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Chapter 1 

The general aims of the project are introduced and 

a survey of the relevant background literature to the 

project given. 

Chapter 2 

The synthesis, structure and electrochemistry of the 

homoleptic thioether macrocyclic complex cation 

[Pt(L1)2]2 (L' = 1,4,7-trithiacyclononane) are described. 

A single crystal X-ray diffraction study of [Pt(L1)2] (PF6)2  

reveals an unusual pentaco-ordinate geometry for 

[Pt(L1)2]2+ due to an apical interaction of one of the 

sulphur atoms (Pt-Sax = 2.885A) to the PtS4' equatorial 

plane (PtSeq = 2.25-2.30A). 	Electrochemical studies upon 

[Pt(L1)2]2+ in acetonitrile reveal a chemically reversible 

one electron oxidation (E1  = +0.385V vs Fc/Fc). 	Either 

controlled potential electrolysis or chemical oxidation 

(70% HC104) leads to the formation of the d7  [Pt(Li)2]3+  

cation which is characterised by esr and electronic 

spectroscopy. 	Further oxidation of [Pt(Li)2]3+ to 

in 70% HC104  occurs over an extended time. 

The synthesis and electrochemistry of the related 

macrocyclic thioether systems [Pt(L2 )]2  and [Pt(L)]2  

(L2 = 1 ,4,8,11-tetrathiacyclotetradecane; L 3  = 1,4,7,10, 

13116-hexathiacyclooctadecane) are reported. 	The prepara- 

tion and reactions of [Pt(L1)C12] are also described. 



Chapter 3 

The synthesis, structure and electrochemistry of 

[Pd(L1)2]2+ are described. 	A single crystal X-ray 

diffraction study of [Pd(L1)2] (PF6)2  reveals a novel 

distorted octahedral geometry for [Pd(L1)2]2+  due to 

significant apical interactions of two 

sulphur 	donors (Pd-Sax = 2.952A) to the 'PdS4' square 

plane (Pd-S eq = 2.311, 2.332A) . 	Electrochemical studies 

upon [Pd(L')2]2  in acetonitrile reveal a chemically 

reversible one electron oxidation (E 1  = +0.605v). Either 

controlled potential electrolysis or chemical oxidation 

(70% HC104) yields the stable d7  [Pd(L1)2]3+  cation which 

is characterised by esr and electronic spectroscopy. 	A 

single crystal X-ray diffraction study of [Pd(L1)2] (H30)- 

(do4)4. 3H20 	shows the [Pd(L1)2]3+ cation to exhibit a 

Jahn Teller distorted 	octahedral geometry (Pd-Sax  = 

2.5448A, Pd-S eq = 2.3558, 2.3692A) , in accord for a low 

spin d7  species. 

Both [Pd(L1)2]2+ and [Pd(L2)J2 show reduction chemistry 

to give the transient d9  species [Pd(L1)2] and [Pd(L2 )] 

respectively. 	The chemistry of [Pd(L)]2  and [Pd(L1)Cl2  

is also described, and the single crystal X-ray structures 

of [Pd(L2 )] (PF5)2  and [Pd(L1)d12] reported. 

Chapter 4 

The synthesis, structure and electrochemistry of 

[Rh(L1)2]3+ are described. 	A single crystal X-ray 

diffraction study of [Rh (L1)2] (PF6)3  shows the expected 
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octahedral geometry for the complex cation (Rh-S = 

2.3329A) . 	Electrochemical studies upon [Rh(L1)2]B  in 

acetonitrile reveals two chemically reversible one 

electron reductions (1E1 = -0.71V, 2 E1  = -1.08V) assigned 

as Rh(III)/Rh(II) and Rh(II)/Rh(I) couples respectively. 

The [Rh(L1)2]2 cation is investigated by esr spectroscopy. 

Reactions of [Rh 2(CO)4Cl2J and [Rh 2(C2H4)4Cl2] with L1  

are also described. 

Chapter 5 

A reinvestigation of the electrochemistry of [Ni(L1)2]2  

is undertaken and the [Ni(L1)2]3  and  [Ni(L1)2] species., 

obtained via controlled potential electrolysis, are 

characterised by esr spectroscopy. 

The preparation of [Cu(L1 ) (CH3CN)] is described. The 

complex cation gives stable adducts with PPh3  and AsPh3  

and the single crystal X-ray structure of [Cu(L1 ) (AsPh3)]-

(C104) is reported. 

Chapter 6 

The preparation of exodendate macrocyclic complexes of 

dirhodium carboxylates [Rh 2(O2CR)4} are described. 	The 1: 

adducts [Rh 2(O2CR)4(cyclam) 	, 3:2 adducts [(Rh2(O2CR)4)3- 

(L)2] 	(L = L', L, L 5 ) and 2:1 adducts [(Rh2(O2CR)4)2(L)]n  

(L = L 2, tmc) have been characterised for a variety of 

carboxylates (L 4 = 1,4,7-triazacyclononane, L 5  = 1,4,7-

trimethyl-1 ,4 ,7-triazacyclononane, tmc = tetramethylcyclam) 

These structures are in accord for exodentate co-ordination 



Of the macrocycles to two, three and four separate metal 

centres respectively. 

Chapter 7 

Reactions of the tetraaza macrocycles cyclam and H 
2  L 

(tetramethyldibenzotetraaza-annulene) with the binuclear 

multiply metal-metal bonded species [M02C18J 4  

[Mo2(02CMe)4], [Ru2(O2CMe)4Cl] and. [Os 2(O2CR)4C12] are 

described.. 

A reinvestigation of the reaction of Mo(CO)6  and H 2  L 

to give [Mo(CO)4(H2L' )J is undertaken. 	The single crystal 

X-ray diffraction study of [Mo (00) (H2L' )J confirms that 

migration of a proton from an amine to one of the diiminato 

rings has occurred. 
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CHAPTER 1 

Introduction 
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1 	Introduction 

1.1 Background to project 

Macrocyclic systems are characterised by their high 

degree of kinetic and thermodynamic stability,1  and by 

their ability to stabilise a wide range of transition metal 

oxidation states.2 	Macrocyclic systems based on the 

tetrapyrrole unit are widely distributed in nature and are 

of substantial importance in life.3 	In such systems 

four of the co-ordination sites of the metal are bound by 

the macrocyclic ligand, leaving one or two axial sites to 

participate in substrate binding and activation, often 

involving a redox process. 	Examples of the role of macro- 

cyclic complexes in vivo include oxygen uptake and transport 

(Fe-haemoglobin and myoglobin) 4 	election carrier systems 

6 (Fe-cytochromes) , substrate modification (Co-vitamin B 12 

and light harvesting (Mg-chlorophyll). 7 	In these and 

other natural systems the efficiency of these systems is due 

not only to the metal/tetrapyrrole unit, but also the 

tertiary protein structure around the macrocyclic unit.8  

Since the 1960's considerable effort has been made to 

mimic the behaviour of these natural macrocyclic systems by 

synthetic macrocyclic. systems.9 	Such systems are of greatest 

potential applicability as catalysts in the activation and 

rearrangement of small molecule substrates. 10 	Synthetic 

macrocyclic complexes are also ideal in the study of a range 

of transition metal oxidation states over which the macro- 

11 cyclic unit remains intact. 	In addition to substantial 
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work upon synthetic porphyrin and related systems (eq 

12 	 12 	 13 H2OEP, 	etioporphyrin, 	phthalocyanines ) , a large 

amount of work has now been carried out upon non porphyrin 

saturated or unsaturated tetraaza systems such as cyclam 

14 	 15 (1) 	and the diimine system (2). 

2) 

The observation of both a higher kinetic and thermo-

dynamic stability of macrocyclic complexes relative to 

analogous non macrocyclic systems was first described by 

Margerum and Cabbiness,1  and termed the 'Macrocyclic Effect'. 

The origin of this effect has excited much study and 

controversy. 	The kinetic stability of macrocyclic complexes 

relative to non macrocyclic analogues has been well 

characterised in both tetraaza 16  and tetrathia systems. 17  

Formation rate constants and particularly dissociation rate 

constants are found to be substantially depressed in 

H 
L 

( 

macrocyclic systems, as illustrated in the kinetic study of 

2+ 	 16 the Cu systems below (3) 
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11N 	NH2 

12+ 	Xf(ifs1) 

'/Cu 

R~ 	
N~ 2 	 8.9 y 

HNH 
12+ 

NN 	

5.8 7 10-2 

\.-J H 

4.1 

3.6 y 10-7 

The most cogent explanation of the kinetic macrocyclic 

effect has been proposed by Busch. 18 	According to Busch, 

the rate of detachment of a macrocyclic ligand from a metal 

centre is substantially depressed since a strain must occur 

in the ring system upon weakening of a co-ordinative bond. 

By contrast such a weakening can occur in an open chain 

ligand without this strain, as a consequence of the distor- 

tion not being transmitted to the rest of the ligand. 	The 

ligand thus can simply unzip from the metal centre, starting 

at one end and finishing at the other. 	In the macrocyclic 

system the constraining influence of the ring was termed 

as 'multiple juxtapositional fixedness' (MJF) and is 

illustrated below (4). 

 

(4) 
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C M N  
() 

By consideration of the equilibrium (5) 

M2 (aq) + L 	ML 	 (5) 

the forward rate, Kf [M 2 J [U] equals the reverse rate, 

Kd[ 2 1 and the stability constant K1= Kf/Kd. 

Depression in K   leads then to higher thermodynamic 

stability constants for macrocyclic complexes, and typically 

these are of six to seven orders of magnitude larger than 

for analogous non macrocyclic systems.19  

A purely thermodynamic approach in explaining the 

larger values of stability,or formation constants for 

macrocyclic systems is more challenging than an explanation 

of thermodynamic stability as a consequence of kinetic 

inertness. 

The stability constant K for a macrocyclic complex is 

related to AGf  = Hf_TSf. 	For the macrocyclic system, the 

additional stability relative to the non macrocyclic system 
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has been ascribed primarily to either an entropic or 

enthalpic term, or to a combination of these. 20 

Common to both macrocyclic and related n dentate 

open chain systems is a stabilising entropy driven 

'chelate' term 21 (6) as a consequence of increasing the 

number of particles in solution on complexation. 

M(H O) 	+ L -ML 	+ nH2O 2 n 

However for the favourable metathesis reaction (7) this 

approach is no longer valid (L = macrocyclic ligand 

L = open chain ligand). 

ML 
x+
+L -- MLL m 	m (7) 

as the number of particles in solution remains the same. 

Studies by Margerum et 2Z.19  upon Ni 2+ complexes of 

cyclam (1), Me  cyclam (8) and 2-3-2-tet (9) showed that 

 -/ 

f or the macrocyclic complexes the enthalpy term was 

dominant in the stabilisation primarily as a consequence 

of the ligand salvation energies, the free primary amine 

2,3,2 tet having a much higher salvation energy than the 



secondary macrocyclic amines. 	Detailed studies by Clay 

et a 	2 	evaluated the thermodynamic terms not just for 

metal complexes but also for free ligands in a wide variety -

of 

ariety-

of macrocyclic tetraaza systems led to the conclusion that 

an additional entropy term contributed to the macrocyclic 

effect. 	Although the macrocyclic effect is primarily 

enthalpy driven (via differences in salvation energies for 

the ligands in a metathesis reaction) , an additional favourable 

entropy term is also present probably arising via translational 

factors. 

In a constrained macrocycle the internal degrees of 

freedom are severely restricted relative to a linear system. 

On binding to metal centre however both systems are now highly 

restricted so the net loss in translational entropy is 

substantially greater on binding for the open chain ligand. 

It is not yet entirely clear whether an enthalpic contribution 

- via increased metal-ligand bond strength also plays a role 

in the origin of the macrocyclic effect. 23 

The high kinetic stability of macrocyclic complexes is 

central to much current work upon these systems. 	The 

restriction of certain co-ordination sites about the metal 

enables substrate uptake and rearrangement to occur at 

specific labile sites, and may additionally involve redox 

processes at the metal centre without break up of the metal 

macrocycle moiety, which forms the basis of the catalytic 

behaviour of many of these systems. 	The activation of small 

molecule substrates such as CO, 24CO 2f 25 02 26 and H2 27, 

and the potential of a fuel cell based on the four electron 
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reduction of 02  to H 2  0 28 have been studied with a variety 

of porphyrin and non porphyrin macrocyclic complexes. 

Recently it has been shown that facially co-ordinating 

tridentate ligands such as 1,4,7-triazacyclononane29  and 

1,4,7-trithiacyclononane30  also exhibit a high degree of 

kinetic and thermodynamic stability. 	It is with these 

small ring systems, in particular 1,4,7-trithiacyclononane 

(L1) with which the majority of this project is concerned. 

1.2 Aims of work 

The major aim of this work was to synthesise a variety 

of platinum metal complexes of the trithia macrocycle 

1,4,7-trithiacyclonone (L1 ) (10). 

L S 	

(10) 

An investigation of the bis_[M(L1)2]' species, in particular 

their structural and redox properties, for platinum (Chapter 

2), palladium (Chapter 3) and rhodium (Chapter 4) is highly 

desirable. 	For these metals, in which a variety of 

stereochemical modes may occur in different oxidation states, 

the high degree of co-ordinative flexibility of L1  coupled 

with the expected high kinetic stability of the complexes 

should yield a rich electrochemistry. 	The ligand L' which can 

formally act as a 7 acceptor or 7 donor may enable the 

stabilisation of both d 7  and d 9  oxidation states, which are 



rarely observed in mononuclear platinum metal complexes. 

A comparative study of [Pt(L2)]2+,  [Pt(L)]2 	(Chapter 2), 

[Pd(L 2 )1 2+, [Pd(L)]2  and [Pd(L)2]2 	(Chapter 3) is also 

made in order to ascertain the importance of stereochemistry 

in relation to redox behaviour for platinum metal centres. 

(L 2  = 1 ,4,8,11-tetrathiacyclotetradecane (11) , L 3  = 1,4,7,10, 

13,16-hexathiacyclooctadecane (12), L 4  = 1,4,7-triaza- 

cyclonone (13)). 

Cs 	
HNNH 

LN-)  

In Chapter 5 the electrochemistry of 

studied by Wieghardt 	31 is reinvestigated to determine 

the nature of the redox processes occurring in this system. 

Additionally a study is undertaken upon the [Cu(L1)] 

moiety which may mimic the thia co-ordination of the active 

sites in blue copper proteins such as azurin and plastocyanin.32  

The second main area of study in this project concerns the 

reaction of binuclear metal-metal bonded complexes with 

macrocyclic ligands. 	Binuclear metal-metal bonded species 

react in three general ways: (a) formation of axial adducts, 

(b) equatorial exchange, with retention of the metal-metal 

bond, or (c) exchange leading to disruption of the metal-metal 

bond. 33 



Reaction of a variety of tri and tetradentate 

macrocyclic ligands with the [Rh 2(O2CR)4] moiety was 

undertaken to try and obtain axial adducts in which the 

macrocyclic ligands are bound in an exa manner. Information 

about the stoichiometry and structures of such complexes 

would be of value in understanding the conformational 

preferences of the various macrocyclic ligands (Chapter 6) 

The synthesis of {M2L2] 	systems via equatorial 

exchange of a variety of multiply metal-metal bonded systems 

with tetraaza macrocyclic ligands such as cyclam and H 
2  L (14) 

N--- 

LN  xJ 
('4) 

may result in significant structural, redox and magnetic 

properties being observed. 	These systems may give valuable 

information on the nature of metal-metal bonding, as well 

as being of potential applicability in catalysis (Chapter 7). 

1.3 	Recent developments in the study of tridentate 

macrocyclic ligands 

1.3.1 1,4,7-Triazacyclononane 

1,4 1 7-Triazacyclononane (LL) was first synthesised in 
34 1972 	and in subsequent work has been characterised as a 
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strong, tridentate facially co-ordinating ligand. 

Subsequent to the initial characterisation of the octa- 

hedral complexes [M(L)2 } 	(M = Co(III)34, Ni(II)3537, 

Cu(II)35) by Zompa et all. a systematic study of the redox 

properties of a number of first row complexes [M(L)2 ] 4  

(M = Cr-Ni) was undertaken by Wieghardt et ai. 38 

These complexes were characteristic by their very high 

kinetic stability in aqueous solution over a wide pH range, 

and in the observation of a strong ligand field generated 

by the triaza ligands. 	Electrochemical investigations upon 

these complexes showed reversible (Fe,Co) , or quasi reversible 

(Cr,Mn,Ni) (11)7(111) couples in aqueous solution. 	In 

separate studies 39 the [Cu(L 4 ) 2+ cation showed a partially 

reversible (II)/(III) couple, which became increasingly more 

reversible on lowering the temperature. 	The kinetic 

inertness of these systems enables the use of these systems 

in the study of outer sphere electron transfer reactions. 

