

molecular composition RuCl2CO(L)C^Hg (5). There are three
geometrical isomers possible for (5). The n. m. r.

spectra of all these compounds (Figure 4.4 (L = AsPh^) and
Table 4. 5) consist of seven diene resonances of relative

intensity 1;1;1;1;1;1;2. This clearly eliminates isomer (5c),

where only five diene resonances should be observed.

Homonuclear decoupling experiments for L = AsPh^ indicate
that the resonance at T6. 34 is coupled to the resonances at

T5. 60 and T4. 52 and that at T5. 92 is coupled to the peak at

T4.25. The signals at T 5. 92 and T5. 70 are too close for



TABLE4.4

AnalyticaldataforsomenewRuthenium(II)AnionicandNeutralComplexes Found(percent)Required(percent)
Complex

Colour

Mp(°C)

C

H'

N

CI

MC

H

N

CI

M

Ph3PhCHP[RuClCO(MeS)]
Orange

206(d)

50.5

4.2

-

17.3

50.5

4.8

-

14.9

-

Ph3PhCt^P[RuCl3CO(Me2SO)2]
Yellow

184-5(d)

48.2

4.5

-

-

48.4

4.6

-

-

-

PhjPhCE^PtRuC^COtfH6]Me2SO)2JYellow
160-1(d)

47.9

6.la

-

11.1

47.6

6.la

-

13.9

-

Ph3PhCl^P[RuBr3CO(Me2SO)2]
Yellow

197-8(d)

43.5

4.3

-

-

41.2

3.9

-

-

-

Pl^PhCE^P[RuC^CO(CH^CHCNy
HO

Yellow

157-8(d)

53.8

3.9

3.8

14.8

53.9

4.1

3.9

14.9

-

2

Pl^PhCH2P[RuC]3CO(AsPh3)2]
Orange

215-7(d)

.60.5

4.2

-

-

62.1

4.3

-

-

-

Fl^PliCI^P[RuBrCO(AsPh)]
PaleBrown
136-8(d)

53.7

3.8

-

-

50.O

3.8

-

-

-

Ph3PhCH2P[RuCl3CO(SbPh3)2]
Pink

128-130(d)
53.0

3.5

-

8.6

57.5

4.O

-

8.2

-

Pb3PhCH2P[RuC]3CO(C5H5N)2]
Yellow

120-22(d)

57.1

4.3

3.0

-

57.9

4.3

3.7

-

-

Pb3PhCH2P[RuCl3CO(bipy)]
Orange

173-5(d)

51.9

3.7

4.0

-

58.1

4.0

3.8

-

-■



Pl^PhCHPfRuClCO(phen)]Orange Ph3PhCH2P[RuBr3CO(bipy)]Orange-brown RuC^CO(AsPh)CHg RuCLCO(SbPh)CH L.J(O RuCLCO(CHN)CH £DO(O [RuCl-CO(bipy)]2n [RuCl2CO(phen)]^ [RuCl2CO(PPh3)2]2 RuCl2(PMe2Ph)2C7Hg RuBr(PMePh)CH£L.C(O RuCl2CO(Me2S)3 a H+Dpercent OsmometricallyinCHC13(37)
Yellow Yellow Yellow Yellow Yellow Orange Yellow Yellow Yellow

183-5(d) 195-6(d) 215-7(d) 231-2(d) 171-4(d) >280
>280 168-172(d) 247(d) 214-5(d) 200-2(d)

53.23.54.6--59.33.93.7- 47.53.45.0--49.23.43.2- 52.13.8-12.461352.23.8-11.9597 51.53.8---48.43.6-- 43.23.53.7-390b42.13.53.8-371 36.62.17.720.5-37.12.27.920.0 37.92.36.7--38.22.76.9- (1460

59.84.2--(1386°61.34.2--1448 51.05.5--[,5^°c51.05.5--520(oOO

45.74.8---■44.04.8-- 22.34.7---21.84.6 OsmometricallyinC.H.(37°)
66

ObtainedfromA/2,2'-bipyridyl(1:1molarratio)
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decoupling studies. This information, plus the assumption that

the cis and trans influences of L and CO respectively (or vice

versa) produce lower field shifts than those of chloride ion,

leads to the tentative assignments given in Table 4.5.

Unfortunately, it is not possible to distinguish between isomer

(5a) or (5b) on this evidence, even by a careful comparison of

the n.m.r. spectra of compounds with different L groups,

because of tha lack of information concerning the relative

magnitudes of such variables as cis influence, trans 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 compounds,

together with the similar position of v^.q *n each case (ca
2000 cm *), suggests that the same isomer is always produced.

CO L

CI CI

(5a) (5b)
L

CO

(5c)

(L = AsFh3, SbPh3 or CgHgN)
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TABLE 4.5

n.m.r, spectra (in CDCl^) and assignments for

[ruci2co(l)c7h8]

L=AsPh8 L=SbPh8 L=C^H^N Rel. Intensity Fine Assign-^
structure ment

T T T

4.25 4.29 4.35 1
. , e

triplet H6
4.52 4.46 4.73 1

. , e
triplet H5

5.-60 5.C5 5.C4 1
. , ®

triplet H3
5.70 5.31 5.22 1

e
triplet H2

5.92 5.85 5.67 1 multiplet H1
6. 34 6.26 6.18 1 rnultiplet H4
8. 57 8.59 8.50 2 singlet^ H7,8

Also T2.30-2.70 (15)-phenyl.

Also T2.00-2.70 (15)-phenyl.

Shown by double
resonance experiments on
L = AsPh^ to be an
overlapping doublet of

Also T 1. 70;2. 30, 2. 72 (5)-pyridine. doublets-

Configuration (5a) or (5b). Broad.



T4.25T4.52

T5.60

T6.34

5.705.92

T8.57

Hn.m.r.spectrumofRuCl2(CO)(AsPh,)C_HinCDC1,
782

Figure4.4
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On leaving RuCl2CO(AsPh3)C7Hg in CDC13 for 48h,
additional resonances appear at T3.25, 6.43 and 8.09

corresponding to free norbornadiene. This indicates that

dissociation of the diene group in (5) occurs slowly in solution

and that intermolecular exchange between free and bound

diene is negligible at ambient temperatures.

If (A) is refluxed with excess SbPh3 in CH^Cl,,, the orange-
red complex RuCl_CO(SbPh ) (6) (v 1948 cm *) is isolated,

together with small amounts of (4) and (5), An orange-brown isomer

of (6) has been reported earlier (v 1961 cm *) obtained by

direct reaction of SbPh with an ethanolic " carbonyl-containing"
25

ruthenium solution . A comparison of the far i.r. spectra of

these isomers indicates v _,320 cm ^ for the latter and
RuCl

<300 cm * for the former. This evidence, together with the

similarity of the v_r positions to those of the two isomers
x CO 160

established by H n.m.r. methods for RuCl2CO(PPh3)3 ,

suggests that the isomer prepared from the diene compound

has configuration (6a) and that the other has configuration (6b),

CI

CI

L CI CO
1 !

CO OC ! L

\..v" -V

XL CI I L

Ru Jlii
X

L CI L

(6a) (6b) (6c)

(L = PPh3, SbPh3, PMePh2 or Me^)
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c) Triphenylphosphine

For L = PPh^# reaction with (A) in CH^Cl^ (A/L 1:2
molar ratio) gives a non-conducting, dimeric, orange compound

analysing closely for [RuCl^CO(PPh3)^]^ (7). A similar
compound [RuCl CO(PEt_Ph) ]_ has been obtained by

143

reaction of Ru^Cl^PEt^Ph)^. with butyraldehyde . The i. r,

spectrum of (7) shows several carbonyl bands [2029(m),

1993(s), 1960(broad) cm *] indicative of a mixture of isomers.

31
The P n.m.r. spectrum of this material which contains a

number of peaks, is consistent with this interpretation.

Recrystallisation from CH^Cl^/pentane gives a product still
analysing for [RuCl^CC^PPh^^^ but with the carbonyl band
at I960 cm ^ increased in intensity with respect to the higher

frequency bands. There is no evidence here for the

formation of the triple-chloride-bridged dimer (PPh^)^-
ClRuCl3Ru(CO)(PPh3)2» in addition to the double-chloride-
bridged dimer [RuCl^CO^Ph^)^]^ (7). This is in contrast to
the reaction between RuCl_(PPh ) and CS , which produced

148
both [RuCl2(CS)(PPh3)2]2 and (PPh3)2ClRuCl3Ru(CS)(PPh3)2 .

If (7) is reacted with excess PPh3 [or if (A) is reacted
directly with excess PPh ], an orange solid is obtained,

which analyses for RuCl;>CO(PPh ) (6) and whose i.r.u j J

spectrum contains carbonyl bands at 2025(m), 1982(m) and

1945(a) cm One isomer of this compound has been previously
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ml 25,206
reported with v at 1950 cm . By analogy with the

160
_!

related work on PMe Ph complexes , the band at 1945 cm
Uf

is probably due to isomer (6a) and that at 1982 cm * to

isomer (6b). The band at 2025 cm * may be due to the other

isomer (6c), which has not been previously observed in

compounds of this type. Unfortunately, attempts to separate

these products by either fractional recrystallisation or

chromatography have proved unsuccessful. It is of interest

to note that no products of the type (4) or (5) are isolated (or

observed) with L = PPh^.
d) Dimethylphenylphosphine

In contrast, reaction of (A) with PMe^Ph in CH^Cl^ (1:2 molar
ratio or excess) gives a single product, which contains no

carbonyl group. This compound is monomeric, non-conducting

and analyses for RuCl^PMe^Ph^C^Hg. The n. m.r.

spectrum unequivocally shows trans-PMe Ph groups (virtually
117

coupled " triplet" ) and the three diene resonances expected

/ \ 31for configuration (8), The Pn.rn.r. spectrum which consists

of a singlet at 6.91 ppm, also supports this formulation.

Similarly, reaction of Ph (PhCH>)P[RuBr._COC H ] and
" D I O

PMe Ph gives RuBr (PMe Ph) C H which has a very similar
c* & c L 7 o

1
H n.m.r. spectrum (Figure 4. 5). The same compounds are

123
also obtained by reaction of RuX^FMe^Ph)^ and excess
C H in methanol (see Chapter 3). Related compounds7 o
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7. 74

7. 56

7 8 9 T

H n. m. r. spectra in CDCl^

Figure 4.5
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95
RuX L C H (L = PPh ) , AsPh ; X = CI, Br, Chapter 2,2 2 < o 5 5 ~,

96
RuHXL diene (L = PPh , P(OR) ,etc) and Ru(OH )-2 3 5 2

(CQ^C^Hg (see Chapter i) have been reported.
L

(L = PMe Ph or PMePh )
ICu U

Rather surprisingly, reaction of (8) (X = CI) with excess

pyridine, 2, 2'-bipyridyl or triphenylarsine leads to recovery

of the starting materials. We have no good explanation of the

kinetic inertness of (8) towards these nucleophiles although,

of course, chloride ion is known to be a low trans effect

ligand. If this is the correct explanation, then we must ascribe

the higher reactivity of (A) [where the diene group is also trans
150

to chloride ions] to the presence of the formal negative

charge on (A). However, on leaving a yellow dichloromethane

solution of (8) for several days, the solution turns dark red

and this can be attributed to an oxidation process since the

latter gives strong e.s.r. signals (Figure 4. 6).

e) Methyldiphenylphosphine

If (A) is refluxed with PMePh^ in CH^Cl^ (1:2 molar ratio),
a pale yellow solid is isolated and shown by n. m. r. studies



E.s.r.spectrumofoxidisedformof RuCl,(PMePh)CHinCHCIsolution.ZZioZZ
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(Figure 4.7) to be a mixture of RuCl_(PMePh ) CLH and
t* C C, I o

RuCl«CO(PMePh_) (6). Although attempts to separate this

mixture of compounds by either 1.1.c. or fractional recry-

stallisation have been unsuccessful, this formulation as a

mixture of 53 per cent of RuCl0(PMePh.,).,C,H0 and 47 perL d. L I o

cent of (6) [from n. m.r. integration] is consistent with the

analytical data. The *H n.m.r. spectrum of the diene complex

is that expected for configuration (8). For RuCl CO(PMePh?) ,
w u J

the doublet and triplet pattern of resonances are indicative of

either isomer (6a) or (6b). The position of v (1938(s) cm *)
31

is consistent with isomer (6a). The Pn.m.r. spectrum

consists of three singlets at 7.53 (8), 8.17 and 14.54 p.p.m.

(6a).