Many of the first row transition metal complexes 

[M(L)2] 	have been structurally characterised. Octahedral 

co-ordination about the metal centre has been observed for 

Fe(II)4°  Fe(III)4°  Co(II)41  and Ni(II)36  , but a departure 

from octahedral geometry was observed for the low spin d 7  

[Ni(L)2]3 	and d 9  [Cu(L)2]2 	44 cations, as a 

consequence of a Jahn-Teller distortion. 

The isolation and characterisation of the rNi(L]3'  

cation, by both esr spectroscopy, 43,45 and a single crystal 

X-ray diffraction study demonstrated the facility of the L 

ligand to stabilise a variety of metal oxidation states, 

and conform to the stereochemjcal requirements of the metal 

centre. 



Literature reports of second and third row transition 

metal complexes of type [M(L)2] 	are less numerous. 

Both [Rh(L)2]3 
46 
 and [Ru(L)2]2 	have been synthesised 

by Wieghardt et al. and a reversible one electron oxidation 

(at +0.37V vs NHE) is quoted for the latter. 47 	The 

structure and oxidation chemistry of [Pt(L)2J 2  has been 

reported. 48 	The [Pt(L )] 	cation represented the first 

structurally characterised complex of L, in which the 

ligand is bidentate, to give overall a square planar 

geometry at the metal centre. 	Chemical oxidation of 

yielded the octahedral [Pt(L)2)4  cation. 

A large number of mono, and binuclear M:L'4  = 1:1 

complexes have also been prepared. 	Both five co-ordinate 

[M(L)X2] 36,49 (M = Ni(II),Cu(II), X = Hal, NCS, NO3 ) 

and six co-ordinate [M(L)X3] 46,47,50-52 (M = Co(III) , Mo(III) 

Ru(III) , Rh(III) , X = hal 	C5Me5  NO2  ) complexes have been 

reported. 	Similar complexes can also be obtained in many 

cases with related triaza macrocyclic ligands of larger ring 

size eg 1,4,7-triazacyclodecane and 1,5,9-triaza cyclo- 

53, dodecane. 	Binuclear complexes incorporating the [M(L )] 

moiety have also been extensively studied. 	In these 

complexes the two [M(L)] or closely related [M(L 5)] moieties 

(L 5  = 1 ,4,7-trimethyl-1 ,4,7-triazacyclononane) are connected 

via bridging ligands. 	These bridging ligands are usually 

based on oxygen eg: oxo, hydroxyl, sulphate, carbonate 

or carboxylate. 	Two general structures (15) , (16) usually 

result in which the bridging ligands may differ. 
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X 	7 n+ 	 °1 
LM 	ML 
	

LM 	ML 

These complexes are generally redox active, and have 

been characterised for a variety of transition metal 

54,55 	56 	57 	58 	56,59 	51,60 	47 centres M = V 	Cr 	Mn 	Fe 	Co 	, Mo 	Ru 

and Rh 46,56 

Some of these systems are of possible biological 

significance. 	For example [Fe 2(i-O) (-02CMe)21 2  is an 

accurate model for the spin coupled di-iron centres in the 

metalloprotein hemerythrin,162  and possibly in ribonucleotide 

reductase. 163 The electrochemically active Mn(II) 

analogue can serve as a model for the water oxidising 

metalloprotein photo-system 11. 164 	The bridging ligand 

need not be based on oxygen, and the complexes 

[Ni 2(N3)3 )2]61  and [Cu 2(HNCN)2(L)2]62  represent two 

recent examples in which the bridging ligand is based on 

nitrogen. 

1.3.2 1 , 4, 7-Trithiacyclononane 

Unlike the majority of thio-ether complexes 63 the 

tridentate macrocycle 1 ,4,7-trithiacyclononane (L1) was 

observed to bind very strongly to metal centres, generating 
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a high ligand field strength. 	The octahedral, or 

nearly octahedral [M(L1)2]2 cations (M = Ni(II),Co(II) 

and Cu(II)) were characterised by X-ray diffraction 

studies. 64 These complexes were observed to be stable 

to hydrolysis, in sharp contrast to other thio-ether 

systems, including complexes of 1,4,8 ,11-tetrathiacyclo-

tetradecane (L2)65 and the larger ring analogue of L1 , 

1,5,9-trithiacyclododecane.66 	Work upon L1  was severely 

restricted owing to a lack of a high yield synthetic route 

to the macrocycle. 	In 1985 however Sellmann and Zapf67  

developed an elegant synthetic route based on a metal 

template reaction. 	The availability of the ligand has 

since spurred further work, notably by Wieghardt et cii. 

An electrochemical study upon the bis complexes [M(L1 	2+31  

(M = Fe,Co,Ni) showed a reversible or quasi-reversible one 

electron oxidation in each case. 	The oxidation waves 

(in acetonitrile vs Fc/Fc) occurred at a higher potential 

than for the corresponding M(L)2J 2  systems 38 (in H 2  0 

vs NHE) this being attributed to the softer nature of the 

thia macrocycle. 	Indeed doubt was expressed whether the 

oxidation for the Fe or Ni complexes were metal or ligand 

based, oxidation occurring at cci.+1.0V - the same potential 

as the (irreversible) oxidation of the free ligand L' .31 

For [Co(L')2] 
2+

the oxidation however was clearly metal 

based, with the Co(II)/Co(III) couple occurring at -0.013V. 

Additionally,a chemically reversible reduction wave was 

observable, this was also assigned as metal based, to give 

theCo(L')2] cation at E1  = -0.86V. 	The absence of a 
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similar reduction for [Co(L)2]2  reflects the 'harder' 

nature of the triaza macrocycle whereas the stabilisation 

of [Co(L1)2]  may indicate some fl-acceptor behaviour of L1 . 

The species [Co(L1)2] represented the first example of a 

d 8  cobalt complex containing a saturated ligand set. 

Magnetic and spectral studies upon CC0(L1 	2+  

indicated, in contrast to tCo(L)2J 2 , that the complex 

was low spin, 31  suggesting an even higher ligand field 

strength for L1, relative to L. 	A low spin d 7  complex 

t2g6egl) would be expected to show a Jahn-Teller 

distortion from octahedral geometry, and this is indeed 

observed in the single crystal X-ray structure of the 

complex. 64 	Surprisingly however this manifests itself as 

a tetragonal or7prssoi with two short, and four longer 

bonds being observed. 	This structure has been interpreted 68  

in terms of a dynamic averaging, and, significantly , other 

related complexes showing a Jahn-Teller distortion eq 

[Ni(L 4 ) ]3 	£cu(L1)2]2+ 64 [Cu(L)]2 

[Co(L)J2 69 CCu(L)]2 70 
 (17) and [Co(ttn)2]2 69 (18) 

show the expected tetragonal elongation to octahedral geometry. 

/ /S7 
7sZ 

(17) 	 (18) 
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1.3.3 Other tridentate macrocyclic systems 

In the rapidly expanding field of tridentate macro-

cyclic ligands, much work has centred upon derivatives of 

1,4,7-triazacyclononane (L 4)in which the amine protons have 

been functionalised (19). 

R /'\ 11-~ R 

ND 

54-56,59,71 R = CH  

CH2002H 72-76 

CH2CO2C2H5 77 

CH2CH2SO3H 77 

CI-I2CH2OH 78 

CH2CH2NH2 79,80 

CH2PO3H2 81,82 

CH2PO(C6H5) 2 83-85

CH2(2-C6H4N) 86 

1 ,4,7-Trimethyl-1 ,4,7-triazacyclononane (L5) has been 

characterised in a large variety of both mono and binuclear 

1:1 complexes. 	Mononuclear complexes [M(L5)X3]nl+ (X = hal 

or H20) have been characterjsed. for V55 Cr 56 Mn 
71 

Co 56 and 

In 87. 	An interesting organometallic [( C5Me5)Rh(L)]2 88 

has also been recently characterised. 	Binuclear complexes 

of L are essentially analogous to the Ll complexes and have 

been discussed previously. 	In contrast both to L' and L, 

octahedral complexes of type {M(L5)2]nl+ cannot be synthesised 

due to the unfavourable steric interactions between methyl 

groups that would result in such species. 

Work with other derivatives of LL+ centres upon their 

potential to act as hexadentate ligands. 	The tris (acetato) 
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derivative of L is a representative example, and has 

recently been observed to stabilise Ni(III) . 	 During 

the course of our work a square pyramidal Pd(II) complex 

of 1,4,7-tris(2-pyridylmethyl)-1,4,7-trjazacyclononane 

was characterised. 86 	The observed structure of this 

complex may be as a consequence of the iT nature of the 

pyridyl groups. 

Triaza macrocycles of ring size 10-16 have been 

successfully incorporated into a variety of metal centres 

(M = Co(III) , Ni(II) , Cu(II))49'53'89. 	For the 1:1 complexes 

the formation constants were observed to fall upon 

increasing the macrocycle ring size. 89 

In addition to tridentate macrocycles containing an 

N3 or S3 donor set, mixed donor atom tridentate macrocycles 

have also recently been synthesised (20).90 

lr-~\ 
HN 	NH 

x=o1 s 
Lx-) 

(20) 

Extending the number of facially co-ordinating ligand donor 

sets should enable specific tailoring of complexes so as 

to optimise their redox and electronic properties. 

The aromatic ligand (21) obtained via self condensation 

of o-aminobenzaldehyde in ethanol in the presence of Ni 2 91  

has been characterised in both 	1:1 	and 2:1 	complexes 

[M(L)X3} , [M(L)2] (M = 	Co(III) , 92,93 Ni(II))  
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(21) 

1.4 Binuclear metal-metal bonded systems 

The interaction of tri and tetradentate macrocyclic 

ligands with binuclear metal-metal bonded systems forms 

the second part of this project. 	A variety of both 

porphyrin, and non porphyrin tetraaza macrocyclic complexes 

incorporating an unsupported metal-metal bond have been 

reported in the literature, many acting as precursors for 

highly reactive monomeric systems. 	Since the initial 

characterisation of the [Re 2C18] 2- ion, 94 and of 

[Mo2(O2CMe)4] 95 in which a quadruple bond between the metal 

atoms is postulated, complexes incorporating a metal-metal 

bond have rapidly multiplied in number. 96 	The formation 

of a metal-metal multiple bond can be envisaged by overlap 

of the d orbitals of the metal centres (Figure 1.4.1) to 

give a a orbital two 7 orbitals and two 6 orbitals, 97 

and the corresponding anti-bonding orbitals. 	One of the 

orbitals (60 x 	is essentially involved in ligand 

bonding, 98 so leaving four bonding, and four antibonding 

orbitals of metal bond character. 
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Figure 1.4.1 	Bond orbital scheme for the formation 

of multiply metal-metal bonded complexes 

M2X8, M2(L-L)4. 

cia d2 CIO - 	Cecto  MMc 

MMTT 

MMTr 

MM 5 

ML 

* 
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* 
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The relative energy of these orbitals is determined 

by their extent of overlap and on a simple qualitative 

picture ignoring ligand 7 banding an order; 

98 can be established for the metal based 

orbitals. 	In both [Re 2Cl8]2 	and [Mo2(O2CMe)4) (22,23) 

the total of 8 metal based electrons fill the bonding 

levels to give a quadruple bond. 

12- 
CL 	_-Ct 

CL- CJ 

(22) 

Cl - e-C1 
ct 	 c1 

A reduction in metal-metal bond order is observed 

on addition or removal of electrons, so that [Ru2(O2CMe)4cl],99  

an 11 electron system has a metal-metal bond order of 2.5 

and 	[Rh 2(O2CMe)4], a 14 electron system has a formal metal- 

100 metal bond order of 1. 	The ordering of metal based 

orbitals may be influenced by an electronic interaction of 

the co-ordinating ligand. 	For instance in [Ru2(O2CMe)4Cl] 

the 6 and 7 levels are reversed, and a quartet ground 

state (c22 * 
	

* 16* ) is observed. 101  xz yz 

Clearly there is the potential of forming complexes 

of the type [M2L2] 	containing an unsupported metal-metal 

bond where L is a tetradentate macrocyclic ligand, and 

during the course of this work the number of such systems 

reported in the literature has grown substantially. 
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Most extensive studies have centred upon porphyrin complexes 

[M2P2] (P = OEP2 , TPP2 ) (M = Ru(II) 
102,103 

 Rh(II) 104); 

however more recently the Os(II), 105 Mo(IJ) 106  and Ir(II) 107  

systems have been investigated, and show analogous structure 

and reactivity. 	[Ru2(OEP)2] can be regarded as represen- 

tative of these systems showing a large number of insertion 

105 and binding reactions 103, 	(Figure 1.4.11). 	The related 

[Rh 2P2] systems can be regarded as a source of the [RhP]* 

free radical which can readily bind, and activate small 

molecule substrates such as H2, 02  and NO. 104,108  

[1r2(OEp)2] has recently been shown to undergo alkene 

insertion and oxidative addition of alkyl C-H bonds. 107 

While the porphyrin complexes described above are obtained 

via monomeric starting materials, the cofacial dimeric systems 

[Ru2L2] 	109 and [Rh2L2] 109,110 (L2  = dianion of (14)) may 

be generated directly from the metal-metal bonded tetra-

carboxylate systems via equatorial carboxylate exchange. 

[Ru2L2] was observed to show a metal based oxidation to 

{Ru2L2]2  and also a reduction to [Ru2L2].109  Both [Ru2L2] 

and [Ru2L2] have been structurally characterised 110 with 

the reduced form showing a longer Ru-Ru bond, as expected 

on addition of an electron to an antibonding orbital. 

The synthesis and characterisation of a variety of 

[M2L2] 	systems via reaction of binuclear metal-metal 

bonded species with tetraaza macrocyclic ligands such as 

cyclam (1) and H 
2  L (14), was undertaken in this project. 

Although the predominant reaction mode of the majority 

of metal-metal bonded systems is equatorial ligand exchange, 
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Figure 1.4.11 
	

A summary of Coliman's work on reactions 

of Ru2(OEP)2  

I 
	

CRTh 
Klthf 

I 7 

CHCH 

BrC H2CH2Br 

K 2 -  (19) - 
CH2CH2 /thf 

C) = OEP 



22 

the well characterised [Rh 
2 (CO 2 

R)4J systems react via an 

axial interaction (24).100 

x 	
(2 

0 

'~r 

0 

This leads to the possibility of observing exodentate 

binding of macrocyclic ligands at the axial sites. 

Exodentate co-ordination of macrocyclic ligands is a 

rarely observed bonding mode in which the macrocycle binds 

to separate metal centres (25) 

(25) 

This mode of co-ordination (Figure 1.4.111) has so 

far only been reported for thioether macrocycles such as 

L 2 
(1 ,4,8,ll-tetrathlacyclotetradecane) 111-113and 

L 3 (1 , F I 4 7 lO,13,16-hexathiacyclooctaaecane) . 114 Significantly, 

in contrast to tetraaza macrocycles, L2 shows an exo conformation 
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Figure 1.4.111 	Some exodentate-macrocyclic complexes 
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in the free state 115  thus facilitating exo co-ordination 

to the metal centre. 	A requirement for exodentate co- 

ordination appears to be that the metal substrate should 

have one (or at most two) labile co-ordination sites, under 

the conditions of the reaction. 	If all the co-ordination 

sites about the metal centre are replaced typical endo 

2+ 232 	 2 + 116 co-ordination results as in [Ni(L2 )] 	and [Rh(L )] 



CHAPTER 2 

1,4,7Trithiacyclononane Complexes of Platinum 
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2 	Platinum complexes of 1,4 ,7-trithiac'clononane 

2.1 Introduction 

Mononuclear chemistry of platinum is dominated by the 

II and IV oxidation states. 	The da  Pt(II) state is 

characterised by the formation of square planar complexes, 

whereas the d 5  Pt(IV) state is characterised by octahedral 

co-ordination. 	The tridentate ligands L 4  and L1  (L 

1,4,7-triazacyclononane, L1  = 1,4,7-trithiacyclononane) 

appear ideally suited to study a range of oxidation states, 

for in addition to the high kinetic stability of their 

complexes, these ligands are able to adjust to the 

stereochemical demands of the metal centre. 