If excess PMePh is used, the same work-up procedure

gives a yellow solid with a very similar i. r. spectrum to
1

the mixture above but its H n.m.r. spectrum contains an

extra peak at T8.30. Dissolution of the mixture in CH^Cl^
and reprecipitation with diethylether gives a yellow powder and

a small amount of orange crystals which could be separated

manually. The former consists of compounds (6a) and (8) and

the orange solid is identical (i. r. and n.m.r. spectra)

to RuCl^PMePh^)^, which has been recently prepared (in
this department) in high yield by reaction of RuCl^PPh-),

26 J
with PMePh^ in hexane . Presumably the small amount of
tetrakis-phosphine complex arises from the slow reaction of



T6.68

T6.88

T7.47

T7.82

T8.25

T8.98

1H n.m.r.spectrumofmixtureofRuCl(PMePh)CHandRuCLCO(PMePh-),inCDC1CuioZZ33
Figure4•7
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RuCl,(PMePh ) C H with excess PMePh «
u c C 7 o C

f) 2, 2'-Bipyridyl, 1, lO-phenanthroline

The reaction for 12h of (A) with 2, 2'-bipyridyl or 1, lO-

phenanthroline (N-N) [A/(N-N); 1:1 molar ratio] in CH^Cl^ gives
yellow precipitates which analyse closely for [RuCl_,CO(N-N)] .2 n

These precipitates are too insoluble for either molecular
1

weight or H n. m.r. measurements but the observation of only

one carbony1 band in their i. r. spectrum [e.g. for (N-N) =

bipy; v 1940 cm *] is consistent with a structure such as (9a)GO Qr

-i95
or (9b) [cf. [RuCl COG,. H ] , v 2045 cm ] . Work-up— 2 /on C<J

of the orange filtrates gives, in addition to Ph^PhCH^JPCl,
small amounts of orange solids which are reasonably close in

analysis to Ph^PhCH^PtRuCl^CCKN-N)]. In this instance,
configuration (4b) is impossible and therefore on the basis of

the earlier results with L = Me^S, DMSO, etc. , [which
indicated either configuration (4a) or (4b) but not (4c)] we

tentatively suggest that (4a) is the most likely structure.

Reaction of (A) with excess 2, 2'-bipyridyl gives an orange

precipitate which also analyses for [RuCl CO(bipy)] but
M XI

contains two carbonyl bands in its i.r. spectrum at 1952 and

1918 cm \ Again, the material is too insoluble for further

study but it could be formulated either as an isomer such as

(9c) with cis-carbonyl groups or a mixture of two isomers

with trans-carbonyl groups. The filtrate from this experiment
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contains the anionic complex (4) together with a very small

amount of a purple compound. Although insufficient of the

latter was produced for examination, this might be a sample of

[RuClCO(bipy) JC1 (cf. purple [RuCl(fcLO)(bipy)_]C1.H.O see
99,100 L 2 2

Chapter 3)

(9a)

(9b)

CO CO

(9c)

(N - N = bipy or phen)

Finally, we reacted (A) with several different dienes (1,

3; 1, 5 cyclooctadiene and cyclooctatetraene), in order to obtain

a wider range of diene anionic complexes of Ru (II).
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Unfortunately the reproducibility of these reactions was never

possible and different mixtures of products were obtained in

all these attempts.

4.4 Proposed mechanism of reaction

It now remains to try and devise an overall mechanism of

reaction between (A) and these various ligands which will

explain the rather surprising differences in behaviour as a

function of the electronic and steric properties of the ligands.

In Scheme 4.1, a mechanism for the reaction of (A) with

all ligands (1:2 molar ratio) except PR^j 2, 2'-bipyridyl and
1, lO-phenanthroline is presented. Thus, we postulate that in

all these reactions, the initial step is the cleavage of a

ruthenium-olefin bond by L, to give an anionic intermediate (B)

containing the C H group bound through only one olefinic bond.7 o ———

Further reaction can then occur by one of four competing

pathways; (i) reversion to (A) by displacement of L from* (B)

by the free double bond (this is very unlikely especially in the

presence of free L and is not considered further); (ii) cleavage

of the second ruthenium.-olefin bond by L, to give (4a); (iii)

displacement of the chloride ion trans to CO by the free double

bond with formation of (5b); (iv) displacement of the chloride

ion trans to L by the free double bond with formation of (5a).

If this mechanism is valid, then the percentage yields of

(4a), (5a) and (5b) will depend on the relative magnitudes of the



218

rates of these competing reactions. This assumes, of course,

that none of these products undergo further reaction. For

example, one other possible way to form either (5a) or (5b)

is by reaction of (4a) with free diene. However, this pathway

lias been eliminated by showing that there is no reaction between

Ph (PhCH )P[RuCl CO(AsPh ) J and C_H. when these are
-J u 3 3 C i o

refluxed in CH^Cl^ for 12h.

CO

/Ik | CIX ! x
Ru

X X
ci

ci

(A)

Scheme 4.1

+C1

(5b) (5a)

It is now reasonable to ask what properties of L will

enhance the rate of substep (ii) compared to (iii) or (iv).

Clearly, if L is a fairly strong, small nucleophile, this should

favour step (ii). Conversely, the bulkier the nucleophile, the



219

slower reaction (ii) should become but the more facile the ring

closure reaction (steps (iii) and (iv), 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 = Me S, DMSO and CH CHCN (small bases) only (4a) is
^ £•

formed fi. e. (ii)» (iii) or (iv)], whereas for L = AsPh^, SbPh^
and py (larger bases), a mixture of (4a) and (5) (a or b) is

produced fi. e« (ii)^(iii) or (iv)]. The failure to observe

reactions of (A) with base3 such as Et S, Ph S, PhCN, etc.

can presumably be attributed to the inability of these weaker

nucleophiles to cleave the ruthenium-olefin bonds.

Furthermore, if the mechanism shown in Scheme 4.1 is

valid, increasing the solvent polarity should favour reaction

(ii) rather than (iii) or (iv). In agreement with this, for JL =

AsPh^, changing the solvent media from CH^Cl^ to MeOH
increases the yield of (4a) compared to (5), whereas in C.H,,b b

the reverse is true. However, for L = Me S, changing the

solvent from CH_C1_ to C,H. gives a lower yield of (4a) (522 2 b 6

per cent) together with some RuCl^CC^Me^S)^ (20 per cent)
[v 1943 cm configuration (6a)]. The failure to isolate any

\j\J

diene complex here would suggest that even in benzene, (ii)

(iii) or (iv) but that the tendency of the resulting anion to

undergo further reaction with Me^S is considerably enhanced
in the less polar solvent. For L = DMSO in benzene, only
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(4a) is isolated.

This proposed mechanism hinges on the facile formation of

a long-lived intermediate (B) containing an uncoordinated double

bond. Although we have been unable to isolate such an inter¬

mediate in a pure state, hydrogenolysis (after 30 m of reaction)

of a diehloromethane solution containing (A), AsPh., (1:2 molar
242

ratio) and RhCl(PPh^)^ (a good hydrogenation catalyst)
gives a mixture of compounds whose n. m. r. spectrum contains

additional signals at T8.6O, 8.74 and 8. 90. These resonances

are close to those found in this region for norbornene (T8.43,
243

8. 68, 8.93 and 9.06), Under the same conditions, no

hydrogenation occurs using a mixture of either RhC^PPh^)^ »

C H or RhCl(PPh ) , C H and AsPh . Therefore, this
7 o 5 5 7 o 5

evidence supports the formation of an intermediate with one

free double bond.

Finally, it is not easy to decide whether isomer (5a) or

(5b) is preferentially formed. If the main factor determining

this problem is the trans effect of CO compared to L, then
244

since earlier work has shown that CO has a higher trans

effect than either AsPh^> SbPh^ or py, then isomer (5b) would
be favoured. However, since this trans effect series is based

on evidence obtained from substitution reactions in square-

planar platinum (II) complexes, it does not necessarily

follow that a similar order is valid for substitution reactions

in octahedral ruthenium (II) complexes. Furthermore,
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isomer (5a) is more sterically favoured than (5b). In an attempt

to study the influence of the steric effect of AsPh^i we reacted
(A) with AsEt^. Unfortunately the resulting products were
found to be too soluble in CH-CP to be isolated without

2 2

decomposition. Hence at this juncture, we prefer to reserve

judgement until more direct evidence is available.

For L = PMe Ph, we have to explain why only RuCl -
Ct Ct

(PMe Ph) C H is obtained on reaction with (A), As shown in
c c 7 8

Scheme 4.2a, the same intermediate (B) is proposed but, in

this instance, we suggest that the high trans effect of PMe Ph,
162

together with the high affinity of this ligand for ruthenium (II)

results in the displacement from (B) of a chloride ion trans

to the PMe^Ph group to give compound (C) in preference to
either formation of (4a) or (5). Ring closure of the dangling

diene group in (C) with expulsion of carbon monoxide to give

RuCl,(PMe Ph) C„H (isomer 8) then appears to be a
L> <L Cm 7 O

reasonable final step. The alternative site of attack (i.e.

the chloride ion trans to CO) would give the cationic

[RuCl(CO)C H (PMe Ph) ]C1 complex which might be favoured
I O C* Li

in more polar solvents. In fact, the reaction of (A) and

PMe Ph 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 4. 2b. Again
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the affinity of PMe^Fh for ruthenium (II) and the high trans
effect of CO combine to give RuCl CO(PMe Ph)C_Hn and thisL u 7 8

is followed by expulsion of CO by PMe Ph to give (8). Both
M

these mechanisms are consistent with the results of earlier
2 5, 8 5a

studies in ruthenium-phosphine chemistry which

indicate that trans PR^-Ru-PR^ arrangements are not formed
via isomerisation of cis-Ru(PR^)^ arrangements.

A possible way of distinguishing between mechanism 4. 2a

or 4.2b is by means of hydrogenation experiments. Reaction

of (A) and PMe^Ph solutions with RhClfPPh^)^ and hydrogen
gives solutions with additional strong ^"H n. m. r. signals at

T8.29, 8.42 and 9.14. These resonances do net appear on

reaction of hydrogen with dichloromethane solutions of

RhCl(PPh ) , C H and PMe Ph. Thus, the mechanism depicted
3 3 7 8 £

in Scheme 4. 2a involving a 'dangling' diene intermediate is

preferred.

For PMePh , a similar mechanistic pathv/ay can be
Cs

invoked to explain the formation of RuCl,(PMePh_)_C_HQ.
u C u I o

However, in this instance, the lower affinity of PMePh^ for
Ru (II) might enable competing reaction steps to be more

dominant as compared to the PMe Fh reaction. A tentative
Cd

mechanism to explain the formation of (8) and (6a) is outlined

in Scheme 4.3.

For L = PPh^, a mechanism to explain the formation of
an isomeric mixture of [RuCl^CCKPPlVj^J^ complexes is
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SCHEME 4.3
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presented in Scheme 4.4. It seems reasonable to postulate that

the same intermediate (B) is first formed and then since PPh is
J

a stronger nucleophile than EPh^E = As, Sb), that reaction (ii)
will be facilitated more than (iii) or (iv). At this juncture,

reaction of (B) with to produce an intermediate (C) with a

'dangling1 diene group and a trans-Ru(PPh^K arrangement
cannot be discounted. However, if an intermediate such as (C)

were formed in significant amounts, then some RuCl (PPh ) C_H
95 2 7 8

(isomer 8) (which is very insoluble; see Chapter 2) would

surely be isolated from the product mixture. This compound was

not formed and therefore formation of (C) as a viable inter¬

mediate could, in this instance, be eliminated.

After formation of (4a), we suggest that the higher trans

influence of compared to the other ligands studied, together

with the unfavourable cis arrangement of these bulky groups in

(4a) (since PPh has a larger ligand cone angle than EPh on3
245

coordination to a metal) could readily lead to expulsion of a

chloride ion, in order to relieve steric crowding with the

formation of RuCl^COtPPh^)^. This five coordinate species
might then be expected to undergo facile intramolecular

rearrangement reactions in order to minimise further steric

strains, e. g. by the formation of isomers with axial, equatorial

or axial, axial groups respectively. Similar rearrangem-

ents have been elegantly demonstrated for the related complexes
246,247 247

IrH(CO)2(PR3)2 (PR3 = PPh3 , P(P-MeC6H4) ).
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Finally, it seems reasonable to propose that the various five

coordinate isomers might then recornbine to produce dimeric

species containing energetically favourable six coordinate

ruthenium (II) ions. Similar processes readily occur for RuX -
w

(PR3)3 (X = CI, Br; PR^ - PEt^Ph, PEtPh^) compounds to give
26

the binuclear complexes [Ru X,(PR,)Z]X (see Chapter 1).
L 5 J o

Reaction of more with this isomeric mixture of

[RuCl_CO(PPh ) J compounds would then be expected to give
C» D C* Ct

an isomeric mixture of RuCl_CG(PPh ) complexes.
129

However, a very recent paper has reported the preparation

of yellow RuCl^CC^PPh^^ (mp = 259-263°C) by recrystallisation
of RuCl2CO(PPh3)2S (S = N, N'-dimethylformamide, N, N'-
dimethylacetaraide) from CH2Cl2-MeGH. This monomeric
compound [v 1921, 1931 cm *(nujol); 194C cm * (CH_C1_)] is

OU u Ct

reported to isomerise in CH2C12 with the original 1940 cm

carbonyl band being gradually replaced by a rather broad band

at 197G cm however, only the original isomer precipitates

from solution on addition of MeQH.