Wieghardt 48 
 have reported, and fully characterised 

the [Pt(L)2]2  complex cation obtained by reaction of 

K2PdC14  with an excess of L 4  in hot aqueous solution. 	The 

crystal structure of the complex cation (1) shows the 

expected square planar geometry around the d 8  centre 

(Pt-N = 2.074(9), 2.077(9) A) with each macrocycle co-

ordinating in a bidentate manner. 

N'C 
	

(1) 

The remaining nitrogen atoms lie at a significant 

distance from the metal centre. 



The 1H n.m.r. spectrum of [Pt(L)2J 2  in D 2  0 showed 

a broad singlet (6 = 3.2 ppm) for the methylene protons, 

indicating fluxional behaviour of some kind for the triaza 

ligands. 	It was postulated that in solution, conformations 

in which the unco-ordinated nitrogen atoms approach the z 

axis of the Pt(II) centre quite closely, were present. 48 

This line of evidence was supported by the observed 

ready oxidation of [Pt(L)2]2  to [Pt(L)2]4 , conversion 

occurring in hot aqueous solution over 20 hrs under a 

continual stream of air. 	The 1H n.m.r. spectrum of the 

oxidised product closely resembled the spectra for other 

octahedral [M(L)2] 	d 5  species (L = L1,L) 	e.g. 

with a well defined symmetrical multiplet 

being observed for the methylene protons. 	Presumably 

octahedral co-ordination to the Pt(IV) centre is effected 

by a change in bonding mode of the macrocycle from bidentate, 

to tridentate co-ordination. 

In exploring the [Pt(Li)2] 	system, some similarities, 

but also some significant differences in behaviour, may be 

expected. 	The binding of the soft thio ether L1  to a soft 

Pd(II) centre should be highly favoured and a study of the 

electrochemistry of the [Pt(L)2]2  cation is a clear 

priority. 	In contrast to L, L1  may  act as either a 

Tr acceptor orr donor. 	The soften nature of the ligand 

would be expected to lead to relative stabilisation of lower 

oxidation states, as illustrated in the electrochemistry of 

[Co(L1)2]2+ 31,68 relative to [Co(LL)2],  with only the former 

showing a reversible (II)/(I) couple. 	The [Pt(L1)2]4+ cation 
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would be expected to be significantly destabilised relative to 

the [Pt(L)214  cation,yet this need not necessarily 

preclude electrochemical activity for the [Pt(L')2)2  system. 

The co-ordinative flexibility and high kinetic stability 

observed for complexes of L1  should optimise the observation 

of d 7  or d 9  oxidation states, which for monomeric Pd or Pt are 

usually transient, 117 and susceptible to rapid disproportiona- 

tion. 	This, and the general paucity of work upon platinum 

metal thio-ether complexes makes study of the [Pt(L1)2] 

and related systems highly desirable. 

Results and Discussion 

2.2 Synthesis and characterisation of [Pt(L')2)2-1- 

Reaction of K2PtC14  with two molar equivalents of 1,4,7-

trithiacyclononane (L') in water/methanol (v.v = 1:1) for 

30 minutes under reflux led to the formation of a yellow 

orange solution of the [Pt(L 	2-+ complex cation. 

Addition of excess NH4PF6  and recrystallisation of the 

resulting solid from water gave orange crystals of 

[Pt(L')2] (PF6)2. 	The BF 	and BPh4  salts could also be 

prepared, the BPh4  salt obtained as red efflorescent crystals 

upon recrystallisation from nitromethane/diethyl ether. 

These crystals analysing for [Pt(L1)2)(PEh4)2.2CH3NO2  became 

desolvated, and turned yellow over a number of weeks. 

The [Pt(L1)2]2  cation was characterised by f.a.b. 

mass spectroscopy using a glycerol/dmf matrix. 	A strong 

sianal was observed at 	= 555 assigned to [Pt(L')2], 

with the correct isotopic distribution. 
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[Pt(L')2] (PF6)2  dissolved readily in acetonitrile 

or nitromethane to give yellow orange solutions. 	The 

electronic spectra of these solutions (Figure 2.2.1) 

shows an absorption maxima in the visible region max = 

432 nm (E = 95 M 1  cm- 1 ) CH3CN). 	This observation can be 

contrasted with the electronic spectrum for the tetrathia 

macrocyclic complex [Pt(L2 )] (PF6)2  (L2  = 1,4,8,11-tetrathia 

cyciotetradecane) which shows no absorption in the visible 

region. 	This observation suggested that simple square 

planar co-ordination around Pt(II) in [Pt(L')2] (PF6)2  

might not be occurring. 

The 'H n.m.r. spectrum of [Pt(L')2] (PF6)2  run in 

acetonitrile at room temperature (Figure 2.2.11) shows a 

central singlet and two slightly broadened platinum 

satellites due to 	5Pt (I = 1 33.8%). 	The outer resonances 

were confirmed as Pt satellites by running the 'H n.m.r. 

spectrum at both 80 and 200MHz. 	In each case a coupling 

of 24.5Hz was observed. 	The 'H n.m.r. spectrum of 

[Pt(L')2] (BPh4)2  (run in dG  dmso and CD3NO2) showed an 

identical 1:4:1 pattern for the macrocyclic resonances. 

Additionally comparison of the macrocyclic and phenyl 

resonances confirmed the stoichiometry for the complex. 

The 'H n.m.r. spectrum of [Pt(L')2]2  sharply contrasts 

with the spectrum for the analogous triaza macrocyclic 

complex [Pt(L)2]2  for which a much broader unresolved 

signal is observed. 48 	In this system the broadness of 

the signal was ascribed to a fluxionality in the complex 

cation. 
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Ficiire 2.2.11 	1 H n.m.r. of [Pt(L') 2 ] (PF6 ) 2  in CD3CN 

3.3 	 3.2 	PPI 
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For the [Pt(L')2]2  cation, in which a sharp singlet 

is observed for the central resonance a degree of 

fluxionality is also proposed. 	Such a fluxionality in 

which ligand scrambling is rapid on the n.rn.r. time scale 

would lead to the observation of a time averaged signal 

for the interchangeable macrocyclic protons. 

The origin of a possible fluxionality in the 

cation probably occurs via apical interaction of a thia 

donor to the PtS4  square plane, so facilitating a bond- 

making/bond-breaking process. 	It should be noted however 

reducing the temperature of the n.m.r. sample to -35°C 

(freezing point of CD3CN = -40°C) did not cause the observed 

spectrum to change. 

It was clearly of importance to determine the degree 

of extra apical interaction of the ligand donor set to the 

Pt(II) centre in [Pt(L1)2]2 . 	Additionally since little 

structural work had been carried out upon platinum metal 

thic ether complexes a single crystal X-ray diffraction 

study was undertaken on [Pt(L1)2] (PF6)2. 

2.3 The SflCiC crysta2 X-ray structure of {Pt(L1)21 (PF6)2  

Crystal data: C12H24PtS6.2  2PF6  M = 854.7 monoclinic 

space grout P21 , a = 11.848(4) b = 17.817(6) 	c = 11.750(11)A 

3 = 3  98.06(4)°  U = 2456A 	D 	1.77 gcm 	Z = 4. 	At 
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convergence R,R = 0.044, 0.048 respectively for 2721 data. 

A summary of selected bond lengths and angles are given 

in Table 2.3.1. 	The resulting structure (Figures 2.3.11, 

and 2.3.111) showed two independent cations and four PF6  

anions per asymmetric unit of the monoclinic cell. 	In both 

cations the Pt atoms are co-ordinated by four sulphur atoms 

in a square plane, with Pt-S distances in the range 2.25- 

2.30A. 	However an elongated square pyramidal geometry is 

achieved in each case by the third atom in one of the two 

macrocycles co-ordinating apically (Pt-S(1B), Pt-S(1D) = 

2.885(7), 2.925(11)A). 	The angle of the axial Pt-S bond 

to the S 4 	 eq 
plane is near octahedral (<S PtSax = 84.0°, 97.2 0 ) 

In both cations the remaining sulphur atom is unco-ordinated 
0 

(Pt S = 4.04, 4.18A). 

The '4+1' co-ordination geometry observed in [Pt(L1)2]2+  

differs substantially from the geometry observed in the 

[Pt(L 	2+ complex cation. 	This structure appears to be 

retained in solution, with the visible absorption at 

max = 432 nm for the complex likely to be a d-d transition 

in the modified ligand field (2) for the complex. 

d2 2 
x-y 

-- lODq 	 —d x  , y  2 

d 	1.. 
xy 	 z 

(2) 
d ______ 	 ______ _________ - 	....- - 	d - xz,yz 

xzfyz
d 	 _______ 

square planar 	square pyramidal 
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Table 2.3.1 
	

Important bond lengths and angles (with 

esd's) for the two independent 

[Pt(L1)2]2+ cations 

Bond lengths (A) 

Pt-S (4A) 

Pt-S (7A) 

Pt-S (43) 

Pt-S (7 B) 

Pt-S (4C) 

Pt-S (7C) 

Pt-S (4D) 

Pt-S (7D) 

2.261 (7) 

2.246 (8) 

2.293 (8) 

2.305(8) 

2.259 (7) 

2.259 (8) 

2.287(8) 

2.308 (8) 

Pt-S(1B) 	2.885(7) 

Pt-S(1D) 	2.905(11) 

Bond angles (degrees) 

S(4A)-Pt-S(7A) 89.5(3) S(1B)-Pt-s(43) 84.65(24) 

S(43)-Pt-S(75) 89.1(3) S(IB)-Pt-S(7B) 85.54(24) 

S(40)-pt--5(70) 89.8(3) S(1D)-pt-5(4c) 85.5(3) 

S(4D)-pt-s(7c) 88.8(3) S(1D)-pt-5(7D) 81.0(3) 



34 

Figure 2.3.11 	View of the single crystal X-ray 

structure of [Pt(L1)2]2 	(1) 
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Figure 2.3.111 	View of the single crystal X-ray 

structure of [Pt(L')2]2 	(2) 
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The presence of an additional thia interaction to the 

PtS4  plane in [Pt(L1)2]2+ would support a fluxional nature 

for the cation in solution. 	Were the cation to retain 

the solid state structure in solution a complex series of 

resonances would be expected for the macrocycle protons 

in the 1H n.m.r. spectrum. 	Although chemical equivalence 

cannot be ruled out, the simplified 1H n.m.r. spectrum 

observed does point to a fluxional system. 	Significantly 

in the n.m.r. spectra of rigid [M(L)2] and [M(L)XI species 41,48 

the L1  resonances are complex. 	The presence of the weakly 

co-ordinating axial thia donor is likely to provide the 

'handle' for a facile ligand scrambling process in which 

concomitant bond formation/weakening occurs with little 

energetic change. 

Clearly, however, to prove the fluxionality or other-

wise of the [Pt(L1)2J2 cation in solution low temperature 

n.m.r. studies are required to observe a slowing of the 

scrambling mechanism. 	Preliminary results, however, in 

CD3CN at -35°C shows no observable change in the 1H n.m.r. 

spectrum from the room temperature signal. 

Although the dominant stereochemistry of Pt(II) is 

square planar, a number of pentaco-ordinate species have 

been reported. 	Pentaco-ordination is thought to be 

facilitated by use of 	 118,119 bonding ligands 	as a consequence 

of increased d orbital participation. Experimental evidence 

supports this reasoning, all pentaco-ordinate species having 

been characterised for TI acceptor ligands. [Pt(SnC13)5]3  

has been structurally characterised in the solid state 120 

while n.m.r. data indicates that divinyiphosphine 
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or 2,4-dimethylphosphole platinum(II) halide complexes 

[PtL2X2] are in equilibrium with pentaco-ordinate 

[PtL3X2] species in the presence of excess ligand (3) 121  

L=1J1 
Ph 

(3) 

Dithiacarbamate and dithiaphosphate adducts of Pt(II) 

phosphines also show a tendency to pentaco-ordination in 

solution. 122  

It seems likely that it is the 7 bonding ability of 

the trithia macrocycle L' that is responsible for the 

observed 4+1 stereochemistry in the CPt(L1)2]2+  complex 

cation. 

2.4 Redox chemistry of [Pt(L1)21 2+  

Cyclic voltammetry of [Pt(L')2] (PF6)2  in acetonitrile 

(Figure 2.4.1) shows an oxidation wave, with Epa = +0.46V 

and a return wave at Epc = +0.315V (all quoted potentials 

vs Fc/Fc = 0) . 	Although chemically reversible 

(Ipa/Ipc = 1.0), the large peak separation of 145 my 

indicates a significant structural rearrangement on 

oxidation. 	Since oxidation of the free ligand L1  occurs 

at +1.0V, 31 it seemedreasonable to conclude that oxidation 

Of [Pt(L1)2J2  is metal based. 	Controlled potential 

electrolysis of [Pt(L1)2]2  at +0.5V under N2  in acetonitrile 
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afforded a stable oxidised product max = 401 nm 

-1 -1 
= 3030 M cm ) 271 013000)) in an isosbestic manner 

(\. iso = 253 nm) . 	The solution was observed to show a 

very strong esr signal (CH 3CN 77K) indicating the formation 

of a d7  Pt(III) species. 	The anisotropic signal (Figure 

2.4.11) shows g1= 2.044 g a =  1.987 with hyperfine coupling 

to "'Pt (I = 	33.8%) with A30G, All 85G. 	The 

anisotropic broadened signal is characteristic for unpaired 

electron density primarily residing on the metal centre. 123  

Additionally,the observation 	g > g1 	2, is predicted 124 

for a d 7  low spin tetragonally elongated octahedran, 

consistent for a genuine Pt(III) centre. 

The electrogenerated [Pt(L1)2]3 cation shows a high 

stability in solution, decomposing slowly only over a number 

of days at room temperature. 	This stability enabled a 

quantitative measurement of the number of electrons 

transferred in the oxidation of [Pt(L1)2J2+ to be made. 

Measurement of the intensity of the charge transfer band 

at Xmax = 401 nm (due to the oxidised species) as a function 

of the electrogeneration potential gave a value for n, the 

number of electrons transferred, close to unity. 	These 

measurements were performed using an optically transparant 

thin layer electrode (OTTLE) by T.I. Hyde. 

The origin of the charge transfer band in [Pt(L1)2]3+  

is likely to be a ligand (n) - metal (eg ) transition in 

which the thia macrocycle is behaving as a 7 donor. 

Addition of diethyl ether to acetonitrile solutions 

of [Pt(L1)2]3+ followed by washing with dichioromethane gave 
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a green-yellow air and moisture sensitive solid, 

presumably [Pt(L1)2] (PF6)3. 

Using 50% or 70% aqueous HC104  as a chemical 

oxidant, the [Pt(L1)2]2+ cation 	max = 432 nm ( = 95 

cm 1 ), 277 (935), 245 (12500)) is converted (Figure 2.4.111) 

in an isosbestic manner (\, 	= 256 nm) into the intensely iso 

yellow green tPt(L1)2]J+ cation (X max = 401 nm (E = 4390 

M 1  cm- 1 ) , 271 (13,650)) as observed in the electrogeneration 

experiment. 	The frozen glass esr spectrum of the 

[Pt(L')2]3  cation in 70% aqueous HC104  (Figure 2.4.IV) is 

essentially the same as the esr 	spectrum of the 

electrogenerated [Pt(L1)2]3+ cation in acetonitrile, with 

g = 2.039 g11  = 1.987. 	The resolution however of the 

hyperfine coupling to 19 Pt (I = il 33.8%) is improved 

(AA = 45G A 11  = 90G) , and a second hyperfine coupling of 

5G is now also observable; this is likely to be a longer 

range proton interaction. 

In contrast to the electrogenerated [Pt(L1)2]3  cation, 

the chemically generated [Pt(L1)2]3 cation in 70% HC104  

slowly underwent a further oxidation, again in an isosbestic 

manner (Xiso  = 352, 273, and 230 nm) , to give the colourless 

esr silent {Pt(L1)2]4 cation, 	max = 289 nm (E = 17,800 

M 1  cm- 1 )) (Figure 2.4.V). 