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 RuCl CO(PPh )„, we have re-examined this " isomerisation"
Ct J 6a

reaction. Our results indicate that the five coordinate monomer

is more correctly formulated as the six coordinate methanolate
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SCHEME 4.4
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RuCl CG(PPh ) MeOH. This reformulation is based on mass
m D L,

spectral evidence which indicates methanol, and the presence

of an extra i. r. band at 1020 cm * [cP RuCl^PPh^^MeOH,
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1 • 1 84
1012 cm" (see Chapter 2) RuCl^PhSPr^MeOH, 990 cm ]
when compared with the i. r. spectrum of [RuCl^CC^PPh^)^.
The elemental analyses quoted in ref. 129 are also consistent

with this formulation [Found: C, 60.3; H, 4.3; Cl, 9.1 per

cent; required: C, 60. 5; H, 4.5; Cl, 9.4 per cent]. Further¬

more, on gentle refluxing of a CH Cl solution of this yellow
Lt C

complex, an orange solution is formed from which a pale

orange solid can be precipitated by addition of pentane. This

compound contains no methanol but its i.r. spectrum [v_._1960LU

(broad) cm ^(nujol)] and melting point (l68-170(d)°C) are very

similar to those obtained by us for the most stable isomer of

[RuCl CO(PPh ),] . Finally, addition of methanol to a dich-
c* 5 C c.

lorornethane solution of [RuCl CO(PPh ) J (prepared either
Lt J 6 w

from the diene anion or from the methanolate complex)

reprecipitates RuCl (CG)(PPh ) MeOH. This is analogous to
C* J C*

the recrystallisation of (RuCl (CO) ]_ from ethanol-stabilised2
79

CHCl^ which is reported to give some RuCl^CC^EtOH .

Therefore, the information reported but incorrectly

interpreted in ref. 129 provides good evidence for the

feasibility of the mechanism outlined in Scheme 4.4.

For = 2, 2'-bipyridyl, 1, lO-phenanthroline, a similar

mechanism can be invoked to generate a five coordinate

intermediate RuCl CO(N-N). In this instance, the presence
M

of a rigid bidentate ligand should restrict the occurrence of

facile intramolecular isomerisation reactions and, therefore
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the subsequent recombination step will produce fewer isomers of

[RuCl CG(N-N)] . In these reactions, the formation of small2 n

amounts of the anionic complexes could arise either because

of incomplete dissociation of (4a) to give RuCl CO(N-N) or from

partial cleavage of [RuCPCO(N-N)] with Ph (FhCH-)PCl.
u n o Ct

However, when the experiment is carried out for short

reaction times, (<lh), although [RuCl CO(N-N)] is precipitated,2 n

the residual solution contains only (A), C_HQ and unreacted
I o

(N-N) indicating that the first suggestion is incorrect.Furthermore,

reaction of [RuCl,CO(N-N)J with Ph, (PhCHjPCl in CH.Cl,2 n 3 c c c

does give a small amount of Ph^PhCH^PfRuCl^CC^N-N)],
confirming the feasibility of the latter suggestion.

Similarly, with excess 2, 2'-bipyridyl, it is reasonable

to postulate partial cleavage of [RuCl?CO(bipy)J by 2,2*-Cd n

bipyridyl to give some [RuCl(CO)bipy_,]Cl. In Chapter 3, we

have demonstrated that similar cleavage reactions by (N-N)

on the related compounds [(N-N)(PPh ) RttCl Ru(PPh ) (N-N)jCl
J w Ct J u Cm

give [RuCl(PPh^)(N-N)2]Cl. At present, we can provide no

convincing explanation for the formation of other isomer(s)

of [RuCl^CObipy]^ when the reaction is performed in the presence
of excess 2, 2'-bipyridyl.

4.5 Experimental

Microanalyses, molecular weights, conductivities, i.r.

1 31 13
e.s.r. H, P and Cn.m.r. spectra etc. were determined
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as described in Chapters 2 and 3. Analytical data for some of

the new ruthenium (II) complexes are given in Table 4.4.

Triphenylbenzylphosphonium Trichlorocarbonyl (bicyclo[2, 2,1]

hepta-2, 5-diene) ruthenate (II):- A suspension of

[RuCl,CO(C H )] (Q.40 g) was shaken in degassed acetone2 i o n

(50 ml) for five days with an excess of triphenylbenzylphos-

phonium chloride (1.10 g) and concentrated hydrochloric acid

(O. 50 ml). The resulting orange solid was filtered, washed

free of acid and excess triphenylbenzylphosphonium chloride

with warm water, then with acetone and recrystallised from

dichloromethane/heptane (62 per cent) mp 177-180° [Found:

C, 57.8; H, 4.4; CI, 15.8; O, 2.5; P, 4.7. C^H^C^OPRu
requires C, 58.2; H, 4.5; CI, 15.6; O, 2.4; P, 4.6 per cent]

yN^CH^Cl^lO M = 16. 5 jt. cm^ mol
Far infrared (400-200 cm ^): 385m, 350w, 33Gm, 314w,

303w, 283vs, 268s, 25Gvs, 224m, 2G2m.

Triphenylbenzylphosphonium Tribromocarbonyl (bicyclo 2,2,1]

hepta-2, 5-diene) ruthenate (II):- PhgBsPtRuClgCO^^Hg)]
(G. 20 g) was suspended in degassed acetone (1GO ml) and

shaken for ca 6 hours with an excess of lithium bromide (1. 2G 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 microcrystailine solid (65 per
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cent) m.p. 162° [Found: C, 48.4; H, 3.6; Br, 29.7,

<^33'^30'^r3^>'^U re9u*res ^8.7; H, 3.6; Br, 29. 5 per cent],
V/Y (CH2C12)10"3M = 2 5.4a cm2 mol"1.

Far infrared (400-200 cm 385m, 350w, 330m, 318w, 303m,

281vs, 269w, 255w, 249s, 225s, 203vs.

Tetraphenylarsonium cis - Tetrachloro dicarbonyl ruthenate (II):-

[RuCl CO(C H )] (0.23 g) was refluxed gently under nitrogen2 7 8 n

in degassed acetone (50 ml) with excess Ph AsCl. HC1 (O. 97 g)

for ca one hour. The solution was filtered and then concentrated

to dryness. The residue was washed with water to remove

unreacted Ph^AsCl and the yellow solid recrystallised from
dichloromethane-light petroleum (b. p. 60-80°C) [Found:

C, 54.2; H, 3.7; CI, 14.1. Cs,CItO,Ru requires5U 4& 2 4 2

C, 56.3; H, 3.7; CI, 13.3 per cent].

Tripheriylbenzylphosphonium trichlorocarbonyl bis (dimethyl-

sulphide) ruthenate (II):- PhgPhCt^PfRuClgCO^Hg)] (A)
(O. 20 g) and dimethylsulphide (0.04 ml; 1:2 molar ratio)

were dissolved in dichloromethane (lOO ml) and the solution

refluxed gently for 12 h under an atmosphere of nitrogen. The

resulting pale orange solution was then concentrated in volume

and the pale orange solid precipitated with excess diethyl

ether. This was washed with warm distilled water and then

recrystallised from dichloromethane/diethylether (70 per cent

yield) (v_^1953 cm *), i.r. (400-250 cm *) 312s, 309, 295w,
ou

285, 271m, 249m.



232

When the reaction is carried out in benzene under the same

conditions, a yellow solution is obtained. After filtering off

some Ph^PhCH^PCl, addition of excess diethyl ether gave a

pale orange solid (52 per cent) identified as Ph PhCH„F-
<J Ci

[RuCl,CO(Me S) ]. Concentration of the filtrate followed by
c* c*

pentane addition gave a yellow solid which was identified as

Dichlorocarbonyl tris(dimethyl sulphide) ruthenium (II) (20

per cent) (V£q1943 cm )•
*H n. m. r. (CDCl^) T7.48 (singlet) (2); T7*65 (singlet) (1);
i. r. (400-250 cm *) 330w, 319w, 275m<

Triphenylbenzylphosphonium trichloro(carbonyl) bis(dimethyl-

sulphoxide) ruthenate (II):- This compound was prepared frpm

Ph3PhCH2P[RuCl3COC7H8] and DMSO (1:2 molar ratio) in
refluxing CH-CF (12 h). The resulting yellow solution gave aci m

crystalline yellow solid on addition of diethylether which was

recrystallised from CH CI /diethylether (78 per cent) (v
Cm 6 OU

19SO cm *) (/\(0.001M) 18. Srxcm2 mol 1 in CK CI ), i.e.
u £>

(400-250 cm *) 379s, 33Cs, 316m, 283s. When benzene was

used as solvent, the same product was formed (70 per cent).
2

Triphenylbenzylphosphonium trichloro(carbonyl)bis(f H,]

dimethylsulphoxide) ruthenate II) was prepared as above using

[2H6]DMSO and the yellow product was recrystallised from

CH^Cl^/pentane (75 per cent) (V£Q^7 cm V (400-
250 cm"1) 319s, 308, 295w, 283w, 260w.
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Ph PhCH P[RuBr CO(DMSO)?] was prepared as for the chloro
J ^ J "

compound from Ph PhCH P[RuBr CO(C H )] and DMSO to5 L, 6 7 o

give a yellow crystalline solid (6Q per cent) (v 1975 cmOv

v 1Q8G cm *), i. r. (400-250 cm *) 323w, 300s, 28Gw,
oO

Triphenylbenzylphosphonium trichlorocarbonyl bis(acrylo-

nitrile) ruthenate (II) monohydrate

This was prepared as for the other anionic complexes as

a yellow solid which was recrystallised from CH_ C1-/pentaneZ M

(80 per cent) (v^q1950 cm vqj^245 cm *). The same
product was formed when an excess of acrylonitrile rather

than 1:2 molar ratios were used. (/\(0.G01M)

16. 5/lcir/' mol 1 in CH_C1„); i. r. (4GO-25G cm *) 3l6rn,
£* w

307m, 281w, 271w.

Triphenylbenzylphosphonium trichlorocarbonyl bis(triphenyl-

arsine) ruthenate (II):- Ph PhCH?P[RuCl COC H ] (O. 20 g)----- '

j £d j r o

and triphenylarsine (O. 2G g; 1:2 molar ratio) were refluxed

in CH CL, (lOO ml) under nitrogen for 12 h. The resulting

yellow solution (shown to be a mixture by 1.1. c.) gave an orange

precipitate on addition of diethyl ether. This was washed

with light petroleum (bp 40-60°C)f water and then

recrystallised from CH„ CI /pentane (20 per cent) (v 1928 cm *),Z 2, CO

i.r. (40G-25G cm"1) 348, 332s, 32G.

The remaining solution was concentrated and then

treated with pentane to give a yellow solid which on recryst-

allisation from CH CI /pentane gave microcrystals of
6 M
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Dichloro(carbonyl)triphenylarsine (bicyclo-[2, 2, ll hepta-2,5-

diene) ruthenium (II) (6G per cent), (v 2008 cm *). i. r.

(400-250 cm *) 354rn, 338, 325s, 308w, 280m, 25Gs.

If the reaction is carried out in the presence of an 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 per cent in the yield of Ph^-

PhCH^PfRuCl^CC^AsPh^] accompanied by a 42 per cent
decrease in the yield of [RuCl0CO(AsPh,)C_H ] was observed.

C J I o

Triphenylbenzylphosphonium trichlorocarbonyl bis(triphenyl-

stibine) ruthenate (II)

This compound was prepared as for the triphenylarsine

anion and isolated as a pink powder (18 per cent) and

recrystalliged from CH CI./diethyl ether (v 2G02 cm *)
6 i> C/U

(A(O.OOIM) 18.5i*\cmZ mol "''in CH^Cl^) i.r. (4GO-25G cm *)
355w, 330w, 320w, 27Gs, 250m.