The formulation of this final oxidised product, which 

could be obtained as a white microcrystalline solid from 

more concentrated solutions in HC104, was made upon 

observation that attempts to recrystallise the air and moisture 

sensitive solid in a non-oxidising environment, led to the re-

formation of the [Pt(L1)2]2  cation, as characterised by 
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Figure 2.4.111 

Electronic Spectrum showing oxidation 

of [Pt(L')2]2  to [Pt(L1)2]3  in 50% 

aqueous HC104  solution 

200 	300 	400 	500 	600nrri 
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infra-red and electronic spectroscopy. 	This would seem 

to discount the possibility of ligand oxidation to give 

a suiphoxide species as recently observed in the chemical 

oxidation of [Fe(L1)2]2+. 125 	Clearly it is hoped to 

obtain structural characterisation of the [Pt(L1)2J 4  

cation via a single crystal X-ray diffraction study. 

Relative to the oxidation of [Pt(L1)2J 2  to [Pt(L1)2]3  

the subsequent oxidation of [Pt(L1)2J3 to Pt(L1)2]4 is 

markedly slower. 	For 2 x 10 2M solutions the time required 

for the initial oxidation is ca.90 minutes at room 

temperature, whereas the second oxidation occurs only over 

ca.10 hours. 	The sluggishness of the second oxidation may 

explain the absence of an observable (III)/(Iv) couple in 

the cyclic voltarnmogram. 	In the electrogeneration experi- 

ments there was evidence of the [Pt(L1)2J4+ cation being 

formed, but only after prolonged times, at potentials of 

Ca. 0. 5V (vs Fc/Fc). 

Certainly relative to the triaza analoaue, the [Pt(L1)2]4  

species is significantly destabilised, however this may be 

a primary reason for the extra-ordinary stability of the 

fPt(L')2]3  cation, since 	disproportionation 	will be 

disfavoured. 	Cyclic voltarnmetry indicates a substantial 

rearrangement upon oxidation of [pt(L1)2]2, and this is 

consistent for the transformation of the pentaco-ordinated 

[Pt(L')2]2 , to a distorted octahedral geometry for 

[Pt(L1)2]3 	Few genuine monomeric Pt(III) complexes have 

been reported in the literature. 	A number of dithiolene126  

and closely related Pd(II) systems 127 (4) can be readily 

oxidised to yield paramagnetic species. 	In these systems 
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however the unpaired electron density has been shown to 

largely reside on the delocalised ligand based orbitals, 

and so may be more accurately regarded as Pt(II)/ligand 

radical systems. 	 2-/- 

::x:C: 
N7 	0 	'7- 

() 	 2-/- 	 2-/-- 

S==<N / S s 	R 	N 

Is 
: V 	s 	RC 

The complex [Pt(NH3)2(SCN)21] 128 initially formulated 

as a monomeric Pt(III) species is now believed to have a 

chain polymeric structure. 129 	Similarly a crystal 

structure of [Pt(DMG)2] (dO4)130  also indicates a degree 

of association between Pt(III) centres. 	Genuine metal 

based mononuclear d7  species can be generated as 

transients via pulse radiolysis of Pt(II) or Pt(IV) host 

132 lattices. 131, 	A recent example is the macrobicyclic 

complex Pt(diamsar)] 3+ (5) generated via its d 6  precursor. 133  

The resulting species in a host lattice of [Pt(diamsar)]4  

at low temperatures shows an e.s.r. spectrum which very closely 

r'1 N NH NN5 

HjJH 

NH2  

3+ 

(5) 
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resembles that obtained in our system,with g = 2.01 

= 60G. 	Recently the d7 Pt(C6Cl5)4] ion (6) 134 

was obtained via chemical oxidation of the square planar 

d 	 2- [Pt(C6C17)4] 	species. 	Magnetic measurements upon the 

air and moisture stable oxidised product indicated an 

orbital contribution to the magnetic moment suggesting the 

unpaired electron density to reside primarily at the metal 

centre. 	However no esr evidence is presented, so the 

location of the unpaired electron remains in some doubt. 

A crystal structure determination of this deep blue complex 

reveals it to be essentially isostructural to the d8 

precursor. - 

\~ 	 7 

(6) 

The high degree of stability associated with the 

[Pt(L')2]3 cation is primarily due to the kinetic stability 

of the macrocyclic system and perhaps just as importantly 

the adaptability of the ligand to adjust to the stereo-

chemical demands of the d7 Pt(III) centre. 	The importance 

of this factor can be demonstrated via the electrochemistry 

of the related macrocyclic thio ether systems [Pt (L2)]2 

and [Pt(L)]2 	(L2 = 1,4,8,11-tetrathiacyclotetradecane, 

L3 = 1 ,4,7,lO,l3,16-hexathiacycooctadecane) 



Before leaving the [Pt(L1)2]2+ system, it is observed 

that although a rich oxidation chemistry is observed there 

is no significant reductive electrochemistry. 	There is 

only tentative evidence for an irreversible reduction of 

[Pt(L1)2]2 in acetonitrile at -40°C at ca.-1.2V vs Fo/Fc. 

This may appear somewhat disappointing in view of the 'soft' 

nature of the ligand, and the previous ready observation of 

Pt(I) in the literature, albeit primarily for metal-metal 

bonded complexes with 7 acceptor ligands.135'136  

2.5 	Studies upon related thia macrocyclic complexes of 

platinum 

2.5.1 Synthesis, characterisation and electrochemistry of 

[Pt (L2) 2+  

The [Pt(L2)]2 cation was synthesised by reaction of 

PtCl2  or K2PtC14  with L2. 	Refluxing K2PtC14  with a slight 

excess of L 2  in a water-methanol mixture led to formation 

of the colourless [Pt(L2)]2 cation. 	Addition of NH4PF6  

precipitated the PF6  salt which could be recrystallised 

from water to give colourless crystals of [Pt(L 2 )IJ (PF6)2. 

Unlike the Ni analogue 65  the [pt(L 2)]2+  cation is stable 

to hydrolysis, even in hot water, thus reflecting the 

inertness of the heavier transition elements relative to 

the first row metals. 	The 1H n.m.r. spectrum of 

[Pt(L 2 )] (PF6)2  in CD3CN differs substantially from that 

observed for [Pt(L1)2]2, with a series of complex resonances 

being observed for the macrocyclic protons between 
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= 2.8-3.8 ppm. 	The [Pt(L2)]2+  cation shows peaks at 

= 609, 464 corresponding to [Pt(L 2)] (PF6) and 

[pt(L2)1 in the f.a.b. mass spectrum in a glycerol dmf 

matrix. 	Electrochemistry of [Pt(L2)] (PF6)2  in acetonitrile 

shows the absence of any redox behaviour and presumably 

the [Pt(L2)]3+ cation is unable to be stabilised by the square 

planar co-ordination of the macrocycle. 

2.5.2 Synthesis, characterisation and electrochemistry of 

(Pt(L)12  

The single crystal X-ray structure of [Pt(L)l 2  has 

already been reported. 137 	The cation (7) shows an essentially 

square planar co-ordination about the metal centre, with the 

(7) 

remaining thia donors at a distance of 3.38A from the metal 

centre. 	The weakness of the secondary interaction may be 

as a consequence of either steno or electronic factors. 

If the latter is responsible then the [Pt(L)l 3  cation 

should be stabilised as the hexathia macrocyclic 

ligand can re-adjust to the specific stereochemical 

demands of the metal centre. 	If hower the macrocyclic 

ligand is too small to co-ordinate octahedrally about the 

3+ third row transition metal then [Pt(L )] 	would not be 
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stabilised, and no electrochemical activity for [Pt(L)]2 uld 

be expected in the oxidation range. 	In order to investi- 

gate the electrochemistry of the [Pt(L)]2 cation the PF6 

salt rather than the previously characterised BPh4 salt 

was synthesised. 	Reaction of K2PtC14 with a slight excess 

of L 3 in a refluxing water/methanol mixture led to the 

formation of the pale yellow [Pt(L 	
2+ 

)] 	cation. 	Addition 

of NH4PF6 precipitated the PF6 salt which was recrystallised 

from water. 	The 1H n.m.r. spectrum of Pt(L)](PF6)2 in 

CDCN showed a complex unsymmetrical series of resonances 

so that a high degree of fluxionality, as susoected for 

CPt(L1)2] (PF6)2 seems to be ruled out. Cyclic voltammetry 

upon the [Pt(L!)]2+ cation in acetonitrile showed total 

inactivity over the solvent range, and so suggests a confor-

mational barrier to stabilisation of [Pt(L)]3 . 

2.6 Mononuclear Pt(II) complexes incorporating one L1 ligand 

Wieghardt et a. 48 have reported the monomeric complexes 

(8), (9) and (10) by reaction of 1,4,7-triazacyclononane 

(L) with K2PtC14 in a 1:1 molar ratio at 80°C in aqueous 

Br/N H,~l Br/N 

Br 	H11114  

(8) 	 (9) 	 (10) 
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solution in the presence of Br ion at progressively 

higher pH values. 

Reaction of L1  with K2PtC14  in refluxing acetonitrile/ 

dichloromethane (v.v = 3:1) led to the formation of 	s- 

[Pt(L')c12]. 	Orange crystals of the pure product were 

obtained via recrystallisation from nitromethane. 	The 

complex was characterised by elemental analysis, 1H n.m.r. 

and infra-red spectroscopy, the latter confirming the cis 

co-ordination in the complex (11) in which the ligand is 

essentially bidentate. 

S 

Pt 	 (11) 

CI 

The degree of interaction of the remaining thia donor 

with the metal centre is not known, but by analogy with 

[Pd(L')c12] which has been crystallographically characterised 

(Chapter 3) a weak interaction may occur. 	If cis-[Pt(L1)Cl 2] 

is allowed to react with an excess of triphenyl phosphine 

in refluxing acetonitrile dichloromethane, the orange 

[Pt(L1 ) (PPh3)2]2  cation is obtained. 	This could be trapped 

out as its PF6  salt and recrystallised from water to give 

crystalline [Pt(L1 ) (PPh3)2J (PF6)2. 	The 1H n.m.r. spectrum 

of the salt in CD3CN shows a complex but symmetrical series 

of resonances for the L1  protons, and a rigid cis conformation 

in which the macrocycle is bidentate appears likely (12). 
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2.7 Summary 

The structural and redox properties of the [Pt(Li) 2]2±  

cation illustrates the relevance of the study of second and 

third row transition metal complexes with L' (1,4,7-trithia- 

cyclanonone) . 	Both the single crystal X-ray structure, and 

solution behaviour of the [Pt(L')2J 2  cation indicate the 

presence of a significant additional thia interaction to 

the 'ptS4' square plane, probably as a consequence of the 

limited 7Tbonding nature of the trithia ligand. 	Even more 

interesting is the remarkable stabilisation of the d 7  Pt(III), 

[Pt(L1 	3+ complexcation obtained either chemically or via 

electrogeneration. 	The long life time of the [Pt(L')2]3  

cation may enable future success in isolating and structurally 

characterising this cation via a single crystal 	X-ray 

diffraction study. 	The isolation of the d 	Pt(L')2]4  cation 

further demonstrates the utility of L1  to stabilise a range 

of metal oxidation states, and full characterisation of this 

complex cation, particularly via 'H n.m.r. and diffraction 

studies, are clearlyareas for future active research. 
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2.8 Experimental 

Infra-red spectra (4000-250 cm ) were recorded on a 

Perkin-Elmer 548 spectrometer using the KEr disc method, 

n.m.r. spectra. were obtained on Bruker WP80 and Bruker 

WP200 instruments operating at 80.13Hz and 200.13MHz 

respectively, and unless otherwise stated were run at room 

temperature. 	Electron impact mass spectroscopy was carried 

Out using a Kratos MS902 spectrometer. 	Fast atom 

bombardment (f.a.b.) mass spectra were obtained in glycerol/ 

dmf matrices on a Kratos MSSOTC spectrometer. 	Electronic 

spectra were recorded using a Pye-Unicam SP8-400 spectro- 

photometer. 	Esr spectra were recorded on frozen glasses 

at 77K, using a ruker ER200D X band spectrometer. 

Electrochemical measurements were performed on a Bruker 

E310 Universal Polarograph. 	All readings were taken using 

a three electrode potentiostatic system in acetonitrile 

containing 0.1M TBAPF6  as supporting electrolyte. 	Cyclic 

voltammetric measurements were carried out using a double 

platinum electrode, and an Ag/Ag reference electrode. 

All potentials are quoted vs ferrocene/ferrocenium ion 

(Fc/Fc) = OV. 	Microanalysis were performed by the 

Chemistry Department, University of Edinburgh. 	All reactions 

were carried out using solvents of analar grade. 	Except 

where stated an inert atmosphere was not required. 

Starting materials 

Platinum(II) dichloride, PtC12  and potassium tetrachloro-

Dlatinate(II) K2PtC14  were provided as generous loans from 
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Johnson-Matthey PLC. 

Synthesis of 1 ,4,7-trithiacyclononane (L1 ) 

was prepared, using a modified procedure to that 

described by Sellmann and Zapf.67 	Instead of (Me 4N 4)2- 

(S(CH2)2S(cH2)25) the disodium salt (Na )2(S(CH2)2- 

S(CH2)2S) was used. 	This salt was prepared by reaction 

of the parent dithiol HS(CH2)2S(CH2)2SH, with two molar 

equivalents of sodium ethoxide in ethanol. 	At no stage 

of the reaction prior to the formation of the air stable 

[Mo(L1 ) (CO)3] were any of the air sensitive products 

isolated, the initial complex [MO(CO)3  (CH 3CN)3] being 

reacted in situ with the disodium salt of the thiol, under 

strictly inert conditions. 	[Mo(L') (CC)3] was worked up, 

as according to the literature, to give L1, which upon 

recrystallisation gave 5.4 g pure L1. 	Overall yield 53%. 

Elemental analysis: Found C=40.1; H=6.84; calculated for 

C6H12S3, C=40.1; H=6.71%. 	Infra-red, mass spectra and 

n.m.r. spectra (80MHz) all corresponded to the literature 

values. 64167  

1 ,4,8,ll-Tetrathiacyclotetradecane (L 2) was purchased 

from Aldrich and used without further purification. 

1 4,7,lO,13,16-Hexathjacyc1ooctadecane (L!) was prepared via 

literature methods 138  or purchased from Aldrich. 

Synthesis of complexes 

[Pt(L1)2] (PF6)2  

K2PtC14  (0.150 g 3.6 x 10 4mol) was reacted with L1 



(0.140 g 7.8 x 10 4mol) in water/methanol (v:v = 1:1 

30 ml) under reflux for 1 hr to yield an orange solution 

of the complex cation [Pt(Li)2]2+. 	Addition of excess 

NH4PF6  followed by cooling of the solution gave an orange-

yellow solid which could be recrystallised from water (ca. 

10 ml) to give orange crystals of [Pt(L1)2] (PF6)2  in 70% 

yield. 

Elemental analysis: Found 0=16.9; H=2.81; S=23.58, 

23.24% (Butterworth Co); Calculated for [Pt(L1)2] (PF6)2  

0=17.04; H2.86; S22.75%. 	Infra-red spectrum (L1  bands) 

2990, 2946, 1442, 1410, 1307, 1289, 1184, 1157, and 1129 

cm- 1. 	Mass spectrum (f.a.b.) 	M = 555, [Pt(L1)2]+ 

('Pt). 	Electronic spectrum: X max = 432 nm (c 	95 

cm 1 ) 278 (6935) 245 (12850) CH3CN and H 2  0 (Figure 2.2.1). 

n.m.r. (CD 3CN 80,200MHz) 	6 	= 3.31 (24H s CE2(L1 )); 

195 Pt satellites, JPH(av) = 24.5Hz at both 80 and 200MHz 

(Figure 2.2.11). 

[Pt(L1)2] (BF4)2  could be prepared as orange crystals 

using a similar procedure but via addition of NaEF4  to the 

EPt(L1)2]2+  cation. 	Elemental analysis: Found 0=19.4, 

19.5; 	H=3.26, 3.30%; 	Calculated for [Pt(L1)2] (BF4)2  

0=19.76; H=3.32%. 	The BPh4  salt of {Pt(L1)2J 2  was 

prepared via addition of NaEPh4. 	Recrystallisation from 

a nitromethane/toluene or nitromethane/ether solution gave 

crystals of {Pt(L')2) (BPh4)2.2CH3NO2. 	These large red- 

pink crystals slowly effloresced on standing to give the 

yellow CPt(L')2J (BPh4)2  species. 	Elemental analysis: 

Found 0=60.0; H=5.36%: Calculated for [Pt(L1)2] (BPh4)2 



C=60.34; H5.40%. 	1H n.m.r. (CD 3NO2  80MHZ) 	11
= 3.34 

(24H s CH2(L1 )); 	"'Pt satellites, 3J PtH = 24Hz. 