Treating the residual solution with pentane gave a yellow

precipitate of Dichloro(carbonyl)triphenylstibine (bicyclo-f2, 2,1]-

hepta-2, 5-diene) ruthenium (II) (6G per cent) which was

recrystallised from CH^Gl /pentane. This compound is more
it it

insoluble than the corresponding Ph^As complex in common

organic solvents. Reaction of (A) (O. 20 g) with excess

SbPh^ (0.40 g) in refluxing CH^Cl^ for 12 h gave an orange
solution. Work-up as above gave samples of Ph (PhCH_,)P-

V i*
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[RuCl CO(SbPh ) ] and [RuCl,CG(SbPh_)C Hc] and a residual3 3 u c 3 7 o

orange solution. On concentration and pentane addition the

orange-red solid Dichloro(carbonyl)tris(triphenylstibine)

ruthenium (II)-(v^^l948 crn *) is precipitated, m.p. 215~216°C
[Found, C, 53.2; H, 3,8 per cent C„ ^Cl^ORuSb. requires55 45 2 3

C, 52. 5 ; H, 3.6 per cent].

Similarly yellow Ph3PhCH2P[RuCl3CO(C5H5N)2J (22
per cent) (vCC)1925 cm *) (/\.(G. OOIM) n.Srvcm^ mol * in

ch2G12) and yellow [RuC^CG^H^C^Hg] (60 per cent)
(v 2G10 cm *) were prepared from Ph PhCH P[RuCl,GOC H ]GO 3 C 3 7 o

and CrH_N (1:2 molar ratio) in CH-C1_»5 5 2 2

Chlorocarbonyl bis(triphenylphosphine) ruthenium (II) p-

dichloro chlorocarbonyl bis(triphenylphosphine) ruthenium (II):-

Ph PhCH' P[RuCI CG(C H,,)] (G. 24 g) and triphenylphosphine3 dL 3 7 o

(G. 20 g; 1:2 molar ratio) were dissolved in CH CI. (lOO ml)
£> dk

and the solution refluxed under nitrogen for 12h. The

resulting pale orange solution was concentrated in volume and

diethyl ether added to give a white precipitate of PhgPhCE^PCl.
The remaining solution was treated with pentane to give

the pale orange solid (70 per cent) (v 2029m, 1993s,
-1 31

1960s cm ). Pn.m.r. spectrum (CDClg) 17.2 (singlet) (s);
25.5 (singlet) (s); 38.5 (rnultiplet) (w); 42.3 (multiplet) (w);

52.6 (multiplet) (w) ppm. Recrystallisation from hot CH_C1 /
u Ct

pentane gave a deeper orange product (with the carbonyl band
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at I960 cm * increased in intensity with respect to the higher

frequency bands) but still analysing for [RuCl_CO(PPh ) ]
Ln O £* c*

[Found: C, 60. 5, H, 4.4 per cent. Required C, 61.3; H, 4.2

per cent].

If (A) (O. 24 g) and excess triphenylphosphine (0.40 g) were

refluxed in CH^Cl^ (lOG ml) under nitrogen for 12h and the
resulting orange solution treated exactly as above, orange

crystals of Dichlorocarbonyl tris(triphenylphosphine) ruthenium

(II) (72 per cent) were isolated m.p. 15G°C (Literature value^^
for isomer (6a) is 70-72°C). [Found: C, 66.3; H, 4. 6 per cent

Gale, for CceH. _C1,GP.Ru: C, 66.9, H, 4. 6 per cent]
oo 4D L j

[v_^2G25rn.f 1982m., 1945s cm "h. The same mixture ofCO

isomers was obtained by reaction of [RuCl CO(PPh ) ] with
£* J Ci

PPh^ under the same conditions.
Dichlorobis(dimethylphenylphosphine)(bicyclo[2, 2, l]hepta-2,

5 diene) ruthenium (II):- Ph PhCH P[RuCl3CG(C7H3)] (O. ZOg)
was refluxed in CH^Cl^ (lOO ml) under nitrogen with
PMe Ph (O. lO ml) for ca 12h. Concentration of the yellow

Cd

solution followed by diethylether addition gave a white

precipitate of Ph (PhCH^JPCl. The remaining solution was
then treated with pentane to give the yellow solid which was

washed with methanol and recrystallised from CH CI /
2 2

pentane (80 per cent). The same compound was obtained when

an excess of PMe Ph was used.
c*
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Structure (8); n.m.r. in CDC^; T6.70 (protons 1,4);
T7. 20 (2,3,5,6) T8. 50 (7, 8); T2. OO-2. 60 (phenyl multiplet);

T7.74 (1,2,1 'triplet' - PMe^h). i.r. (400-250 cm"1)
305w, 277s, 253s.

[RuBr2(PMe2Ph)2C?H8] was prepared in the same way

from PhgPhCK^PfRuBrgCGC^Hg] and PMe2Ph as a yellow
crystalline solid (65 per cent). H n.m.r. in CDClgj T6.67
(protons 1 and 4), T7.12 (2,3,5,6); T3.74 (7,8); T2.GO-

2. 60 (phenyl multiplet); T7.56 (1,2,1 'triplet' - PMe2Ph).
Reaction of Ph_PhCH,P[RuCP(GO)C H ] and Methyldiphenyl-3 & 3 7 o

phosphine

(A) (0.2G g) and PMePh^ (O.lO ml, 1:2 molar ratio) were
refluxed in CH2C12(100 ml) under nitrogen for ca 12h
Coneentration of the solution followed by diethylether addition

gave a white precipitate of Ph PhCH.PCl. Pentane addition
J w

to the residual yellow solution gave a pale yellow solid, shown
j.

by H n.m.r. studies to be a mixture of [RuCl2(PMePh2)2~
C_Hj and [RuCl CO(PMePh )J (v„_1938 cm"1) (53 and 47

i 0 cL £ ■$ L»U

per cent respectively as established by integration). This

mixture, which could not be separated by t.l. c. or fractional

recrystallisation, analyses closely for the relative percentages

of compounds indicated by the n.m.r. studies. [Found:

C, 59.3; H, 4.9 per cent. A mixture of [RuCl_(PMePh ) C, HQ]
L* C Ct f O

(53 per cent) and [RuCl2CO(PMePh2)2J (47 per cent) requires
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C, 58.7; H, 4.9 per cent]; Hn. m.r. in CDCl^ (Figure 4,7);
[RuCl2(FMeFh2)2C7Hg] (8) T6. 68 (protons 1,4); T6.88 (2,3,
5,6); T8.98 (7,8); 2.0G-2.60 (phenyl multiplet); T7.47 (1,2,

1 'triplet' - PMeFh2). [RuCl?CO(PMePh2)3] (6a) T7.82
(triplet) (2); 8.25 (doublet) (1).

If excess PMePh^ is used, the same work-up procedure
gives a yellow solid with elemental analysis C, 60.1; H, 5.3

per cent. This material has a very similar i.r. spectrum

to the solid obtained earlier but contains an extra peak in its

n. m. r. spectrum at T8.3G. If the mixture is dissolved

in CH_C1 (green solution) and reprecipitated with diethyl
&i Li

ether, a yellow powder and orange crystals are obtained and

the latter are identical (i.r. and n. m.r. spectra) to

LRuCl2(PMePh2)4]26.
Reaction of Ph (PhCH )P[RuCl,COC H ] with 2, 2'-bipyridyl

J L» J ( Q

(A) (O. 20 g) and 2, 2'-bipy ridyl (G.045 g; 1:1 molar

ratio) were refluxed in CH CL (lOG ml) under nitrogen for 12h.
Li u

The resulting yellow precipitate of [RuCl_CG(bipy)j
u 11

/ -L :(v 194G cm ) was filtered, washed with CH CI,, methanolL/U L, L4

and diethyl ether and dried in vacuo at 40°C (58 per cent).

This product was insoluble in all common organic solvents,

i.r. (40G-250 cm *) 344m, 322w, 270w cm \ The

remaining orange solution was concentrated in volume and

diethyl ether added giving a white precipitate of Ph^PhCH^PCl.
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The residual solution was treated with pentane to give an orange

precipitate of Triphenylbens ylphosphonium Trichloro(carbonyl)

(2, 2'-bipyridyl) ruthenate (II) (2G per cent) (v 1926cm-1.
. - ~ CU /#

2
recrystallised from CH^Cl^/pentane. [t/\(0.G01M) 15.Oxi.cm
mol * in CH-C1-].2 2

If the reaction was stopped after one hour, [RuCl-CO(bipy)]
u n

was present but the solutiononly contained starting materials.

If [RuCl-CO(bipy)] and Ph.,(FhCH-)PCl were refluxea in
m rx -5

CH^Cl^ for 12h, a very small amount of (Ph^Be) PfRuCl^CObipy]
can be isolated from the solution. Using an excess of 2,2'-

bipyridyl, an orange precipitate (vqq^52, ^18 cm )
analysing reasonably closely for [RuCl CO(bipy)] was

Li n

obtained [Found: C, 40. 6;H, 2.7; N, 8.7 per cent.

Required: C, 37J.; H, 2.2; N, 7.9 per cent] i.r. (400-250 cm *);
336w, 321m, 300w, 270w cm \ The residual solution

contained Ph3(PhCH2)p[RuCl3CG bipy] (orange) contaminated
by a very small amount of purple material (t. 1. c. evidence).

Similarly, reaction of Ph^hCH^PtRuCl^CO^^Hg)] and
1, lO-phenanthroline (1:1 rnolar ratio) in CH^Cl^ gave an
insoluble yellow precipitate of [RuCl_CO(phen)j (57 per cent)

'

L* XI

(v^.^.1945 cm *) and orange Ph3(FhCH2)P[RuCl3(CO(phen)]
(20 per cent) (vco1925 cm *) (/\(0.001M) 13. 2n.cm^mol"^
in CH2C12).
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Hydrogenation Experiments

Ph (.PhCH )P[RuCl_ CO(C H )] (O. 20 g) and triphenylarslne
j u 3 i o

(0.20 g; 1,2 raolar ratio) were refluxed in dichlorornethane

under nitrogen for ca 30 m. Then [RhC^PPh^)^] (O. 05 g)
was added to the reaction mixture and hydrogen passed

through the refluxing solution for a further 2h. Concentration

of a portion of this solution followed by addition of diethyl

ether gave an orange solid, identified as Ph^PhCH^P-
[RuCl^CC^AsPh^)^]. Treatment of the filtrate with pentane
gave a yellow solid. This was a mixture (t. 1. c. evidence),

conducting and its n. m. r. spectrum in CDCF shows extra
243

peaks at T8.6Q, 8,74 and 8.9G (cf norbornene -

T8.43, 8.68, 8.93 and9.06).

The remainder of the solution was hydrogenated for a

further hour. The orange anionic complex and the yellow

solid were isolated by the same method as above and

analysis of the latter product is consistent with a mixture of

[RuCL CO(AsPb )C,Hj and Ph„ (PhCH,)P[RuCl- CO(AsPhJ-
c, J l o j £ 3 o

C H ] [Found: C, 56.3; H, 4.3 per cent],
I IvJ

Similarly, if the reaction was repeated but this time

the CH CL solution was simply concentrated and then a
£ L»

n.m.r. spectrum obtained, additional resonances occurred

at T8.26, 8.76 and 9.14 which shows that these peaks do not

arise because of work-up procedure. Under the same

conditions, no such evidence for hydrogenation was found,
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using a mixture of either RhCl(PPh ) , C_H. or3 3 7 o

RhCl(PPh )., C H0 and AsPh .
j J i O J

Similarly, hydrogenation of dichloromethane solutions

of (A), PMe Ph and RhCl(PFh ) for 4h gives a solution
Ca J J

with additional n. m.r. signals atT8.29, 8.42 and 9.14.

No additional resonances are found when solutions of

RhCl(PPh.)., C H_ and PMe Ph are treated with hydrogen3 3 7 8 2

under the same conditions.
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APPENDIX

The crystallographic study of RuCl~(PPh ) MeNO
J J tJ tw

Introduction

In Chapter 2 a wide range of ruthenium (III) complexes

have been presented and structures assigned on the basis of
1 31

their i.r., e.s.r. and electronic spectra. Hn.rn.r. and P

n.na.r. (when P is present) techniques cannot be used for

obtaining structural information for these compounds (due to

their paramagnetism). However, crystallographic studies of

these compounds will provide valuable structural information.

Thus, the compound RuCl^PPh^^MeNG^ has been chosen for
such a purpose. The reason why this compound was chosen,

and not one of the others described in Chapter 2, was that for

this complex the right size of crystal is formed. An octahedral

structure (1) has been proposed in Chapter 2 for RuCl^-

(PPh^^MeNG^ on the basis of i.r. spectroscopy.