= 6.9-7.5 (40H m CH(BPh4  )) . 

Generation of [Pt(L1)2] 

Controlled potential electrolysis 

Electrogeneration of [Pt(L')2]3  was performed via 

controlled pontential electrolysis of [Pt(L1)21 (PF6)2  

(50 mg) in acetonitrile at a potential of +0.5V under a 

nitrogen atmosphere. 	The yellow green [Pt(L')2]3  cation, 

max X 	= 401 nm (e = 3030 M 1  cm-  ) 271 (ca.13,000) , is 

stable in dry acetonitrile for a number of hours. 	Esr 

spectrum (CH 3CN 77K) 	g = 2.044 g 11 = 1.987 	A30G 

All  = 85G (Gain = 3.2 x 102)  (Figure 2.4.11) 

Chemical oxidation 

Treatment of [Pt(L1)2] (PF6)2  (20 mg) with 70% aqueous 

HC104  (5 ml), led to formation of [Pt(L1)2]3  after 

ca. 90 minutes at room temperature: Electronic spectrum: 

X max = 401 nm 	(s = 4390 M 1  cm- 1 ) 271 (13,650). 	Esr 

spectrum (70% HC104  77K) g = 2.039 gu  = 1.987 A 	44G 

A0  = 90G ( 195Pt I = 4 33.8%) 	AH  5G (Gain = 4 x 102) 

(Figures 2.4.111, IV). 

[Pt (L1 ) 

A white microcrystalline solid, believed to contain 

the [Pt(L1)2]4 cation, was obtained upon prolonged oxida- 

tion of [Pt(L')2]2  in 70% aqueous 	HC104. 	The dry 
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solid was both air and moisture sensitive with reduction 

to [Pt(L')2 2+  occurring on heating in water. 

Electronic spectrum for [Pt(L1) 4+, , 
max  = 289 nm 

(17,800 M cm- 1 ) (Figure 2.4.V/70% aqueous HC104) . 	Esr 

spectrum: silent. 

cis- [Pt (L1 )C12 1 

PtCl2  (0.120 g, 4.5 x 10) and L' (0.082 g, 

4.5 x 10 4mol) were reacted in acetonitrile/dichioromethane 

(v:v = 3:1 60 ml) under reflux for 24 hours in a nitrogen 

atmosphere. 	The yellow solution was filtered hot and 

allowed to cool. 	Addition-of diethyl ether afforded the 

product as a yellow solid. 	Recrystallisation from nitro- 

methane yielded orange crystals which were dried in t'acuo: 

Yield = 60%. Elemental analysis: Found C=16.0; H2.7%. 

Calculated for cis-[Pt(L')Cl2 ] C=16.1; H=2.7%. 	Infra-red 

spectrum 2960, 2930, 1438, 1404, 1305, 1281, 1266, 1248, 

1182, 1144, 932, 886, 806, 318 and 304 cm- 1 . 	1
H  

spectrum (d 5  DMSO 80MHz) 	= 3.28 (12H br s CH 2(L')). 

[Pt(L1 ) (PPh3 ) 2 ] (PF6 ) 2  

[Pt(L')C12 ] (0.080 g, 1.79 x 10 4mol) and PPh3  (0.094 g, 

3.6 x 10 4mo1) were refluxed in acetonitrile (20 ml) for 30 

minutes to yield an orange solution of [Pt(L') (PPh3 ) 2 ] 2 . 

The solution was filtered, evaporated to dryness and 

redissolved in a minimum quantity of methanol. 	Addition 

of NH 4PF6  afforded yellow crystals of 	[Pt(L') (PPh3 ) 2 ] (PE 6 ) 2  

in 70% yield. 	Elemental analysis: Found C42.1 	H3.5%; 



Calculated for [Pt(L1 ) (PPh3)2] (PF5)2  C=42.4; H=3.6%. 

Infra-red spectrum, 3080, 1480, 1435, 1410, 1095, 995, 

840, 753, 745, 597, 554, 539, 522, 510 and 493 cm- 1. 

n.m.r. spectrum (CD 3CN 80MHz) 	6 = 2.2-2.8 (12H m CH  

(L')), 7.4-7.5 (40H m CH(BPh4  )) 

[Pt(L2)] (PF6)2 	(L 2  = 1,4,8,11-tetrathiacyclotetradecane) 

Reaction of K2PtC14  (0.120 g, 2.9 x 10 4mol) with L 2  

(0.085 g, 3.2 x 10 4mol) in refluxing acetonitrile/dichloro-

methane (v:v = 3:1 20 ml) for 4 hours resulted in the 

formation of the off-white [Pd(L2)]C12, which was washed 

with water, methanol and dichioromethane. 	The salt was 

dissolved in a minumurn of hot water (20 ml) and NH4PF6  added 

to precipitate the PF6  salt. 	Colourless crystals of pure 

[Pt(L2)] (PF6)2  were obtained on recrystallisation from water. 

Later syntheses used water/methanol as the initial reaction 

solvent (as for the [Pt(L1)2]2  complexes) which led to the 

product being obtained more efficiently. 	Yield = 60%. 

Elemental analysis: Found C=15.9; H2.68%; Calculated 

for [Pt(L2)] (PF6)2  C15.94; H=2.68%. 	Infra-red spectrum: 

(L2  bands) . 	3000, 2939, 2910, 2885, 2815, 1428, 1409, 1287, 1208 

and 1138 cm- 1. 	Mass spectrum (f.a.b.) 	M = 609 [Pt(L2)]- 

(PF6), 464 [Pt(L2)]+. 	1H n.m.r. spectrum (CD 3CN 80MHz) 

= 2.8-3.7 (20H CH 	(L2) ) 

[Pt(L)] (PF6)2 	(L! = 1,4,7, 10,13,16-hexathiacyclooctadecane) 

Reaction of K2PtC14  (0.100 g, 2.4 x 10 4mol) with L 3  

(0.067 g, 2.5 x 10 4mo1) led to the formation of [Pt(L)]2 
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after ca.2 hrs in refluxing water/methanol (v:v = 1:1 

30 ml) . 	Addition of a large excess of NH4PF6  selectively 

precipitated the PF6  salt which could be recrystallised 

from water/acetonitrile (v:v = 1:1 30 ml) to give a pale 

yellow solid. 	Yield 40%. Elemental analysis: Found 

0=16.8; H=2.83%. Calculated for [Pt(L)](PF6)2  0=17.04; 

H=2.83%. 	Infra-red spectrum (L 3  bands) . 2995, 2948, 1422, 

1287, 1260, 1176, 1132 and 1120 cm- 1. 	1H n.m.r. spectrum 

(CD 3CN 80MHz) 	3 = 2.8-3.7 ppm (24H br m C112(L3 



CHAPTER 3 

1 ,4,7-Trithiacyclononane Complexes of Palladium 



3 	1,4,7-Trithiacyclononane Complexes of Palladium 

3.1 Introduction 

The results obtained in the previous chapter clearly 

indicated that a study of palladium complexes of 1,4,7- 

trithiacyctc>nonane - in particular the [Pd(L1 2' 2+  cation, 

should be undertaken. 

For {Pt(L1)2]2  a one electron oxidation to [Pt(L1)2]3  

is observable both chemically and electrochemically, with 

a second oxidation to [Pt(L1 2' 4 -1- 
also observable in con- 

centrated perchloric acid. 	In the Pd system both the 

(II)/(III) and (III)/(IV) couples would be expected to be 

less readily attainable. 	However, this may lead to increased 

stabilisation of the EPd(L1)2J3+  cation, since further 

oxidation for the hexathia complex to [Pd(L1)24+  may be 

highly disfavoured. 	Additionally,a comparable study of 

the reductive electrochemistry of [Pd(L1)212+  and  [Pt(L1)2 2+  

may show that the [Pd(L1)2]+  cation may be significantly more 

stable than the highly transient reduction product for the 

third row transition metal. 

The chemistry of palladium is even more dominated by 

the +2 oxidation state than for platinum. Pd(0) is only 

observed for phosphine complexes 139  whilst Pd(IV) is generally 

only observed in complexes of the most electronegative 

elements140  eq PdC15  . 	Generally the complexes of Pd(IV) 

are of marginal stability and are readily reduced eq 

[Pd(py)2C14] which readily loses halogen in moist air. 141  

As for Pt, the (I) and (III) oxidation states are very poorly 



Hi 	0 

CS 

\ 

<'.-~S." 

(2) (3) 

61 

defined for monomeric complexes. 142 

Pd(II) complexes, as with their Pt analogues, show 

predominantly square planar co-ordination about the metal 

centre. 	Additional co-ordination to the Pd(II) centre 

however does occur in some complexes, often involving a 

degree of ii bonding. 	The macrocyclic (1) , 
86 	143 

(2) 	or 

tripod (3) 144 complexes shown below represent just three 

of a steadily increasing number of pentaco-ordinate Pd(II) 

systems. 143-146 

The observation of additional thia co-ordination in 

[Pt(Li)2]2 leading to a distorted square pyrimidal 

structure, led us to the expectation of a novel co-

ordination geometry also around [Pd(L1)2J 2 . 

Results and Discussion 

3.2 Synthesis and characterisation of [Pd(L1)2] 

Reaction of K2PdC14 with two molar equivalents of 

1 ,4,7-trithiacyclononane (L1) in refluxing water/methanol 

(v:v = 1:1) for 30 minutes leads to the formation of a 

blue solution from which the complex cation [Pd(L1)212 
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could be isolated as its PF6  or BF 	salt. 	Recrystallisa- 

tion from water led to the formation of well formed 

crystals of [Pd(L')2] (PF6)2  or [Pd(L')2] (BF4)2. 	In 

addition to infra-red and microanalytical data the identity 

of the Pd(L')2]2  cation was confirmed by f.a.b. mass 

spectroscopy which showed peaks at 	= 610, 465 for 

[Pd(L')2J (PF6  ) 	and {Pd(L')2J 	respectively. 	A variable 

concentration conductivity study of [Pt(L')2) (PF6)2  in 

nitromethane gave a value of Ao_Ae  vs C 	of 485 	= 96.3, 

consistent for a 2:1 electrolyte. 147 

As in Pt(L')23 2  additional thia co-ordination to the 

'MS 4' square plane is suggested by the electronic spectrum, 

and possibly 'H n.m.r. data. 	[Pd(L')2] (PF6)2  dissolves 

readily in acetonitrile or nitromethane to give blue 

solutions (X max = 615 nm ( 	= 54 M 1  cm- 1 ) , 296 (15,100), 

CH3CN / H20: Figure 3.2.1) indicating a substantial 

modification to the relative d-orbital energy levels occurring 

in this system. 	The 'H n.m.r. spectrum of [Pd(L')2]2  

in CD3CN (Figure 3.2.11(a)) both at room temperature and 

-35°C shows only a sharp singlet 	= 3.30) - probably as 

a result of a high degree of fluxionality in the system in 

which the chemical and magnetic inequivalence of the protons 

is lost on the n.m.r. timescale. 	An alternative explanation 

for the 'H n.m.r. spectrum is that the inequivalent protons 

have an identical chemical shift. 	Low temperature 'H 

n.m.r. studies are thus required to conclusively explain 

the dynamics of the system. 	Indeed in d-acetone (Figure 

3.2.11(b)) a complex second order signal is observed for 
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Figure 3.2.11 	'H n.rn.r. of [Pd(L') 2 )(PF6 ) 2  in 

a) CD3CN; b) d 6 -acetone 

(a) 

(b) 

4 	3pprn 

3.8 	317 	31.6 	3!5 	314 ppm 
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the ligand protons, possibly as a result of solvent 

interaction with the oomplex cation. In view of the novel 

electronic spectra, and the observation of an unusual 

geometry about [Pt(L1)2]2+  a single crystal X-ray diffrac-

tion study was undertaken upon EPd(L1)21 (PF6)2. 

3.3 The single crystal X-ray structure of [Pd(L1 	(PF6)2  

Crystal data: C12H24PdS62+ . 2PF
6 
  . 	M = 756.9 monoclinic. 

Space group C2/c, a = 17.879(8), b = 15.627(13), c = 11.476(8) 
0 	 03 A, 3 = 125.92(4) 0, 	= 2597 A , 	D = 1.936 g cm3, 

De = 1.96 g cm- 3,  Z 	4. 	At convergence R,R = 0.0565, 

0.0654 for 1153 data. 

A summary of selected bond lengths and angles are given 

in Table 3.3.1. 	A view of the [Pd(L1)2]2  cation is shown 

in Figure 3.3.11. 	The Pd(II) ion occupies an inversion 

centre, and is co-ordinated by an approximate square plane 

of four thia donors from the two centrasymmetrically 

related molecules of L 	(Pd_Seq = 2.332(3), 2.311(3) A 

< S 
eq 	eq 
PdS 	= 88.63(11) 0). 	The remaining similarly related 

sulphur atoms participate in significant apical interactions 

to give overall a tetragonally distorted octahedral 

stereochemistry about Pd(II) (Pd-S 	= 2.952(4) A < S PdS ax 	 ax eq 

= 83.13(10) , 83.24(11) 0 . To our knowledge this structure 

represents the closest approach to octahedral geometry for 

any Pd(II) complex. 

The complex [Pd(2-(2'-thienyl)pyridine)2Br21 (4)148 

shows a weak Pd. .S interaction at 3.05 A while in the highly 
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Table 3.3.1 
	

Important bond lengths and angles 

(with esd's) for [Pd(L1)2]2  

Bond lengths (A) 

Pd 	-S(1) 2.952(4) C(3)-S(4) 1.854(14) 

Pd 	-S(4) 2.332(3) S(4)-C(5) 1.812(13) 

Pd 	-S(7) 2.311(3) C(5)-C(6) 1.491(19) 

S(1)-C(2) 1.799(14) C(6)-S(7) 1.837(15) 

S(1)-C(9) 1.809(15) S(7)-C(8) 1.795(14) 

S(2)-C(3) 1.467(19) C(8)-C(9) 1.515(20) 

Bond angles (degrees) 

S(1)-Pd--S(4) 83.13(10) Pd-S(4)-C(3) 108.2(4) 

S(1)-Pd-s(7) 83.24(11) Pd-S(4)-C(5) 99.5(4) 

S(4)-Pd-s(7) 88.63(11) Pd-S(7)-C(6) 104.5(5) 

Pd-s(1)-c(2) 90.3(5) Pd-S(7)-c(8) 104.5(5) 

Pd-S(1)--c(9) 94.6 (5) 



Figure 3.3.11 	View of the single crystal X-ray 

2+ 
structure of [Pd(L1)2] 
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distorted octahedral complex [Pd(L 3 )] (BPh4)2 137 

Pd. .S ax = 3.273 A - essentially non bonding. 

The structure of [Pd(Li)2]2+, best described as 

showing '4+2' co-ordination, differs substantially from 

the [Pt(L1)2]2+ species, which shows '4+1' co-ordination 

around the metal centre. 	A direct comparison of the 

apical thia interactions of the two cations suggests that 

in 	[Pt(L1)2]2+ one of the apical interactions [Pt-S 
ax = 

2.885(7)) is somewhat stronger than the interaction in the 

Pd system (Pd-S ax = 2.952(4) A ) , but at the expense of 

the other, for which no interaction with the metal centre 

is evident (Pt---S = 4.04A). The geometry about the 

Pd(II) centre in [Pd(L1)2]2+ is consistent with the observed 

electronic spectrum for the complex. 	The position and 

intensity of visible absorption ( max = 615 nm (E = 54 

cm 1 ) is expected for a d-d transition in the modified ligand 

field (5) caused by the apical thia interaction. 
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Independent studies by Wieghardt et al. 149  upon 

the reflectance spectra of solid [Pd(L')2J (PF6)2  shows a 

shift in the visible absorption maximum to Xmax = 575 nm 

suggesting that a slight modification to the structure 

(and the possibility of fluxionality) may arise in solution. 

3.4 Redox chemistry of [Pd(L1)2] 

In view of the rich redox chemistry observed for the 

[Pt(L')21 2  cation, it was clearly important to monitor the 

redox chemistry of the [Pd(L')2]2  cation. 	Cyclic 

voltammetry of [Pd(L')2] (PF6)2  in acetonitrile shows a 

chemically reversible oxidation (Figure 3.4.1 - all potentials 

quoted relative to Fc/Fe = 0) with Epa = +0.65V, Epc = +0.56V 

= 84 my Ei = +0.605v. 	A second ill-defined oxidation 

wave was observed at +1.2V and was essentially irreversible. 

An irreversible reduction wave is also seen which became 

chemically reversible only at -40°C at high scan rates 

(Figure 3.4.11), with El = -0.85V 	E = 85 my. 

The reversible Pd(II)/(III) couple (as confirmed by 

quantitative measurements) , El = +0.605V, can be compared 

with the analogous processes for the nickel and platinum 

analogues which occur at +0.97 31  and +0.385v respectively. 



70 

4.4 
0 

rn 

17, 
 

0 

> 
0 

) 

2 
) 
4. 

) 
4. 

) 
4. 

pi 



71 



72 

Although oxidation for [Pd(L1)2]2+ occurs at a higher 

potential than for [Pt(L1)2J 2  the process is still 

essentially metal based. 	A ligand based oxidation seems 

unlikely, on the basis that oxidation of the free ligand 

31 only occurs at +0.99V 	, and that for the recently 

characterised [Ru(L)2] 2+  cation 150 redox stability is 

shown up to +1.4V. 

Controlled potential electrolysis of a solution of 

[pd(L1)2]2  in acetonitrile at +0.7V generated an intensely 

orange-red esr active solution 	max = 477 nm ft = 5340 

cm 1 ), 341 (16100), 230 (10,000)) in an isosbestic manner 

U. =  610, 315, 260, 214 nm) . 	This electrogenerated ISO 

solution was highly stable, and could be cleanly reconverted 

back to the Pd(L1)2]24 cation, in an isosbestic manner. 

As with the [Pt(L1)2]2/3+ system the stability of the 

oxidised form enabled quantitative measurements of the 

concentration of oxidised and reduced forms to be measured 

at varying electrogeneration potentials, and this confirmed 

the oxidation to be a one electron process. 

The intense charge transfer band in [Pd(L1)2] 	
* 

centred at 477 nm is probably a ligand (n) -- metal (eg 

transition, as observed in the related Pt system. 

Acetonitrile solutions of the [Pd(L1)2J3 cation were 

observed to slowly decompose on standing to the [Pd(L')2 2  

cation in an isosbestic manner. 	Chemical oxidants such as 

Ce4 , N3 or S 
2  0  8 
	readily generated the [Pd(L1)2]3 cation, 

but the most effective means was by use of 

60-70% HC104  in which the [Pd(L1)2]3 cation generated was 

stabilised indefinitely. 	In 60% HC104  the oxidation of 
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2+ 	 3+ ( [Pd(L1)2] 	to [Pd(L1)2 	max = 477 nm ( = 5,800  

cm 1 ) 340 (16,130) 230 (7650)) could be monitored by 

observation of the electronic spectrum with time (Figure 

3.4.11). 	The isosbestic conversion (\ iso = 587, 315, 257 

and 215 nm) occurred over ca.30 minutes using a concentra-

tion of 10 4M [Pd(L')2] (PF6)2  in the oxidising medium. 

The electronic spectrum of the oxidised product was 

essentially identical to that for the electrogenerated 

[Pd(L1) 21 	cation in acetonitrile. 

3.5 E.s.r. studies of [Pd(L1)2] 

Both electrogenerated acetonitrile solutions of 

[Pd(Li) ]3  and 70% aqueous perchloric acid solutions of 

the same species showed intense frozen glass esr spectra. 

A frozen acetonitrile solution of freshly electrogenerated 

CPd(L1)2]3 showed a strong anisotropic broadened signal 

(Figure 3.5.1) with g= 2.048 gg  = 2.008 	= 2.032, 

characteristic of a paramagnetic species in which the 

unpaired electron' density primarily resides on the metal 

centre. 123 

Allowing complete oxidation of 10 2M solutions of 

[Pd(L1)2]2 in 70% aqueous perchioric acid at 50°C for four 

hours, led to complete conversion to the [Pd(L1)2]3 cation. 

A frozen glass esr spectrum (Figure 3.5.11) of this shows a 

substantially improved resolution relative to the electro- 

generated species. 	The g and g11  components of the signal 

are now much more distinct, with g= 2.049 g11  = 2.009. 
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Hyperfine coupling to "'Pd (I = 5/2, 22.2%) is now 

clearly observable in the g region, of magnitude 20G. 

This hyperfine coupling in the strongly anisotropic signal 

provides further evidence for a metal based paramagnetic 

species, and as for the [Pt(L1)2]3 cation, the observation 

g > 9 1  2 is also consistent for a tetragonally elongated 

octahedral d 7  species being formed. 124A second hyperfine 

coupling of 5G is observable in the g11  region, which is 

tentatively assigned to a long ranqe proton interaction. 

The improved resolution of this spectrum in frozen 70% 

aqueous HC104  may be due, in part, to the absence of base 

electrolyte. 151 

3.6 The single crystal X-ray structure of [Pd(L1)2] 

(HO) +_(C104)4.3H20 

Allowing solutions of the [Pd(L1)2]3+ cation in 70% 

aqueous HC104  cool to room temperature led to the formation 

of well formed orange-red crystals. 	These were shown to 

be paramagnetic on running an esr spectrum of a frozen 

aqueous solution. 	An infra-red spectrum of the highly air 

and moisture sensitive crystals indicated the presence of L1  

and perchiorate ion. 	During the preparation of the disc, 

reduction clearly occurred, as indicated by its green colour. 

Aqueous solutions of the orange-red crystals were rapidly 

reduced to give the [Pd(L1)2]2+ cation, as shown by spectro- 

scopic studies. 	Since the crystals were almost certain 

to contain the [Pd(L1)2]3+ cation, a crystal structure 

determination would be highly desirable. 	Although the 

crystals were indefinitely stable in perchioric acid, 
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removal from this medium led to instant fracturing. 

To prevent this the crystal had to be sealed in a Lindemann 

tube in the presence of some mother liquor. 	This and 

further protective measures ensured that no decomposition 

occurred, and led to the collection of a good quality data 

set. 

Crystal data: C12H24PdS 	.H3O.4ClO4  .3H20. M = 938.0 

monoclinic. 	Space group C2/c, a = 20.664(4); b = 9.2335(17); 

03 c = 20.218(4) A 	= 124.514(13) 0  U = 3179 A 	D = 1.959 

g cm -3  Z = 4. 	At convergence R,R = 0.0311, 0.0390 

respectively for 1809 data. 

A summary of selected bond lengths and angles are given 

in Table 3.6.1. 	A view of the [Pd(L1)2]3 cation is shown 

in Figure 3.6.11. 	The Pd(III) ion lies on an inversion 

centre, with Pd-S(1) = 2.5448(15), Pd-S(4) = 2.3558(14), 

Pd-S(7) = 2.3692 A, to give overall a tetragonally elongated 

octahedral geometry (<SPdS = 87.17-88.88 0) entirely consistent 

for a low spin Pd(III) d 7  system undergoing a Jahn-Teller 

distortion. 

Relative to [Pd(L')2]2  the axial thia donors 5(1), 

S(1)', are brought in towards the more positive 3+ metal 

centre and this is linked to a slight elongation of the 

equatorial Pd-S bond lengths. 

Associated with the [Pd(L')2]3  cation in the structure 

are four perchiorate ions, an oxonium ion (H3O) and three 

water molecules. 	The identification of the H3Ocation 

in the crystal was made on the basis of the electron difference 

map around the 0 atom. Additionally, the complex cation can be 
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Table 3.6.1 
	

Important bond lengths and angles 

(with esd's) for [Pd(L1)2]3  

Bond lengths (A) 

Pd-S(1) 2.5448(15) C(3)-S(4) 1.817(6) 

Pd-S(4) 2.3558(14) S(4)-C(5) 1.824(6) 

Pd-S(7) 2.3692(15) C(5)-C(6) 1.509(9) 

S(1)-C(2) 1.827(6) C(6)-S(7) 1.823(6) 

S(1)-C(9) 1.826(6) S(7)-C(8) 1.837(6) 

C(2)-C(3) 1.513(9) C(8)-C(9) 1.505(9) 

Bond angles (degrees) 

S(1)-Pd-s(4) 	87.33(5) 	Pd-S(1)-c(2) 101.02(20) 

S(1)-pd-s(7) 	87.17(5) 	Pd-S(1)-c(9) 97.07(21) 

S(4)-Pd-S(7) 	88.88(5) 	Pd-S(4)-C(3) 101.22(20) 

Pd-S(4)-C(5) 103.27 (20) 
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Figure 3.6.11 View of the single crystal X-ray 

structure of [Pd(L1)2] 3+ 



I 

identified as [Pd(L1)2]3+  since a hypothetical d 5  [Pd(L1)2]4+  

cation, as well as not showing esr activity, would be 

expected to be perfectly octahedral. 	In all d 6  low spin 

systems so far crystallographically characterised 

04= Fe(II) L=L, 31 M=Fe(II),41  Ru(II),150 Co(III),41  

Rh(III) L=L1) none of the M-S distances varies by more 

than 0.018A whereas in [Pd(L1) 32 	the mean difference 

between the axial and equatorial Pd-S bond lengths is 

0.182A. 	For the d 7  [CO(L1)2]2 cation 64  a Jahn-Teller 

distortion is also present but instead a tetragonal com- 

pression is observed. 	In [i(L)2]3 , also a low spin 

d 7  species, the mean difference between axial and equatorial 

bond lengths is 0.138A for the tetragonally elongated 

octahedral structure. 43 

Literature reports of monomeric Pd(III) complexes are 

very scarce. 	In contrast to Pt 152  not even dimeric 

diamagnetic Pd(III) dimers have been characterised. 	The 

only previous report of a metal based monomeric Pd(III) 

species is the gray hygroscopic solid NaPdF4, synthesised 

under high pressure from NaFand Pd2F6.153 	The solid state 

esr of this material shows g> g11  2, as observed in our 

system. 	Palladium in a formal oxidation state of +3 has 

been characterised in a variety of dithiolene complexes 

but these are more accurately regarded as Pd(II) - ligand 

radical systems 126 



3.7 	Studies upon related thia and aza macrocyclic 

complexes of palladium 

3.7.1 Synthesis, characterisation, structure and electro-

chemistry of [Pd(L 2 )1 2+  

The importance of stereochemical and electronic control 

upon the redox chemistry of palladium(II) was investigated 

through the preparation of [Pd(L2)]2 	(L2  = 1,4,8,11- 

tetrathiacyclotetradecane) , [Pd(L)]2 	(L 3  = 1 ,4,7,1O,13,16- 

hexathiacyclooctadecane) and [Pd(L)2]2 	(L 4  = 1,4,7- 

triazacyclononane) 

The [Pd(L2)]2 cation was synthesised by reaction of 

K2PdC14  with a slight excess of L 2  in refluxing water/methanol 

(v:v = 1:1) for ca.30 minutes. 	Addition of NH4PF6  gave the 

PF6  salt as a yellow solid, which was recrystallised from 

water to give yellow crystals of [Pd(L 2 )] (PF6)2. 	Like the 

Pt analogue this complex was stable to hydrolysis even in hot 

aqueous solution - in sharp contrast to [i(L2)J2+. 65 F.a.b. 

mass spectra of the complex showed peaks at 	= 519, 374, 

corresponding to [Pd(L2)] (PF6) and [Pd(L2 )1 +  respectively. 

Although the complex was a yellow colour this is not due to 

absorption maxima in the visible region, but rather the tail 

of an intense higher energy charge transfer band. 	The 1H 

n.m.r. spectrum for [Pd(L2)] (PF6)2  showed, as expected, a 

complex series of resonances for the bound L 2  macrocycle 

= 2.8-3.8 ppm). 

Due to the general paucity of structurally characterised 

platinum metal thioether complexes and more importantly to 
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elucidate the conformation adopted by the macrocyclic 

ligand, a single crystal X-ray structure determination 

was undertaken on the complex. 

Crystal data: C1QH20PdS42  2PF6 	M = 664.85, orthorhombic. 

Space Group P na2' a = 13.947, b = 13.878, c = 11.1865A 

U = 2165A3  D = 2.039 g cm 3  Z = 4. 	At convergence 

R,R = 0.0483, 0.0643 for 1486 data. 	A summary of selected 

bond lengths and angles are given in Table 3.7.1.1. 	Two 

views of the [Pd(L)i 2  cation are shown in Figures 3.7.1.11 

and 3.7.1.111. 	The Pd(II) centre is co-ordinated by an 

approximate square plane of the four thia donors from the 

tetradentate macrocycle. 	The Pd-S bond distances vary from 

2.25-2.31A and the SPdS band angles vary from 87.8-95.1 0 . 

The macrocycle adopts an endo conformation which contrasts 

with the exo structure observed for the free ligand, in 

which the lone pairs point outwards from the macrocycle 

cavity 115  The second edge-on view of the cation clearly 

shows the conformation adopted by the methylene chains of 

the macrocyclic ligand. 	These are all directed to one face 

of the PdS4  plane with the Pd atom lying slightly above the 

equatorial plane of the four sulphur atoms by 0.0381A. 

The structural conformation adopted by the macrocycle is 

similar to that observed in the isoelectronjc [Rh(L2)] 

cation, which shows a weak interaction with a second 

[Rh(L2)] cation to give overall a loosely dimeric structure. 116 

In the [Pd(L2)]2 cation however there is no analogous 

interaction, perhaps as a consequence of the increased charge 

on the metal centre. 



Table 3.7.1.1 
	

Important bond lengths and angles 

(with esd's) for [Pd(L 2 )1 2+  

Bond lengths (A) 

Pd-S(1) 2.292(10) 

Pd-S(4) 2.242(9) 

Pd-S(7) 2.308(8) 

Pd-S(11) 2.278(10) 

Bond angles (degrees) 

S (1) -Pd-S (4) 87.8(3) 

S(1)-Pd-s(8) 176.9(3) 

S (1)-Pd-S (1 1 ) 88.1(3) 

S(4)-pd-s(8) 95.1(3) 

S(4)-Pd-s(1 1) 175.0(3) 

S(8)-Pd-S(11)  88.9(3) 
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Figure 3.7.1.11 	View of the single crystal X-ray 

structure of [Pd(L2)]2 



Figure 3.7.1.111 	View of the single crystal X-ray 

structure of [Pd(L2)]2 



An electrochemical study upon the [Pd(L2)j2 cation 

in acetonitrile showed total inactivity in the oxidation 

range underlining, as for the [Pt(L2  )] 2+  cation, the 

importance of stereochemical factors in observation of the 

d 7  or d 6  oxidation states which require an octahedral or 

tetragonally distorted octahedral geometry for optimum 

stabilisation. 

Reduction of [Pd(L2)]24 to [Pd(L2)] occurs irreversibly 

at room temperature but at _4000 and high scan rates a 

chemically reversible wave at E = -0.875V AE = 65 my 

was observed (Figure 3.7.1.Iv). 	The short lifetime of the 

2 + 	 +155 [Pd(L )] cation can be contrasted with [Pd(tmo)] 	or 

[Pd(tbc)] 156 (tmc = tetramethylcyclam (5), tbc = tetra-

benzyl cyclam (6)) which have a long lifetime in solution, 

despite being obtained at more cathodic potentials. 
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An explanation for the instability of [Pd(L2)] may 

be as a result of dimerisation leading to the formation 

of a Pd-Pd bond. 	Assuming ligand rearrangement does not 

occur on reduction there would be little steric hindrance 

to dimerisation due to the adopted conformation of the 

macrocycle in the complex. 	Presumably only at low temperature 
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and high scan rates would dimerisation be slow enough 

to observe the reversible couple. 	Both [Pd(tmc)] and 

[Pd(tbc)] by contrast would not be expected to dimerise, 

as the resultant cofacial interactions would be very 

severe. 	To determine whether a [Pd 2(L2)212 dimer cation 

is obtained, either a variable concentration electrochemical 

study, or an attempt to isolate and characterise the reduced 

species could be made. 	Significantly Pd(I) chemistry is 

dominated by dimeric Pd-Pd bonded complexes 

eg 	[Pd 2(CNCH3)6]2 157 and [Pd(dppm)2012].158  

3.7.2 Synthesis, characterisation and electrochemistry of 

[Pd (L 3)]2+ 

The Pd(L)]2  cation, which has been structurally 

characterised as its BPh4  salt 137 (L 3 = 1,4,7,10,13,16-

hexathiacyclooctadecane) was synthesised as the PF6  salt 

from K2PdC14  and L 3  in refluxing water/methanol (v:v = 1:1) 

for 1 hr. 	Addition of NH4PF6  gave the product which was 

recrystallised from an acetonitrile/water mixture. 	The 

f.a.b. mass spectrum shows a peak at 	= 466 characteristic 

of the [Pd(L)]2 ion-The 1H n.m.r. spectrum shows a singlet 

at 6 = 3.25 ppm possibly as a consequence of fluxionality, 

or of chemical equivalence in the solvent used (CD 3CN) 

Like the [Pt(L)]2  cation, to which the Pd analogue is 

isostructural, no redox activity is shown either in the 

oxidation or reduction range in acetonitrile. 	The absence 

of a Pd(II)/(I) couple appears surprising as the electronic 

and steric environment for the metal centre differs little 

2 	 2 in [Pd(L 2)] 	and [Pd(L)]. 