MeNO.

ci

Ru

Ph3P

„PPh3

CI

CI

(1)

Crystal data

C37H33°2NC13P2Ru' M 792; Triclinic (Pi); a=8.85, b=12.07,
c=3.65& a=105. 32, p=93.G8, £=36.83°; V=888.53i?3;
Q (flotation) 1.4658 gem"3, <p =1.4887 gem"3 (r. =2);MoK

v C al
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radiation, A=Q. 7107A, crystal dimensions ca 0.4 x O. 5 x O. 25mm.

Experimental

Green rhombic crystals were obtained from the reaction
126

mixture of AsPh [RuCl (PPh ) 1 in nitrornethane ; they were
TC 4 J £

filtered off after three days and washed with light petroleum

(bp 100-120° C).

A single crystal of (1) was selected and mounted about

the axis. X-ray photographs, Weissenberg, Buerger and
248,249

de Jones were taken in Precession Cameras .
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NOMENCLATURK

i) analytical techniques

e.s.r. Electron Spin Resonance

i.r. Infrared Spectroscopy

n.m.r. Nuclear Magnetic Resonance

m.p. melting point

b.p. boiling point

ii) Greek symbols

a,(3 isomorphous form or angle (lattice crystal)

lattice crystal

ligand field splitting parameter

£ extinction coefficient

TV conductivity

M>e££ magnetic susceptibility
v frequency (stretch for i.r.)

(hn- bond)

-TI ohm

tr double bond (donor)

density

qr" single bond (donor)

T (chemical shift in n.m.r.)

hi) Ldgands

allyl CH3-CH2 = CH-
bipy 2,2'-bipyridyl (C1gH8N2)
Bu11 normal But yl (CH^-CH^-CH^-CH^,-)
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Bz (PhCHz)
C„H bicyclo[2, 2, l]hepta-2, 5 diene (ncrbornadiene)

/ O

C0H 1,3- or 1, 5-cyclooctadiene
o 12

dmphen 2, 9-dimethyl 1, lO-phenanthroline (C H N_)
Xrx Lt

DMSO dimethylsulphoxi.de [(CH )_SO]
J u

en ethylenediamine (H N-CH -CH -NH )
£* Cd Cd Cd

PCy3 Tricyclohexylphosphine [P^^H^^]
phen 1, lG-phenanchroline

Pr1 iso-propyl (CH3-CH2-(CH3)-)
m

Pr normal-propyl (CH3" )
p-tol para-toluidine

py pyridine (GrHr.N)
5 5

tmphen 3,4, 7 , 8-tetrarnethyl 1, lO-phenanthroline (C-.H.-N )lo lo &

iv) Parameters

£_ Oscillator strength (Electronic Spectra)

£ tensor (e.s.r.)

J Coupling constant (n.m.r. Hz)

v) Units

X amstrong

a,b,c, distances in the lattice

BM bohr magneton

o
C centigrade degree

cm centimetres

h hours

Hz Hertz (field)

K Kelvin degree

min. minute
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NEW RUTHENIUM (ill) AND (II) COMPLEXES CONTAINING

TRIPHENYL-ARSINE, -PHOSPHINE AND OTHER LIGANDS

E.S. Switkes, L. Ruiz-Ramirez, T.A. Stephenson and
(in part) J. Sinclair

Department of Chemistry, University of Edinburgh,
Edinburgh, Scotland

(Received 21 March 1972)

There is an extensive chemistry of ruthenium (II) compounds with ligands

such as tertiary phosphines. In particular, the complexes RuX^PPh^j or 4

(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 C1,(PR.),]C1 (3) and methanolic solutions of2 3 3 6

2-

Ru^Clj^ (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- [RuX L ]" (X = CI, Br; L = PPh , AsPh , PMe Ph, PEt (7) ) and

J J 6 J

the binuclear complexes [RuC13(PR3)2J2 and [Ru2C1,.(PR3)^] (R = Pr"1, Bu") (8).
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

RuX (MPh ) S(A) with some ligands containing carbon, nitrogen, sulphur and
J J L

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 £a 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. RuCl (Me SO) (4) ), The i.r. of the CS complexes contain
D Cd J £

a broad band at £a 1510 cm ^ indicating the presence of a linearly

bonded CS2 group. No bands due to thiocarbonyl (ca_ 1280-1330 cm *)
or to rr-CS^ (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.

X XL

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 = Me S,

j 3 Z z

pyridine (1); L = 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 vRuClca 330 cm *
and 285 cm \ suggesting configuration II with a trans-ClRuCl grouping.

The similarity of the far i.r. spectrum of RuCl (MPh )(Me S) to that
j j z z

of RuCl^MPh^^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^KMe^S^. which shows resonances (T1.33^paraJ
T2. 62 £orthoJ^T3. 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^^PhCH^CN
(green), RuCl^MPh^HMe^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^Hg are readily obtained.
For M = P, the same compounds can be synthesised from

RuX (PPh ), . , C H (13). With carbon monoxide, reaction2 3 3 or 4 and 7 o

with RuCl,(AsPh )_CH OH at room temperature gives3 3 3

trans- RuCl2(CO)2(AsPh3)2 (v^.^1993 cm ^[CH^l^). Comparison
with earlier triphenylphosphine work (1, 14) suggests configuration IV.

CI

OC,.

P h
^ M

,MPIi

Ru

CO

CI

CO

OC J MPh

CI

PC I MPh

CI
A7 or j Ru/

|MPh, OC' h*MPh,
CI CI

IV

CO

Ci J MPh,

A'» /
ci MPh,

CO

V

CO

OC J MPh,

7517
Ph M CI

CI

VI VII

Recrystallisation from hot benzene gives the cis isomer (v206l and

1999 cm *) (1) (configuration V). Recrystallisation from cold

CH^C^/methanol causes several bands to develop. A band at 1943 cm
-1

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
LiU

the phosphine analogue (14)). There is no evidence for RuCl^(AsPh^^CO
although earlier workers have briefly reported the synthesis of RuBr^PPh^^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^^PhiCH^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. (L = CH^OH, PhCH^CN) with excess
NaS PPh gives Ru(S,PPh ) and prolonged reaction of RuX (AsPh )_CH.OH

Lt Lt U J J J 6 J

with pyridine gives RuX2(Cj.H,_N)4.

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^,

[RuX2bipy(AsPh3)2 ]BPh4 can be isolated.

Further studies of these versatile complexes will be presented in future

publications.

A cknowledgment

We thank Johnson-Matthey Ltd for a loan of ruthenium trichloride, the

National Institutes of Health (ES) and the National A. University of Mexico (LR)

for fellowships and the Department of Inorganic Chemistry, University of

Newcastle for use of the Faraday balance.



598 NEW RUTHENIUM (III) AND (II) COMPLEXES Vol. 8, No. 7

References

1. T.A. Stephenson and G. Wilkinson, J. Inorg. Nucl. Chem. ,

28, 945 (1966).

2. For detailed references see J.D. Gilbert and G. Wilkinson, J. Chem.

Soc. (A), 1749 (1969).

3. For detailed references see W.P. Griffith, The Chemistry of the

Rarer Platinum Metals, Interscience, London, 1967.

4. J.D. Gilbert, D. Rose and G. Wilkinson, J. Chem. Soc. (A),

2765 (1970).

5. J. Chatt, G.J. Leigh, D.M.P. Mingos and R. J. Paske,

J. Chem. Soc. (A), 2636 (1968) and references therein.

6. L. Vaska, Chem. and Ind. , 1402 (1961).

7. T.A. Stephenson, J. Chem. Soc. (A), 889 (1970).

8. J.K. Nicholson, Angew. Chem.Internat. Edn. , _6 264 (1967).

9. R.A. Walton, Quart.Rev. , 19_ 126 (1965).

10. See M. Kubota and C.R. Carey, J. Organometal Chem. , 24 491 (1970)

and references therein.

11. M.S. Lupin and B. L. Shaw, J. Chem. Soc. (A), 741 (1968); J. Chatt,

G.J. Leigh and D. M. P. Mingos, ibid, 1674 (1969).

12. G.M. Bryant and J. E. Fergusson, Aust. j. Chem. 24 275, (1971).

13. S. D. Robinson and G. Wilkinson, J. Chem. Soc (A), 300 (1966).

14. B.R. James and L. D. Markham, Inorg. Nucl. Chem Letters ]_

373 (1971) and references therein.



Journal of Organometallic Chemistry, 49 (1973) C77-C78
©Elsevier SequoiaS.A., Lausanne - Printed in The Netherlands

C77

Preliminary communication

New anionic, neutral and cationic complexes of ruthenium(II)

L. RUIZ-RAMIREZ, T.A. STEPHENSON and E.S. SWITKES

Department of Chemistry, University ofEdinburgh, Edinburgh EH9 3JJ (Great Britain)

(Received December 14th, 1972)

Recently we reported the synthesis and characterization of a ruthenium(II)
carbonyl diene anion M[RuC13CO(C7H8)] (M = Ph3BzP+, Cs'1')1 [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, CSHSN 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
[RuCI2CO(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)2C7H3] 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-[RuCl3(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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New Ruthenium(ui) and Ruthenium(u) Complexes containing Triphenyl-
arsine and -phosphine and Other Ligands 1

By Lena Ruiz-Ramfrez, 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(lll) compounds [RuX3(EPh3)2L], e.g. L = RCN, Me2SO, CS2, CS; (2) displacement
of methanol and one EPh3 group giving [RuX3(EPh3) l_2], e.g. L2 = Me2S, bipy, C5H6N ; (3) complete displacement
of methanol, EPh3 and X without reduction, e.g. [Ru(S2PPh2)3] ; (4) reduction to ruthenium(ll) with or without
complete displacement of EPh3 groups, e.g. [RuX2L2(EPh3)2] (L2 = CO, C7H8,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 phenj. 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(lli)] 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 (ii)
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 ' Ru5Clj22~'5 are also excellent precursors for syn-
thesising ruthenium(n) complexes with a range of other
ligands.

In contrast, relatively few ruthenium(ra) 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.

4 For detailed references see W. P. Griffith ' The Chemistry
of the Rarer Platinum Metals,' Interscience, London, 1967.

Me2C02), the anions fr«ws-[RuX4L2] (L = PPh3,
AsPh3, PMe,Ph, PEt3) 8 and the binuclear compounds
[RuC13(PR3)2]2 and [Ru2C15(PR3)4] (R = Prn, 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 w«r-[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)j
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.
' J. K. Nicholson, Angew. Chem. Internal. 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, /. Chem. Soc. (A),
1969, 854.
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data on convenient syntheses of nithenium(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(iu) compounds
[RuX3(EPh3)L2]; (3) displacement of all ligands with
retention of the ruthenium (ill) oxidation state; (4)
reduction to ruthenium(u) with or without complete
displacement of EPh3 groups giving [RuX2L4] or
[RuX2L2(EPh3)2]; (5) reduction to cationic ruthen-
ium(n) 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 [RuCl2-
(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 RuC12L'.5 Preparation of the blue
solution in methyl cyanide gives [RuCl2(MeCN)4] which
reacts further to produce [RuCl^MeCN^LJ (L =

12 A. Misono, Y. Uchida, M. Hidai, and I. Inomata, Chem.
Comm., 1968, 705.

13 R. J. Irving, J. Chem. Soc., 1956, 2879.
14 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, J. 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]„ and MeCN.13 Cleavage of the
halogenocarbonyl dimer [RuX2(CO)3]2 with nitriles gives
cis-[RuX2(RCN)(CO)3] (R = Et, Ph, CH2=CH)14 and
[RuCl3NO(MeCN)2] is obtained from the reaction of
RuC13NO and MeCN.15

In recent years, a number of cationic ruthenium(u)
compounds containing RCN ligands have also been
reported. These include [RuH(PhCN)(Et2PC2H4-
PEt2)2]+,16 [(Tr-C6H6)RuCl(MeCN)2]HgCl3,17 [RuH(CO)-
(MeCN)2(PPh3)2]C104,18 [RuXMeCN(bipy)2]PF6 (X =
CI- 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 (ill)
species [Ru(NH3)5RCN]3+.21 The only other ruthenium-
(iii) nitrile compounds known (to us) are the recently
reported [RuCl3(PhSPr')2MeCN] and [RuCl3(MeCN)3]-
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 (300 K), ranging from 1-80 to
2-20 B.M. are indicative of monomelic, spin-paired
ruthenium(ni) 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(in) 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)J 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)J v(CN) 2310
cm-1 22}. As expected,27 the 4H 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
Tpfprpnrpc ■fTiPUPiTi

21 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.
23 J. Lewis, F. E. Mabbs, and R. A. Walton, J. Chem. Soc. [A),

1967, 1366.
21 A. Hudson and M. J. Kennedy, J. Chem. Soc. (A), 1969,

1116, and references therein.
26 I. R. Leith, et al., to be published.
28 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 (%)

Complex
[RuCl3(AsPb3)2MeCN]

[RuBr3(AsPh3)aMeCN]
[RuCla(PPh3)2MeCN]
[RuBr3(PPh3)2MeCN]

Colour M.p. (°C)
Dark green 194—

Brown
Green
Purple

[RuCl3(AsPh3)2(PhCH2CN)] Bright
green

[RuBr3(AsPh3)2(PhCH2CN)] purple
[RuCl3(PPh3)2(PhCH2CN)] Bright

v green
[RuBr3(PPh3)2(PhCH2CN)] purple

[RuCl3(AsPh3)2(PhCN)]
[RuBr3(AsPh3)2(PhCN)J

[RuCl3(PPh3)2(PhCN)]
[RuBr3(PPh3)2(PhCN)]
[RuCl3(PPh3)2(CH2CHCN)]
[RuBr3(AsPh3)2(CH2CHCN)] Red-purple 235 (d)

Dark green
Dark

purple
Green
Purple
Yellow

195
206
190
178—
179
170 (d)

212 (d)
161 (d)

154—
155 (d)
225 (d)
233 (d)

200 (d)
172 (d)
175 (d)

[RuCl3(AsPh3)(bipy)]
[RuBr3(AsPh3) (bipy)]

[RuCl3(PPh3) (bipy)]
[RuBr3(PPh3) (bipy)]
[RuCl3(AsPh3) (phen)]
[RuCl3(PPh3) (phen)]
[RuBr3(PPh3) (phen)]
[RuCl3(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)]
[RuCl3(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)2CS2]
[RuCl3(PPh3)2CS2]
[RuBr3(AsPh3)2CS]
[RuBr3(PPh3)2CS]
[RuCl3(AsPh3)2(thf)]
[RuBr3 (AsPh3) 2 (thf) ]

[RuCl3(PPh,)2(thf)]
[RuBr3 (PPh3) 2(thf) ]
[RuCl3(AsPh3)2]

[RuBrjfAsPhsJJ

Red-brown 239 (d)
Dark

purple
Orange-

brown

235 (d)

215—
216 (d)

Dark red >300

Brown
Pale

brown
Brown
Orange

Purple
Orange

Purple
Tan
Tan
Dark

brown
Tan

Dark
purple

Red

Dark
purple

Dark green 215
Dark

brown
Red
Purple
Brown
Dark

brown
Brown
Dark

purple
Orange-

red
Dark

purple
Dark green
Red brown
Dark

brown
Brown

264
280

225
205—
206 (d)
195 (d)
204—
205 (d)
192 (d)
197 (d)
206
167—
168 (d)
168—
169 (d)
183

176 (d)

168

280

155 (d)
149 (d)
260 (d)
176—
177 (d)
178 (d)
185 (d)

198 (d)

161 (d)

175 (d)
180 (d)

>290

>300

r

c
52-6

H

3-7
N

1-6
Others M '

885
c

530

H

3-9
N
16

Others M

858

47-0
59-1
621

3-4
4-3
3-7

1-4
1-8
1-6

1120

945

459
59-0
50-4

3-3
4-3
3-7

1-4
1-8
1-5

993

906

56-4 4-0 1-5 CI, 11-2 1065 56-4 40 1-5 CI, 11-3 937

49-2
62-2

3-8
4-6

1-4
1-8

1110 49-4
62-2

3-5
4-4

1-3
1-7

1069

53-6 3-9 1-5 53-7 3-8 1-4

56-0
48-9

3-9
3-3

1-6
1-4

970 560
48-9

3-8
3-3

1-5
1-3

920

60-7
55-3
58-9
460

4-2
3-9
4-3
3-3

1-7
1-6
2-4
1-7 1100

61-8
53-3
59-7
46-5

4-2
3-6
4-2
3-3

1-7
1-4
1-8
1-4 1006

50-3
40-3

3-5
2-9

4-2
3-4

CI, 15-4
823

50-2
41-9

3-5
2-9

4-2
3-5

CI, 15-9
803

63-8 3-6 4-5 53-7 3-7 4-5

43-8 31 2-5 44-3 31 36

52-6
56-8

3-4
3-7

3-6
4-3

52-0
55-4

3-3
3-6

40
4-3

47-7
49-5

31
3-8

4-0
4-1

46-0
50-0

3-0
3-7

3-6
4-2

42-1
53-5

31
4-0

3-5
4-9

844
690

41-8
53-6

31
4-0

3-5
4-6

803
626

45-0
51-1
47-6
41-0

3-3
41
4-4'
3-4

3-7 800 44-2
50-8
50-5
44-2

3-3
4-0
4-6
3-5

3-7 760

55-9 40 66-4 4-4

47-9 3-8 48-4 3-9

43-2

35-5

4-2

3-4

CI, 16-2
S, 9-8

682 43-5

34-3

4-1

3-5

CI, 161
S, 9-7

662

44-2
36-7

4-5
3-7

44-6
36-3

4-6
3-7

51-5
44-4
49-1
55-0

4-4
3-9
3-3
3-7

CI, 12-5

725 52-8
46-0
49-6
55-0

4-4
3-9
3-4
3-7

CI, 11-9

687

46-6
42-3

3-3
30

48-8
44-5

3-3
30

51-8 43 928 53-9 4-3 889

45-5 3-7 46-8 3-7

57-6
48-7
52-7

3-5
3-6
3-6

59-6
51-2
52-7

4-7
41
3-7

43-4 3-2 45-3 3-2

Pt>s
(B.M.)'

1-80

210

1-73

(1-44) '
1-80
210

(1-85) '
1-83

1-85

(1-77) 1

(2-03) *

(1-72)'

1-90

2-10
(2-13)'
1-79

2-00

1-72

" Osmometricallyat37°(C6Ha). b Magnetic moment,
by Evans' method (solution) at 301 K. ' Measured in

measured by Faraday method (solid) at 294 K;' in parentheses, as measured
CHC13. 4 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(EPh3)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)3]MeCN,22 we have found no evidence for the
formation of [RuX3(EPh3)n(RCN)3_n] (n — 0 or 1) by

Compound

Table 2

The electronic spectra (50 000—12 000 cm-1) of some ruthenium(m) compounds
(shoulders in italics)

[RuCl3(AsPh3)2(MeCN)] 10"3v • 42-7 32-8 25-0 22-2 16-3

[RuBr3(AsPh3)2(MeCN)]
1 A-3_ »^ '■ :nM 47-82 28-13 3-19(428) " 0-21(16)
10"3V 40-3 32-1 20-3 17-5
10"3emaJ. 10-41 77-8 1-26(94)

[RuCl3(PPh3)2(MeCN)] 10"3v 42-8 33-6 24-8 22-7 15-8

[RuBr3(PPh3)2(MeCN)]
10"3em,i. 25-98 10-89 2-01(234) 0-08(5-6)
10"3v 42-8 32-8 28-5 20-2 17-2

[RuCl3(PPh3)(py)2]
10"3em»i. 56-48 18-52 2-59(300)
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"3emsI. 57-00 31-60 5-88(780)

[RuBr3(AsPh3)(bipy)J 10"3v 42-5 33-5 21-4 17-6 7-5-5
10"3em,i. 33-50 15-00 2-78(345) 1-79(107)

[RuCI3(PPh3)(bipy)] 10"3v 40-0 34-0 25-6 22-2
10"3E„aj. 12-32 7-78 1-71(230)

[RuBr3(PPh3) (bipy)] 10"3v 42-5 33-7 21-9 17-9 75-5
10"3sm»j. 70-63 17-38 2-54(384) 1-90(158)

" Band energy (cm-1).
10"®smaI.vjmax. and vjmax>

1 Maximum molar extinction coefficient (mol"1 cm 1).
half intensity band width i.e. the width at £emal. (cm"1)

e Oscillator strength (104/) where /= 4-60 X

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

EPhj
Ru

EPh3

Ru

Ph3E X

EPh3

RjJ
E Ph3

L

EPh3
(1) (H) (HI)

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 AT-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 (hi)
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 «s-[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. Refluxing
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 C5H6N 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)2(MeCN)] 332s 329s, 255w
[RuBr3(PPh3)2(MeCN)] 265m 328m, 255w
[RuCl3(AsPh3)2(MeCN)] 330 *vs 326s, 284w
[RuBr3(AsPh3)2(MeCN)] 262m 330s, 325s
[RuCl3(PPh3)2(PhCH2CN)] 334s 328s, 255w
[RuBr3(PPh3)2(PhCH2CN)] 263m 328m, 255w
[RuCl3(AsPh3)2(PhCH2CN)] 330 *vs 320s, 301w, 260w, 240m
[RuBr3(AsPh3)2(PhCH2CN)] 251m 328s, 320s, 240m
[RuCl3(PPh3)2(PhCN)] 330s 340vs, 328s, 300w

260w

[RuCl3(AsPh3)2(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)2(MeOH)] 260m 330s
[RuCl3(AsPh3)2(MeOH)] 330 *vs 240w
[RuBr3(AsPh3)2(MeOH)] 260m 330s, 240w
[RuCl3(PPh3)(CsH3N)2] 338vs 322s, 290m, 278w,

259w, 251w, 242m,
210m

[RuBr3(PPh3)(C6H5N)2] 270m 335m, 320s, 290m,
279m, 230m, 200m

[RuCl3(AsPh3)(C5H5N)2] 335 *vs 345m, 330vs, 320vs,
289w, 255w, 240m,
220w,205w

[RuBr,(AsPh3) (C5H6N) J 270s 344m, 331vs, 320vs,
285m, 254w, 224m,
200m

[RuCl3PPh3(bipy)] 335s, 320s, 280w, 252w,
295m 245m

270m 328s, 318s, 308s,
286m, 250w

[RuCl3AsPh3(bipy)] 331 *s, 338s, 318s, 300m,3 285m 250m
268m 336s, 325s, 315s,

308w, 292m, 259m,
241\v

fRuCUPPh,(phen)] 328vs, 328s, 308m, 288w,
298m 250m, 240m

rRuBr,PPh3(phen)) 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, 315m
335vs 329s, 290w
247s 310w, 280w, 220m
331 *s 347s, 321vs, 309s,

275w, 260m, 239m,
220m

250m 350m, 332s, 325vs,
319s, 309m, 283w,
260m

331vs, 320s, 276w
265w

Table 3 (Continued)

[RuBr3PPh3(bipy)]

[RuBr3AsPh3(bipy)]

[RuCl3AsPh3(phen)]
[RuBr3AsPh3(phen)]
[RuCl3(PPh3)2Me2SO]
[RuBr3(PPh3)2Me2SO]
fRuCl3(AsPh3) 2Me2SO]
[RuBr3(AsPh3)2Me2SO]
[RuCl3(PPh3)(Me2S)2J
[RuBr3PPh3(Me2S)2J
[RuCl3(AsPh3)2Et2SJ
[RuBr3 (AsPh3) 2Et2S]
[RuCl3(PPh3)2CS2]
[RuBr3(PPh3)2CS]
[RuCl3(AsPh3) 2CS2J

[RuBr3(AsPh3)2CS]

[RuCl3(PPh3)2thf]
[RuCl3(AsPh3)2]
[RuBr3(AsPh3)2]
[RuCl2(PPh3)2C7H8]
[RuCl2(PMe2Ph)2C,WsJ
[RuCl2(AsPh3)2C7H8]
[RuBr2(AsPh3)2C,H8]
[RujC^tPPhJjtbipylalC^

Other bands

300w, 275s, 264w,
251m, 243s, 220s

335w, 309w, 245w,
215m

Compound v(RuX)
[Ru 2Br2 (PPh3) a (bipy) 2] Br2 <200

(Ru 2C12 (PPh 3) 4 (phen) 2] CI 2 235s

" Nujol mulls.
* Partially masked by strong AsPh3 vibrations.

of a trans-RuC12 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
—7EPh3
y

(TY) (T)

325vs
330 *s,

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

Figure 2 The two isomers (with trans X groups) for
[RuX3(EPh3)L2]

These appear to be the first well characterised ruthen-
ium(in) compounds containing both pyridine and tertiary
phosphine (or arsine) ligands although a number of
ruthenium(ui) pyridine complexes are known. These
include wer-23-32 and/ac-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) compound?
such as [RuClg(py) (bipy)] and [RuCl2(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. spectra 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 XH
n.m.r. spectra shows that one of the components is
fnMis-[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. Chcm. Comm., 1962, 27, 960.
33 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 iraws-[RuBr2 (py)4] ■

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] (XH n.m.r., i.r., and
analytical evidence) or, on longer reaction times, pure
im«s-[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

(Yl)

For E = P, X = Br, a small amount of a ruthenium-
(ii) compound of empirical formula [RuBr2(PPh3)2-
(bipy)] is also formed. The same compound is obtained

,EPh3

Ru

L

f R,U j;RU )
L L

(Yuri
inn

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 = C1,2'14 Br,3-11 I,36
SnCl3 37), and [RuCl2CO(py)3] 38 are a well established
series of compounds.