3.7.3 Synthesis, characterisation and electrochemistry 

of [Pd(L)2] 

In view of the interesting electrochemistry for 

[Pd(L1)2]2  an investigation of the related [Pd(L)2]2  

cation was made (L 4  = 1,4,7-triazacyclononane). 	An 

improved synthetic procedure for the formation of [Pd(L)2]2  

involved the reaction of K2PdC14  with the neutral L 4  ligand 

in a 2:5 molar ratio in water at ca.90°C for 30 minutes. 

Addition of NH4PF6  precipitated [Pd(L)2] (PF6)2  which upon 

recrystallisation from water gave the pure salt as light 

yellow crystals. 	During the course of this work McAuley 

reported the structure of the [Pd(L)2]2  cation which is 

isostructural to the Pt analogue. 159 

The 1H n.m.r. spectrum of [Pd(L)2]2  in acetonjtrjle 

shows in addition to the amine protons (as a broad singlet 

61, = 4.12 ppm) a complex multiplet for the methylene protons 

at 80MHz. 	On increasing the field strength to 360MHz the 

methylene signal is split into two multiplet sets centred 

at 6 = 3.03 ppm (Figure 3.7.3.1) with a separation of 

0.3 ppm. 	The 130  n.m.r. spectrum of [Pd(L)2]2  also in 

CD3CN shows only a singlet at cS, = 51.95 ppm which appears 

inconsistent with the square planar geometry reported for 

the complex. 	A possible interpretation is that EPd(L)2]2  

is fluxional in solution, but that internal couplings are 

retained for the magnetically inequivalent protons. 

Voltammetry upon the [Pd(L)2]2  cation reveals an 

oxidation wave at -0.03V vs Fc/Fc inacetonitrile, a 

significantly lower potential than observed for the Pd(II)/(Iii) 
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Figure 3.7.3.1 	'H n.rn.r. of [P(L)] (PF6)2  in CD3CN 

showing the methylene resoances of L 

only, run at 360MHz 

3.0 



Ell 

couple for [pd(L1)2]2+. 	Chemical oxidation of [Pd(L)2]2  

with peroxodisuiphate ion at pH 2 in aqueous solution gave 

an esr active red solution. 	The frozen glass esr spectrum 

is consistent for a d 7  Pd(III) species, the anisotropic 

signal showing g = 2.136911 = 2.011. 	Superhyperfine 

coupling to 1 N (I = 1 100%), AH = 25G is also evident 

in the g 11  region, with a 1:2:3:2:1 intensity characteristic 

of an interaction with two of the axially co-ordinated 

ligand donors. 160 	There is no evidence however for coupling 

to "'Pd (I =11 22.2%). 	The chemically generated oxidised 

species only has a limited lifetime (ca.2 hrs) in solution, 

but is clearly worth further investigation. 

3.8 Mononuclear Pd(II) complexes incorporating one 

ligand 

cis-[Pd(L')C12] was prepared by reaction of PdCl2  with 

one equivalent of L1  in nitromethane/dichioromethane (v:v = 3:1). 

Recrystallisation from nitromethane afforded red crystals of 

the product. 	A single crystal diffraction study (Figure 

3.8.1) shows the Pd centre to occupy a somewhat distorted 

square planar environment with the two co-ordinated thia 

donors mutually cis (Pd-s = 2.2672(17), 2.2457(17)A) . 	The 
two remaining sites are occupied by chlorine, with Pd-Cl 

distances of 2.3316(21), 2.3326 (21)A. 	Compared with 

[Pd(L1)2]2+ the Pd_S
eq  distances are shortened by an average 

Of 0.065A as a consequence of the trans influence of 

chlorine. 	The remaining sulphur atom of L1  lies at a 

distance of 3.1400(21)A, and so is (in contrast to 
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[Pd(L1)2]2+) essentially non-bonding. 	The angle to the 

PdS4  plane is also further from octahedral than for 

[Pd(L1) 	2+ 
2 	 ax 	eq 

with <S PdS 	= 78.42(5), 81.14(5) 0. 	The 

crystals (prepared by Y. Roberts) refined well to give a 

final R factor of 0.0181 for 798 reflections. Very recently 

Wieghardt et al. have published the crystal structure of the 

bromo analogue cis-[Pd(L1)3r2] which is essentially iso-

structural to our complex. 149 

Treatment of either [Pd(L')2]2  or cis-[Pd(L1)Br ] with 

excess triphenyl phosphine led to the formation of the c-es- 

[Pd(L1 ) (PPh3)2J 2  cation. 	Addition of PF6  and recrystal- 

lisation from nitromethane/methanol gave orange crystals of 

[Pd(L1)(PPh3)2](pF6)2. 

The 'H n.m.r. spectrum of the complex in CD3CN, as for 

the Pt analogue showed a complex symmetrical multiplet for 

the methylene protons of L'(6= 2.7-3.8 ppm) 
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Figure 3.8.1 	View of the single crystal X-ray structure 

of cI's-[Pd(L')Cl2] 

C' 



3.9 Summary 

like [Pt(L1)2]2+ shows a significant 

apical thia interaction to the square planar d centre. 

This interaction in the distorted octahedral structure 

most clearly manifests itself in the electronic spectrum 

in which a low energy d-d transition is clearly observable. 

The redox chemistry of [Pd(L1)2]2+  shows both a one 

electron oxidation and reduction. 	The isolation of the 

d7  [Pd(L1)2]3 cation beautifully demonstrates the value 

of the L -  macrocycle in the stabilisation of unusual oxi- 

dation states. 	The tetragonally distorted geometry of 

[Pd(L')2]3  is entirely consistent with theoretical 

expectations. Measurement otE the magnetic moments of the 

Pd(III) and Pt(III) species are recuired. 	Although 

solid state measurements are probably precluded due to 

the aerial instability of the complexes 	an Evan's method 

solution measurement 42 in deuterated perchloric acid should 

be feasible. 	The [M (L1)2J3  cations should show a magnetic 

moment somewhat greater than a spin only value (173 3M) 

as a result of an orbital contribution to the magnetic 

moment. 

In contrast to [Pt(Li)2]2+ and [Pt(L2)]2 the palladium 

analogues both show significant reduction chemistry to give 

the short-lived d9  species. 

Additionally preliminary studies upon 

show, as for the thia analogue, that the Pd(III) d7  state 

may be stabilised. 

Certainly both L1  and L 4  are of significant potential 

use in future studies upon transition metal systems 

as a consequence of their remarkable redox behaviour. 
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3.10 Experimental 

Conductivity measurements were made on a Portland 

Electronics 310 conductivity bridge in nitromethane at 

298K. 	A 360MHz 1H n.m.r. spectrum was run on a Bruker 

WH360 instrument. 	Other physical measurements were 

carried out as in Chapter 2. 

Starting materials 

Palladium(II) dichloride PdCl2  and potassium tetrachloro-

palladate(II) K2PdC14  were provided as generous loans from 

Johnson-Matthey plc. 

Synthesis of 1 ,4,7-triazacyclononane 

The trihydrochlorjde salt of 1,4,7-triazacyclononane 

L.3HC1 was synthesised according to a procedure developed 

by Pederson 161 (Scheme 3.10.1). 

H2N(CH2)2NH(CH2)2NH2  (51.5 g, 0.5 mol) and NaOH (60 g, 

1.5 mol) were dissolved in water (400 ml) and transferred 

to a three-necked flask equipped with a stirrer, condenser 

and dropping funnel. 	P-toluenesulphonyl chloride (TsC1) 

(286.3 g, 1.5 mol) dissolved in diethyl ether (750 ml) was 

added dropwise. 	After two hours the tosylated product 

TSNH(CH2)2NTS(CH2)NHTS (1) was filtered and washed with 

water and diethyl ether. 	Yield 220 a (78%). 

The sodium salt of the tritosylate dianion (Na)2-

(T5N(CH2)2N(0H2)2Ts) (2) was obtained by addition of (1) 

(220 g, 0.39 mol) to a hot solution of NaOEt in ethanol 

(17.9 g, Na 0.78 mol, 400 ml). 	The white deliquescent salt 
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Scheme 3.10.1 
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was obtained via rotary evaporation of the solution. 

Yield 230 g (98%) 

To a solution of ethylene glycol (31 g, 0.5 mol) 

in pyridine (320 ml) at 000 p-toluenesulphonylchloride 

(190.5 g, 1 mol) was added, maintaining the temperature 

at 5°C. 	The resulting porridge formed was poured two days 

later into ice cold water (2 litres) to remove pyHCl. 

The product TSO(CH2)2OTS was collected and washed with 

water. 	Yield 110 g (60%). 

The disodium salt of the tritosylated amine (2) was 

dissolved in hot DMF (2 litres) and a DMF solution of the 

tosylated ester (3) (110 g, 0.297 mol; 	1 litre) was added 

dropwise under a nitrogen atmosphere, maintaining the 

temperature at 110°C. 	After four hours the reaction 

mixture was poured into a 10 litre beaker, and water (cc. 

6 litres) slowly added. 	The following day, the precipitated 

crude cyclic tritosylated amine (4) was collected and dried. 

This was dissolved in hot benzene (800 ml) and the insoluble 

impurities removed, most of the benzene was then removed 

by rotary evaporation and to the remaining solution, an 

equal volume (250 ml) of methanol was added. 	The pure 

product precipitated out of solution and was collected and 

dried. 	Yield 80 g (40%).  

The cyclic tritosylated amine (4) (80 g, 0.135 mol) 

was dissolved in 98% H2SO4  (50 ml) and heated to 120°C for 

three days. 	On cooling the resulting dark brown syrup was 

treated with diethyl ether (250 ml) and the mixture stirred 

to yield the semicrystalline sulphate salt (L)2(H2SO4)3 



The sulphate salt of L 4  was converted to the 

trihydrochloride salt L 4.3HC1 on stirring with concentrated 

hydrochloric acid (12M 100 ml) . 	The crude salt was filtered 

and purified by recrystallisation from a 6M HC1/methanol 

mixture (200 ml v:v = 1:1) . 	The final stage of purifica- 

tion was undertaken by dissolving the solid in a minimum 

quantity of hot water, filtering impurities and adding 

12M HC1/methanol to the clear filtrate to give the pure 

white trihydrochlorjde salt which was filtered and washed 

with diethyl ether. 	Yield = 15 g (12% based on overall 

reaction). 	Elemental analysis: Found 0=29.57; H=7.58; 

N=17.61%. 	Calculated for L.3HC1 0=30.21; H=7.61; 

N=17.60%. 	Mass spectrum (electron impact) M = 129 

(C6H15N3 ). 1H n.m.r. spectrum (D20. 80MHz) 	6 H  =3.61 

(12H s CH 	(L1 )). 

The free ligand L, could be generated in siu by 

neutralisation with three molar equivalents of NaOH in 

water. 

The remaining macrocyclic ligands were obtained as in 

Chapter 2. 	Additionally L1  was purchased from Aldrich Co. 

ythesis of complexes 

[Pd(L1 ) ](PF ) 

K2PdC14 (o.15o g, 4.6 x 10 4mol) was reacted with L1  

(0.170 g, 9.4 x 10 4mol) in water/methanol (v:v = 1:1, 30 

ml) under reflux for 30 minutes to yield a blue solution of 

2  the complex cation [Pd(L1)2]. 	Addition of excess NH4PF6 
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followed by cooling of the solution yielded a green 

solid which was recrystallised from water (ca. 10 ml) to 

give green crystals of [Pd(L1)2] (PF6)2  in 70% yield. 

Elemental analysis: Found C=18.9; H=3.14; Calculated 

for CPd(L1)2] (PF6)2: C19.0; H=3.20. 	Infra-red spectrum 

2982, 2960, 1441, 1413, 1407, 1303, 1289, 1193, 1152, 1129 

and 840 cm- 1. 	Mass spectrum (f.a.b.) M = 610 IPd(L1)2]- 

(PF ) 6 	 2 
465 [Pd(L1) ]. 	Electronic spectrum: X max = 615 nm 

(C 	= 54 M 1  cm-  ) 298 (15,085) (CH 3CN and H20) (Figure 

3.2.1). 	IH n.m.r. spectrum (CD 3CN 80MHz) 	5 = 3.30 

(24H s OFf2  (L1)). 	(Figure 3.2.11). 	1H n.m.r. spectrum 

(d acetone 80MHz) 	6 = 3.63 (24H m 
CH 	(L1)). 

Conductivity (CH 3NO2) , plot of 
'e'o  vs c 	gives a slope 

of 	485. 	A 
0 
= 96.3. 

[Pd(L1)2] (SF4)2  could be prepared as dark green 

crystals using a similar procedure, but via addition of 

NaSF4  to the [Pd(L')2J 2  cation. 	Elemental analysis: 

Found 0=22.1; H=3.73%: Calculated for [Pd(L1)2] (SF4)2  

0=22.5; H3.77%. 

Recrystalljsatjon of [Pd(L1)2J (PF6)2  from nitromethane 

gave blue green crystals of [Pd(L1)2] (PF6)2.2CH3NO2: Elemental 

analysis: Found 0=18.7; H=3.37; N=3.29%: 	Calculated for 

CPd(L1)2](pF6)2.2CHNO 	C19.1; H3.44; N3.19%. 

Generation of [Pd(L1)2] 

a) 	Controlled potential electrolysis 

Electrogeneration of  fPd(L1)2J3 was performed via 
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controlled potential electrolysis of [Pd(L1)21 (PF6)2  

(40 mg) in acetonitrile at a potential of +0.7V under a 

nitrogen atmosphere. 	The intensely orange-red [Pd(L1)2]3  

cation,.,'. max = 477 nm (F- = 5344) , 341 (16100) , 230 (9876) 

was stable for a number of hours in dry acetonitrile, 

decaying eventually to [Pd(L1)2]2+. 	Esr spectrum (CH 3CN 

77K) 	g = 2.048 g11  = 2.008 (Gain = 6.3 x 10 2  

b) Chemical oxidation 

[Pd(L1)2J (PF6) 	(20 mg) was dissolved in 70% aqueous 

perchloric acid (ca-5 ml) and heated to 50°C for four hours, 

this led to formation of the [Pd(L1)2]3 cation, which on 

cooling to room temperature gave crystals of [Pd(L1)2J- 

(H30) (Cl04)4.3H20. 	Solutions of 	[Pd(L1)2}3+ obtained 

chemically show essentially identical electronic spectra to 

those observed electrochemically, max = 477 nm (Iz = 5,800 M 1  

cm 1 ), 	340 (16,130), 230 (7,650). 	Esr spectrum (70% 

HC1O4  77K) g = 2.049 g11  = 2.009 AU = 20G A  = 5G 

(Gain = 1.25 x 10 2 ) .  