Although ir«»s-[RuX2(py)4] and £raws-[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(m)
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(ni) 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).

36 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 fRuCl(AsPho)-
(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.

11 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 [2He]dmso compound (for X = CI, E = As)
confirms the formation of only an O-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 O-bonded dmso
groups are confirmed by synthesis of [RuBr2([2H6]-
dmso)4] (see Experimental section). The 4H 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 O-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 [RuCl2(dmso)4] and
[RuCl2([2H6]dmso)] have been isolated from very concentrated
DMSO and [2HJDMSO solutions respectively. The 4H n.m.r.
spectrum of the former is very similar to that recently reported
for [RuCl2(dmso)4], prepared from RuC13,3H20 and DMSO
(Wilkinson et at., J.C.S. Dalton, 1973, 204), i.e. singlets afr 6-48,
6-51, 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 t 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 (ra«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 cts-[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 al.*6 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 (raws-structure.

However, they also suggest that their chloro-compound
may contain both S- and O-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 4H n.m.r. (301 K) shows
an extra weak peak at x 7-30 indicative of some O-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 [RuXjldmso)^
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. Reinsalu,

and C. V. Senofi, J. Amer. Chem. Soc., 1967, 89, 5595.
41 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)2], The 4H n.m.r.
spectram of [RuCl3(AsPh3)(Me2S)2] shows resonances
t 1-33 {para), 2-62 (ortho), 3-34 (meta), and4-60 (methyl)
which have been shifted and broadened by the para¬
magnetic ruthenium(in) 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 wcr-[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)2MeOHl 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 bis-
sulphides but these could not be separated satisfactorily
from the mowo-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 [RuCyAsPhgJJ. 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 (ill).

(c) Carbon Disulphide.—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 tc-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 of 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-
(7T-CS2)(PPh3)3]Cl,39 [RuCl2(CS)(PPh3)2]2,39 [Ru2C14(CS)-
(PPh3)4],53 and [RuCl3CS(PPh3)2] 54 have recently been
synthesised.

(d) Sodium Diphenylphosphinodithioate.—Reaction of
[RuC13 (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,*H20 ') and NaS2PPh2. This compound
is of interest in that its 4H n.m.r. spectrum exhibits
contact shifted ortho-, meta-, and ^ara-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 (iii) 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 fra«s-[Ru(S2PR2)2(AsPh3)2]. The chemistry
of these and related dithioacid compounds of ruthen-
ium(n) are discussed in detail elsewhere.58

62 M. C. Baird, G. Hartwell, jun., and G. Wilkinson, J. Chem.
Soc. (A), 1967, 2037.

63 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.
56 W. Kuchen and H. Hertel, Angew. Chem. Internat. Edn.,

1969, 8, 89.
54 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, CHClg, 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, (gx 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

AsPh3
(XX)

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(m) compounds. Several five-co-ordinate
ruthenium(n) compounds of this type are known, e.g.
[RuCl2(EPh3)3] (E = P 57 or As x) and the compounds
[RuX3(EPh3)2] (E = P or As) were mentioned by Vaska
and Sloane 89 but no preparative or other details about
them are available.

In contrast, dissolution of [RuX3(EPh3)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 ' RuClg,x-
H20 ' (0-2 g) and stoicheiometric amounts of PPh3.2
Attempts to ' scale-up ' this reaction (to 1-0 g of Ru-
C13,xH20 ') gave only the reduced product [RuCl2-

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.
69 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]heftta-2,5-diene (Norbornadiene).—A
number of ruthenium(n) diolefin compounds, such as
[RuX2C7H8]„,60 [RuX2CO(C7H8)]2,38 and [RuX3COC7-
Hg]",54 have been synthesised in recent years but no
diene compounds of ruthenium(111) are known. An
attempt to prepare a ruthenium(in) 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 4H 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 trans-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 trans-PMe2Ph

L

groups (virtually coupled ' triplet')30 and the three diene
resonances expected for configuration (XI). Similar
compounds [RuHXL2(diene)] [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 00

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, Ivorg. 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 [RuClg(As-
Ph3)2MeOH] with carbon monoxide in dichloro-
methane results in the formation of a pale yellow,
diamagnetic, monomelic solid which analyses for
trans-[RuCl2(CO)2(AsPh3)2] [v(CO) 1993 cnr1 (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)3 or4] 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)

Ph3E

)(

OC

/Ru/
CO

1

c

CO

EPh, 0C EPh, OC

Ru

EPh,

Ru

EPh3 OC EPh3

IXETT) (XIV) (XV)

(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

,EPh3
Ru

EPh, PhjE
CO

(XVE) (xvn)

However, no evidence has been found for the formation
of ruthenium(m) compounds such as the unknown
[RuCl3(AsPh3)2CO], The compound [RuBr3(PPh3)2CO]
has been briefly reported7 but no further details are
available.

The electronic spectra (50 000—12 000 cm"1) of a
number of these ruthenium(ui) 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

83 R. B. James and L. D. Markham, Inorg. Nuclear Chem.
Letters, 1971, 7, 373.

84 C. K. Jorgensen, ' Absorption Spectra and Chemical
Bonding in Complexes,' Pergamon, Oxford, 1962.

electronic spectra of [RuX6]3~ 64 and various halogeno-
bipyridylruthenium(m) 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 (cf. [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. 1H N.m.r. spectra
and solution magnetic moments (Evans' method) 66
were obtained on a Varian HA 100 spectrometer. Mag¬
netic susceptibilities (solid) 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
resonance meter 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(m). Trichlorobis(triphenylarsine) (meth¬
anol) ruthenium (in) (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
reduced in volume and the addition of diethyl ether gave a
green precipitate. Recrystallisation from CH2Cl2-heptane
gave the bright green powder (71%) [v(CN) 2300 cm"1].

85 G. M. Bryant and J. E. Fergusson, Austral. J. Chem., 1971,
24, 275.

68 D. F. Evans, J. Chem. Soc., 1959, 2003.
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Purple [RuBr3(AsPh3)a(PhCHaCN)] was prepared by the
same method (71%) [v(CN) 2300 cm"1].

Trichlorobis(triphenylphosphine) (benzyl cyanide)ruthen-
ium{ui). As for [RuCl3(AsPh3)aPhCHaCN] except the
reaction time was only 5 h. Recrystallisation from
CHaCla-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, 4-4;
N, 3-0. Calc. for C62H44C12N2P2Ru C, 67'0; H, 4-3; N,
3-0%). This product is the same as that prepared from
[RuCla(PPh3)3] and benzyl cyanide.3 [v(CN) 2269, 2243
cm"1]. Tribromobis(triphenylphosphine) (benzyl cyanide)ru-
thenium(m) was prepared as for the chlorophosphine com¬
pound (60%) [v(CN) 2300 cm"1], prolonged reaction giving
some reduced species.

Trichlorobis (triphenylaysine) (phenyl cyanide)ruthenium-
(iii). [RuCl3(AsPh3)aMeOH] (0-20 g) was dissolved in
CHaCla (20 ml), an excess of phenyl cyanide added (0-5 ml)
and the solution refluxed for 1 h under nitrogen. The
resulting green solution was reduced in volume and the
green residue recrystallised from CHaCla-heptane (71%)
[v(CN) 2280 cm"1]. The same product is obtained by
stirring for 24 h. [RuBr3(AsPh3)aPhCN] (70%) [v(CN)
2278 cm"1] and [RuCl3(PPh3)aPhCN] (70%) [v(CN) 2280
cm"1] were prepared by the same method. The correspond¬
ing [RuX3(EPh3)2CHaCHCN] 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)aMeOH] (0-20 g) and an excess
of pyridine (0-4 ml) in CHaCla (10 ml) were gently refluxed
for 5 min. Addition of light petroleum (b.p. 100—120")
gave an orange precipitate recrystallised from CHaCla-
pentane (88%). [RuBr3(AsPh3)(py)2] and [RuX3(PPh3)-
(py)J were prepared in the same way (90%).

tra.ns-Dichlorotetrakispyridineruthenium(n). [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 CHaCl2-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.

3H N.m.r. (CDC13) t 1-44(d), 2-40(t), 2-90(t) (see ref. 35);
v(RuCl) 340 cm"1. Similarly, trans-dibromotetrakispyri-
dineruthenium(n) was prepared starting from [RuBr3-
(AsPh3)2MeOH] or [RuBra(PPh3)3], m.p. >280° (decomp.)
(90%). (Found: C, 43-1; H, 3-6; N, 100. Calc. for
Ca0H20BraN4Ru: C, 41-7; H, 3-5; N, 9-7%). 3H N.m.r.
(CDC13) t l-28(d), 2-36(t), 2-92(t) (see ref. 35).

trans-Di'&rowio (triphenylphosphine) trispyridineruthenium-
(ii). [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; Af(C6H6) 740. C33H30Br2N3PRu requires
C, 52-1; H, 4-0; N, 5-5%; M 671], 3H 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(u) was prepared from [RuCla(PPh3)3] by the same
method but could not be satisfactorily separated from a
small amount of [RuCla(py)4] which is also formed.

2H N.m.r. (CDC13) of mixture; [RuCla(PPh3)(py)3]:

t l-10(d), 2-40(t), 3-14(t) [C.H.N], and 2-6—2-9 (multiplet)
[Ph3P], fnms-[RuCl2(py)4]: f l-44(d) (the resonances
at t 2-40 and 2-90 are masked by those from [RuCl2(PPh3)-
(py)a] (Found: C, 55-3; H, 4-3; N, 7-9. [RuCla(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)aMeOH] (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
the resulting dark red 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 CHaCla (20 ml) was stirred
under nitrogen with an excess of 2,2'-bipyridyl. After
3 h a golden-yellow solid was filtered off and the reaction
continued for two further hours to give a dark red solution.
Precipitation by heptane and recrystallisation from
CHaCla-heptane gave the dark red product (50%). The
golden-yellow solid was identified as the reduced species
bis(triphenylphosphine)(2-2'-bipyridyl)ruthenium(n)-[i-di-
bromo-bis (triphenylphosphine) (2,2'-bipyridyl)ruthenium(u)di-
bromide m.p. 295—296° (Found: C, 57-6; H, 3-9; N,
3-2. C92H76Br4N4P4Ru2 requires C, 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,6-
Cl4N4P4Ru2: C, 64-0; H, 4-4; N, 3-2%) [A (7 x 10"5m) in
MeOH = 88 S cm2 mol"1].

Chloro(triphenylphosphine)bis(2,2'-bipyridyl)ruthenium(u)
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. C38H33ClaN4OPRu
requires C, 59-7; H, 4-3; N, 7-3%) [A (1 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 [RUjjCl^PPhj^bipyJJCljj (35%).

The corresponding [RuCl(PPh3)(bipy)a]PF6 was prepared
from NH4PF6 and [RuCl(PPh3)(bipy)a]Cl,HaO in methanol
m.p. 210° (Found: C, 51-9; H, 3-6; N, 6-5. C38H31C1F6-
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(ii)
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 C30H38N6-
06Ru: 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, 61. Calc.: C, 75-7; H, 6-1;
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(u) chloride dihydrate were obtained m.p.
>300° (Found: C, 45-7; H, 3-4; N, 10-2. Calc. for
C20H22Cl2N,O3Ru: C, 46-1; H, 3-8; N, 10-7%) [A (6-8 X
10"4m) in CH2C12 = 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. C42H3lCl2N4PRu
requires C, 60-9; H, 3-7; N, 6-8%) [A (1 x 10"3m) in CH2-
Cl2 = 28-6 S cm2 mol-1]. The same product was obtained
from the reaction of [RuCl^PPhg^MeNOJ 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,
[RuCl(PPh3)(phen)2]Cl (58%) and the yellow-brown powder
[Ru2Cl2(PPh3)4(phen)2]Cl2 were obtained, m.p. >300°
(20%) (Found: C, 64-8; H, 4-2; N, 3-1. CB6H76Cl4N4P4Ru2
requires C, 65-7; H, 4-3; N, 3-1%) [A (7-0 x 10"4m) in
MeOH = 11-5 S cm2 moT1]. 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,10-phenanthroline)ruthen-
iMffi(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. C42H31C1F8N4P2Ru 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 [2H„]dimethyl
sulphoxide gave trichlorobis(triphenylarsine)(\2H^\di-
methyl sulphoxide)ruthenium(m). I.r. spectrum (1350—-

800 cm"1): [1190s, 1160w, 1080s, 1025s, 1000m all AsPh3),
1050m, 935m, [v(so)] 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).

Dibromotetrahis(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.

Dibromotetrakisd^H^dimethyl sulphoxide) ruthenium(u)
was prepared by the same method, m.p. 240° (decomp.)
(80%) (Found: C, 17-0; D, 8-1; Br, 28-4. C8D24Br204-
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-
iutn(ui) 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 [RuCl3PPh3(Me2S)J and [RuCl2(PPh3)2-
(Me2S)2J. 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,
4-6; CI, 10-5, M, 986 (CeH6). C40H42CLP2RuS2 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)rutkenium-
(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)2Et2S] was similarly prepared (83%).

(c) Carbon Bisulphide.—-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 bound CS2 group). [RuCl3(PPh3)2(CS2)] was similarly
prepared (70%).

Tribromobis(triphenylarsine)(thiocarbonyl)ruthenium(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(in).*
[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(ui). [RuCl3(AsPh3)2MeOH] (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 = MeNOa, 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,l]-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 h.
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. C43H38As2C12Ru
requires C, 58-9; H, 4-4; As, 17T; CI, 8-1%). Similarly,
[RuBr2(AsPh3)2C7H8] was prepared (Found: C, 55-2;
H, 4-0; As, 10-6; Br, 16-8. C43H3SAs2Br2Ru requires
C, 53-5; H, 4-0; As, 10-5; Br, 16-6%). These compounds
are very insoluble in all common solvents. [RuCI2(PPh3)2-
C7H8] was prepared as for the chloro-arsine compound from
[RuCl3(PPh3)2S] (S = MeOH or MeN02) and C.7H8 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(ii).—Ph3BzP[RuCl3CO(C7H8)] 64 (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, M(C„H6) 600. C23H30C12P2Ru
requires C, 51-0; H, 5-5%, M, 520.] 4H N.m.r.: x 6-70(2),
7-20(4), 8-50(2) [diene]; -r 2-0—2-6(10) phenyl multiplet;
x 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 [RuCl2C8Hi2]n (Found:
C, 36-1; H, 4-3. Calc. for C8H12C12Ru; C, 34-4; H, 4-3%)
(see ref. 60).

(b) Carbon Monoxide.—tvans-Dichlorodicarbonylbis(tri-
phenylarsine)ruthenium(n) (Configuration XIII). Carbon
monoxide was bubbled through an oxygen-free solution of
[RuC13(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, M(C6H6) 857. C38H30As2C12O2Ru 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 cis-[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 fraMS-[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).

ira«s-[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 C38H30C12O2P2Ru : 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 for e.s.r. measurements,
and Mr. J. Sinclair for experimental assistance.
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(Bicyclo[2.2.1]hepta-2,5-diene)carbonyltrihalogenoruthenate(n) Com¬
plexes
By T. Anthony Stephenson,* Ellen S. Switkes, and (in part) Lena Ruiz-Ramirez, Department of Chemistry,

University of Edinburgh, Edinburgh EH9 3JJ

The preparation of the first anionic rutheniurVi(il) diene complexes M [RuX3CO(C7H8)] {M = Ph3(PhCH2)P+ or
Cs+; X = CI or Br; C7H8 = bicyclo[2.2.1]hepta-2.5-diene (norbornadiene)} via cleavage of [RuCI2CO(C7H8)]„
with halide ion are reported. Detailed 1H n.m.r. and homonuclear decoupling studies indicate a structure with the
carbonyl and a halide group co-ordinated cis to the diene. Reaction of the complex [RuCI2CO(C7H8)]„ with
Ph4AsCI,HCI in acetone gives a mixture of inseparable products, but when heated under reflux only c/s-(Ph4As)2-
[RuCI4(CO)2] is isolated.

Although extensive investigations of the chemistry of
rhodium(i) diene complexes have been reported,1
relatively few studies on ruthenium (11) diene complexes
have been published. The complexes [RuX2(diene)]n
{X = CI, Br, or I; diene = bicyclo[2.2.1]hepta-2,5-diene
(norbornadiene) or cyclo-octa-l,5-diene (C8H12)} were
the first to be synthesised from ' RuC13,#H20 ' and the
diene.2 Cleavage reactions of these with ^>-toluidine
and pyridine (py) to give respectively [RuX2(diene) (p-
toluidine)2] and traws-[RuX2(py)4] have also been re¬
ported.2 Recent papers have described carbonylation
reactions of the complex [RuCl2(diene)]„ giving, for
example, cis-[Ru(OH)2(CO)2(C7H8)j3 and also their
reaction with hydrazine giving the first cationic
ruthenium(n) diene complexes, e.g. [Ru(diene)(N2H4)4]-
(BPh4)2.4 From these a range of other cationic diene
complexes, such as [Ru(diene)L4]2+ (L = py, etc.), have
been prepared. (/i6-Benzene)cyclohexa-l,3-dieneruthen-
ium(n) cations are also cited in a recent paper by
Zelonka and Baird.5

The neutral diene complexes [RuX2(PPh3)2(diene)]
and [Ru(H)Cl(PPh3)2(diene)] have been prepared by
reaction of [RuX2(PPh3)3 or 4]6 {or [RuX3(PPh3)2-
MeOH]7} and [Ru(H)C1(PP1i3)3] 8 respectively with
diene (X = CI, Br; diene = bicyclo[2.2.1]hepta-2,5-di-
ene). Treatment of the complex [RuCl2(diene)]re with
allylmagnesium chloride produced [Ru(allyl)2(diene)]
which, when diene = C8H12, underwent further reaction
with allyl halides giving the dimeric complex [Ru2X2-
(allyl)2(C8H12)2].9 Finally, by reaction of dienes with
the well known ' carbonyl-containing ' red solution [i.e.
RuC13,«H20 in refluxing ethanol treated with CO for 5 h),
the first carbonyl diene complexes of ruthenium [RuX2-
CO(diene)]n, were isolated (X = CI, Br; diene = bi-
cyclo[2.2.1]hepta-2,5-diene, cyclo-octa-l,5-diene).6

Here, we present full details of the reactions of the
complex [RuCl2CO(C7H8)]re with chloride ion in the
presence of various large cations from which, in some

1 See. R. R. Schrock and J. A. Osborn, J. Amer. Chem. Soc.,
1971, 93, 2397 and references therein.

2 M. A. Bennett and G. Wilkinson, Chem. and Ind., 1959, 1516;
E. W. Abel, M. A. Bennett, and G. Wilkinson, J. Chem. Soc.,
1959, 3178.

3 R. B. King and P. N. Kapoor, Inorg. Chem., 1972, 11, 336.
4 J. J. Hough and E. Singleton, J.C.S. Chem. Comm., 1972,

371.
6 R. A. Zelonka and M. C. Baird, Canad. J. Chem., 1972, 50,

3063.
6 S. D. Robinson and G. Wilkinson, J. Chem. Soc. (A), 1966,

300.

instances, the first anionic diene complexes of ruthenium-
(ii) have been successfully prepared.10
results and discussion

Earlier work,6 has shown that [RuCl2CO(C7H8)]n
(C7H8 = bicyclo[2.2.1]hepta-2,5-diene) does not undergo
simple bridge-splitting reactions with neutral ligands,
since the severe conditions apparently required for bridge
cleavage also cause displacement of the diene. Thus, in
neat pyridine, [RuCl2CO(py)3] is obtained.6 However,
if a suspension of [RuCl2CO(C7H8)]n in acidified degassed
acetone is shaken with a large excess of benzyl(triphenyl)-
phosphonium chloride or caesium chloride for several
days, slow conversion to the complexes M[RuC13CO-
(C7H8)] [M = Ph3(PhCH2)P+ or Cs+] occurs. These dia-
magnetic complexes exhibit, in their i.r. spectra, a single
carbonyl band at 2 009 cm"1 (Nujol), a strong band
characteristic of norbornadiene at 1 303 (M =

Ph3PhCH2P+) or 1 309 cm-1 (M = Cs+), and, for M =

Ph3(PhCH2)P+, the many bands associated with this
cation. Treatment of a suspension of the latter complex
in acetone with an excess of lithium bromide gave a
brown solution from which [Ph3(PhCH2)P][RuBr3CO-
(C7H8)] could be extracted. All these complexes are
1 :1 electrolytes (see Experimental section) and remark¬
ably stable to oxidation in solution. Furthermore, none
of the complexes shows any tendency to undergo iso-
merisation in solution; e.g., the sharp v(CO) band at
2 011 cm"1 in the i.r. spectrum of a dichloromethane
solution of the benzyl(triphenyl)phosphonium chloro-salt
was unchanged in position even after setting aside for
24 h or heating to ca. 323 K.

There are two possible geometrical isomers for the
[RuX3CO(C7H8)]~ anion containing either trans (I) or
cis (II) dissymmetry with respect to the diene group. A
comparison of the far i.r. spectra for the chloro- and
bromo-complexes (see Experimental section) does not
enable a distinction to be made between these two

possible isomers. However, close examination of the
1H n.m.r. spectra leads to unequivocal assignment of the
stereochemistry. Earlier work with the square-planar

7 E. S. Switkes, L. Ruiz-Ramirez, T. A. Stephenson, and (in
part) J. Sinclair, Inorg. Nuclear Chem. Letters, 1972, 8, 593;
J.C.S. Dalton, 1973, 1770.

8 P. S. Hallman, B. R. McGarvey, and G. Wilkinson, J. Chem.
Soc. (A), 1968, 3143.

9 J. Powell and B. L. Shaw, J. Chem. Soc. (A), 1968, 159.
10 Preliminary communication, T. A. Stephenson and E. S.

Switkes, Inorg. Nuclear Chem. Letters. 1971, 7, 805.



1973 2113

rhodium(i) diene complex [RhCl(C7H8)(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

(2) CO

PPh3

In support of the i.r. observations, no change in the
1H 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) ]

Irradiated at
T

6-34 H(4)

5-80 H(l)

(HI)

fraws-effect difference between triphenylphosphine and
chloride.11 Similar spectra would be expected if the
ruthenium complexes had configuration (I). However,
the JH n.m.r. spectra of all the complexes show five
diene resonances (Table 1), which is consistent with

Table 1

1H N.m.r. chemical shifts and coupling constants for the
complexes M[RuX3CO(C7Hg)]

M Ph3(PhCH2)P+ M - Cs+
X — CI X = Br X = CI Relative Fine

t 5 t b t ' intensity structure Assignment"

0.90} ^-90} ^ Multiplet Phenyl
4-80 4'90 2 Doublet Methylene1'
4-78 4-80 4 3o 2 Triplet" H(2)andH(6)
5-48 5-62 4-60 2 Triplet" H(3)andH(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 2 Triplet H(7) and H(8)

" See configuration (II). 'Measured in CDCl,. "Measured
in DaO. 1 JpH 14-0 Hz. ' 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.

Resonance Fine structure
observed observed

T Assignment on irradiation
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
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
4-78 H(2), H(6) Doublet
5-80 H(l) No change
6-34 H(4) Sharpens to

triplet
5-48 H(3), H(5) Doublet
5-80 H(l) Sharpens
6-34 H(4) No change

5-48 H(3) and H(5)

4-78 H(2) and H(6)

/(h(7),h(8)-h(1)1 1'25 Hz; /[h(7),h(8)-hw)1 hz1 /[h(2)-h<3)
= Jih(6j-h<5)i 4-5 Hz; /[h(1)-h(2>] = JiH(i)-H<6)] 3-0 Hz;
/[H(4)-H(3)I = /[H(4)-H(5)l 3'S 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 [RuC12CO(C7H8)]k 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(O-OOIm) 46 D cm2
mol-1] 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 (cf. 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
^««s-[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. l]hepta-2,5-
diene)carbonyltrichlororuthenate(n).—A suspension of the
complex [RuCl2CO(C7H8)]n (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 Q cm2 moT1 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. l]hepta-2,5-
diene)tribromocarbonylruthenate[\i).—The salt Ph3(PhCH2)-
P[RuC13CO(C7H8)] (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 O 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.\~\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 (1-0 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 C8H8C13CsORu: C, 20-9; PI, 1-8; CI,
23-1; O, 3-5%). A(O-OOIm) 87-2 Q cm2 mol"1 in methanol.
Far i.r. spectrum (400—200 cm"1): 326m; 280s; and
260s cm"1.

Bis(tetraphenylarsonium) c\s~Dicarbonyltetrachlororuthen-
ate(n).—The complex [RuCl2CO(C7H8)]n (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 dicliloromethane-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%).
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13 l. Vaska and J. W. DcLuzio, J. Amer. Chem. Soc., 1961, 83,
1262.