:- [Pd(L1)Cl 2-2 

PdC12  (0.080 g, 4.5 x 10 4mol) and L1  (0.082 g, 

4.5 x 10 4mol) were reacted in refluxing nitromethane/ 

dichioromethane (v:v = 3:1, 60 ml) for 24 hours under 

nitrogen to give an orange-brown precipitate. 	The product 

was collected and dissolved in a minimum amount of hot nitro- 

methane (30 ml) . 	The solution was allowed to cool and 

reduced in volume to afford red crystals of cis-[Pd(L1)C12] 
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which were dried - i vacua. 	Yield = 60%. Elemental 

analysis: Found C=19.7; H=3.2%; Calculated for 

[Pd(L')C12] 	C20.1; H=3.4%. 	Infra-red spectrum: 	2958, 

2930, 1437, 1403, 1308, 1300, 1282, 1263, 1247, 1180, 1144, 

935, 887, 805, 332 and 312 cm- 1. 	'H n.m.r. spectrum (d 6  

dmso 80MHz) 	OH = 3.3 (12H br s CH 	(L')) 

[Pd(L1 ) (PPh3)2] (PF6)2  

[Pd(L')C12] (0.085 g, 1.82 x 10 4mol) was treated with 

an excess of PPh3  (0.10 g, 3.82 x 10 4mol) in refluxing 

nitromethane (15 ml) for 30 minutes. 	Addition of NH4PF6  

and diethyl ether (40 ml) gave the required complex as 

an orange precipitate. 	The pure crystalline salt was 

obtained by recrystallisation from nitromethane/methanol 

(v:v = 1:1 	20 ml). 	Yield = 80%. 

[Pd(L1)] (PF6)2  (0.040 g, 5.3 x 10 mol) was treated 

with an excess of PPh3  (0.050 g, 1.91 x 10 4mol) in aceto- 

nitrile (15 ml). 	Addition of diethyl ether to the solution 

gave the product which was recrystallised from nitromethane/ 

methanol as above. 	Yield 80%. 	Elemental analysis: 

Found C=45.1; H=4.10%: Calculated for [Pd(L') (PPh3)2] (PF6)2  

C45,8; H=3.84%. 	Infra-red spectrum: 	1480, 1435, 1412, 

1305, 1185, 1092, 998, 840, 750, 739, 704, 692, 529 and 

514 cm 1. 	Electronic spectrum 	max = 478 nm. 	'H 

spectrum (CD 3NO2  80MHz) 6 = 2.74 (12H m 
CH  (L1)) 

7.3-7.7 (30H m CH (PPh3)) 
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[Pd(L 2 )] (PF6)2  : L2 = 1 ,4,8,1 1 -tetrathjocyc1otetraaecn 

Reaction of K2PdC14  (0.10 g, 3.1 x 10 4mol) with L 2  

(0.090 g, 3.4 x 10 4mol) in refluxing acetonitrile/ 

dichloromethane (v:v = 3:1 20 ml) for four hours resulted 

in the formation of a yellow precipitate of [Pd(L 2)]Cl2. 

This was collected, washed with cold water, methanol and 

finally dichloromethane. 	The complex was dissolved in hot 

water and NH4PF6  added to precipitate [Pd(L 2 )] (PF6)2. 

Yellow crystals of the pure product were obtained upon 

recrystallisation from water. 	Yield = 75%. 	Later 

preparations of the same complex via reaction of K2PdC14  

and L 2  in refluxing water/methanol (v:v = 1:1) proved 

equally effective. 	Elemental analysis: Found C=17.9; 

H=3.0%. 	Calculated for [Pd(La)] (PF5)2  C18.1; H3.0%. 

Infra-red spectrum (L 2  bands) 2998, 2938, 2910, 2886, 1428, 

1410, 1307, 1284, 1253, 1208, 1170, 1136, 1028 and 840 cm-1. 

Mass spectrum (f.a.b.) M = 519 [Pd(L 2 )] (PF5) 	374 [Pd(L 2 )] + . 

n.m.r. spectrum (CD 3CN 80MHz) 6 = 2.8-3.8 (20H m 

CH 	(L 2 )). 

[Pd(L 3)](pF6)2: L3 = 1,4,7,10,13,15-hexathjacyclooctaaecane 

Reaction of K2PdC14  (0.100 g, 3.1 x 10 4mol) with L 3  

(0.120 g, 3.3 x 10 4mol) in refluxing water/methanol (v:v = 

1:1 25 ml) for 30 minutes gave a brown solution of 

[Pd(L)]2 . 	Addition of NH4PF6  gave a yellow-green solid 

which could be recrystalljsed from acetonitrile/water (v:v = 

4:1 60 ml) to give the pure product. 	Yield = 60%. 

Elemental analysis: Found 0=18.7; H=3.31%: Calculated for 
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Pd(L 3)](PF6)2  0=19.0; H=3.31%. 	Infra-red spectrum 

(L3  bands), 2990, 2942, 1423, 1290, 1247, 1180, 1149, 

1110 and 1008 cm- 1 .
1H n.m.r. spectrum (CD 3CN 80MHz) 

= 3.25 (24H s CH 	(L 3 )). 	Mass spectrum (f.a.b.) 	M = 

466 [Pd (L)]. 

[Pd(L 4)2] (PF6)2: L  = 1,4,7-triazacyclanonane 

Reaction of K2PdC14  (0.15 g, 4.6 x 10 4mo1) with 

L3HCl (0.26 g, 1.1 x 10 3mol) neutralised with three 

equivalents of NaOH, in refluxing aqueous solution (15 ml) 

led to the formation of the yellow [Pd(L)2]2  cation after 

30 minutes. 	Addition of NH4PF6  precipitated the product, 

which was recrystallised from water to give pale yellow 

crystals of [Pd(L)2] (PF6)2  in 80% yield. 	Elemental 

analysis: Found 0=21.7; H=4.63; N=12.8%. 	Calculated for 

[Pd(L)2J(pF6)2 C22Q; H=4.62; N=12.8%. 	Infra-red 

spectrum (L bands) 3285, 3103, 2925, 2885, 1455, 1431, 

1358, 1132, 1038, 1007, 974 and 471 cm1. 	IH n.m.r. 

spectrum 6 
H  (CD JCN 360MHz) 	= 3.20 (12H m CH 	(L u)) 2.92 

(12H m CH 	(L 
4)) 	(CD 3CN, 80MHz) 6 	= 4.13 (4H br s 

NH 	(L u )). 	130 n.m.r. (CD 3CN 50.32MHZ) 6C = 51.95 1,120 s 

(L u )). 

Generation of [Pd(L)2] 3+  

Chemical oxidation of [Pd(L)2] (PF6)2  by Na2S2O8  in 

acidic (pH 2) aqueous solution led to the formation of the 

red tPd(L)2]3  cation. 	This showed a moderate stability 

with a lifetime of ccz.2 hrs in solution. 	Esr spectrum 
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(H20 77K) gL  = 2.136 911 = 2.011 	AN ( 1 N I = 1,100%) 

= 25G 	(Gain = 3.2 x 10). 



CHAPTER 4 

1,4,7-Trithiacyclononane Complexes of Rhodium 
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4. 	1,4,7-Trithiacyclononane complexes of rhodium 

4.1 Introduction 

The observation of a significant redox chemistry for 

[Pd(Li) 2]2+ and [Pt(L1)2}2+ indicated that a similar study 

for [Rh(L1)2]J+ and {Ir(L1)2]B+ should be made. 	As with 

Pd, and Pt, Rh and Ir chemistry is dominated by the d 6  

and d 8  oxidation states with the intermediate d' state only 

very poorly characterised for monomeric systems. 165 

In contrast to Pd and Pt it is the d 6  state which is 

predominant for rhodium in which the Rh(III) centre shows 

octahedral co-ordination. 	The d 8  Rh(I) state is only 

observed for complexes in which 7 acceptor ligands (eq 

phosphine, olefin or carbonyl) are present. 166 	A recent 

example however of stabilisation of Rh(I) by a ligand set 

of only limited 7 acceptor ability is of [Rh(L2)] 116 

(L2  = 1 ,4,8,ll-tetrathiacyclotetradecane) 	The Rh(I) 

d a  state as in the isolectronjc Pd,Pt(II) states is 

usually characterised by square planar geometry about the 

metal centre. 166 

In this work the primary aim was the synthesis and 

electrochemistry of  [Rh(L1)213 On the basis of the 

characterisation of [Rh(L2)]+ (above), and of the observed 

stabilisation of the d' Pd,Pt(III) systems in the previous 

chapters, stabilisation of both [Rh(L1)212+ and 

[Rh(L1)2}+ might be expected. 
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Results and Discussion 

3 4.2 Synthesis and characterisation of [Rh(L1)2]
+ 

 

The preparation of [Rh(L1)2]3± was less straight forward 

than for [Pd(L1)212+ or [Pt(L1)2}2±. 	RhC13.xH20 gave only 

[Rh(L')cl3] under a variety of conditions, so a more labile 

starting material was saught. 

If RhCl3.xH2O was dissolved in water and ref luxed in 

the presence of three equivalents of AgNO3, AgCl precipitated 

and a yellow solution of "Rh(H2O)6 ' remained. 	Refluxing 

an aliquot of this solution with two molar equivalents of 

L1  in a water/methanol mixture (v:v = 1:1 25 ml) for 90 

minutes led to the formation of [Rh(L1)2]3, which could be 

precipitated as its PF6  salt by addition of an excess of 

NH4PF6. 	This crude salt contained an orange impurity which 

was removed by washing with hot methanol. 	The cream 

coloured [Rh(L1)2] (PF6)3  salt gave slightly off-white 

efflorescent crystals of [Rh(L1)2] (PF6)3.xH2O upon 

recrystallisation from water. 	The electronic spectrum of 

[Rh(L1)2]3+ showed an intense charge transfer band at 

max = 270 nm (E = 30,600 M 1  cm-  ) , assigned as a ligand- 

metal transition. 	The 1H n.m.r. spectrum for [Rh(L1)2]3+  

in CD3NO2  (Figure 4.2.1) showed a complex series of resonances 

for the raacrocycle methylene protons (centred at 6 = 3.77 

ppm) which could be interpreted as an A'BB' pattern for a 

rigidly held stereochemical ligand conformation for the 

octahedral complex. 167 	The observed signal closely 

resembles that for the isoelectronjc [Co(L1)213+ 41,48 and 
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[Pt(L )2J 4+ 48 complexes (L = 1,4,7-triazacyclononane) 

It should be noted however that this 1H n.rn.r. data does 

not confirm octahedral geometry for [Rh(L1)2]3 as both 

the non octahedral [Pd(L)2j 	(in d 6  acetone) and 

[Pd(L 	2+ cations show similar spectra. 	To confirm 

whether the [Rh(L')2]3  cation was octahedral a single 

crystal X-ray structural determination was undertaken. 

4.3 The single crystal X-ray structure of [Rh(L1 )2
] (116)3  

Crystal data: C12H24RhS 	.3PF6 	M = 898.3 monoclinic. 

Space Group 12/rn 	a = 11.329(3), b 	9.692(3), c = 14,909(4)A 

= 101.77(2)0  U =.1603A3 D = 1.861 g cm3  Z = 2, 

= 0.042, 0.072 respectively for 1007 data. 

Important bond lengths and angles are given in Table 

4.3.1. 	A view of the [Rh(L1)2]3+ cation (Figure 4.3.11) 

shows almost perfect octahedral co-ordination with Rh-S = 

2.3316(14), 2.3335(12)A <SRhS = 88.78(5), 88.84(4) 0. 	The 

Rh centre is also an inversion centre and two of the sulphur 

atoms S(4) and S(7) are related by symmetry. 	Water 

molecules were also present in the structure but were not 

well located. 

3 The observed structure for [Rh(L1 )21J 	is very similar 

to the isoelectronic £Ru(L1 	2+ 	150 cation 	which was 

structurally characterised during the course of this work. 

The latter complex shows very similar M-S bond lengths 

(2.327-2.336A) and angles to the [Rh(L1)2]3 complex cation. 

Additionally, however, the [Ru(L1)2]2+  cation shows an 

interesting secondary interaction between the solvent mole-

cules (dmso) and the bound macrocyclic ligand; this was not 

observed in our system. 
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Table 4.3.1 	Selected bond lengths and angles (with 

esd's) for [Rh(L1)2](pF6)3  

Bond lengths (A) 

Rh-S(1) 2.3316(14) S(4)-C(5) 1.813(13) 

Rh-S(4) 2.3335(12) C(5)-C(6) 1.532(18) 

Rh-S(7) 2.3335(12) C(6)-S(7) 1.856(13) 

S(1)-C(2) 1.788(12) S(7)-C(8) 1.796(12) 

C(2)-c(3) 1.527(18) C(8)-C(9) 1.503(18) 

C(3)-s(4) 1.859(14) C(9)-S(1) 1.870(14) 

Bond angles (degrees) 

S(1)-Rh-s(4) 88.78(5) Rh-S(4)-c(5) 102.5(4) 

S(1)-Rh-s(7) 88.78(5) Rh-S(4)-.c(3) 103.9(4) 

S(4)-Rh-s(7) 88.84(4) Rh-s(7)-c(8) 102.8(4) 

Rh-S(1)-C(2) 102.9(4) Rh-S(7)-C(6) 104.4(4) 

Rh-S(1)-c(9) 103.0(4) 
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Figure 4.3.11 	View of the single crystal X-ray 

3+ structure of [Rh(L')2] 
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4.4 Electrochemistry of [Rh(L1)2] 

Cyclic voltarnmetry of [Rh(L1)2] (PF6)3  in acetonitrile 

(100 my s 1 ) shows (Figure 4.4.1) two chemically reversible 

reductions at 1E1  = -0.71v (Epc = -0.745V, Epa = -0.675V 

AEp = 71 mV) and 2E = -1.08V (Epc = -1.145V, Epa = -1.015V, 

AEp = 127 mV) vs Fo/F. 	By direct comparison with the 

electrochemistry of the corresponding [Co(L1 	3 system  31,68  

( 1E = -0.013V, 2E = -0.086v) the two reductions are 

assigned as [Rh(L1)2]3+/2+  and[Rh(L1)2]2+ 	couples 

respectively. 	The AEp values are in accord with this 

interpretation, the relatively small structural change 

expected for the first reduction leading to a much more 

reversible value (71 my) than for the second reduction (127 

my) in which a much more significant structural rearrange-

ment is expected. 

To obtain proof however of the formation of [Rh(L1)2]2  

and [Rh(L1)2] electrogeneration of these species was 

undertaken. 

Controlled potential electrolysis of 1Rh(L1)2]3 at 

-0.8V generated a pale brown solution, the frozen glass esr 

spectrum of which showed a broad slightly anisotropic signal 

with g av = 2.06 (Figure 4.4.11). 	On electrogenerating for 

a further period of time, but at -0.85v the esr spectrum 

ran under the same conditions showed a much more anisotropic 

signal (Figure 4.4.111) with g = 2.088, g
1l = 2.007 

These spectra both indicated the formation of paramagnetic 

species indicative of formation, at least initially, of 

2+  [Rh(L1)2]. 	A tentative explanation for the obserd 
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data may be that the first signal (Figure 4.4.1) is averaged and 

represents a mixture of [Rh(L)2] 3+ and CRh(L1 	2+ in 

which intermolecular electron transfer occurs, and that 

the second signal (Figure 4.4.11) is of [Rh(L1)2]2+ alone. 

If this is correct then the observation g>g1 2 in this 

signal,as for the d 7  [Pd(L1)2]3 and [Pt(L')2]3  cations, 

is consistent for the Jahn-Teller tetragonally elongated 

octahedral geometry expected for [Rh(L1)2]2+ 124 

alternative explanation of the observed experimental data 

is that the initially formed [Rh(L1)2]2 species may be highly 

reactive and that the second esr spectrum may be of a 

rearranged species. 

Controlled potential electrolysis of ERh(L1)2J3 at 

-1.2V gave an orange solution which showed a silent esr 

spectrum - possibly due to [Rh(L1)2]'4 . 

Clearly further extensive work has to be carried out 

to fully determine the nature of these reduced species. 

Specifically low temperature electrogeneration studies in 

conjunction with electronic spectroscopy using an optically 

transparant thin layer electrode (OTTLE) , are envisaged. 

Our studies indicate that the fRh(L')2 J 2  cation appears 

to be less stable than the isoelectronjc [Pd(L1)2]3 or 

{Pt(L1)2}3 cations, possibly arising from an accessibility 

of both the d 8  and d 6  oxidation states via disproportiona- 

tion, the d 8  state being stabilised by the ir acceptor 

nature of L'. 

Although Rh(II) is well established in dirneric metal- 

100 metal bonded complexes 	monomeric Rh(II) species are much 
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more poorly characterised. 	Examples of genuine Rh(II) 

d7 complexes include [RhC12(PCy3)2] 168 and {RhC1{P(o-tl)3]2]169 

Like Pd and Pt a number of d7 systems have been characterised 

with dithiolene ligands eq [Rh (S,C2(CN)2)2]2 1.70 but these 

are likely to be more accurately regarded as Rh(III)-ligand 

radical systems. 

4.5 Attempted synthesis of [Rh(L1)2] 

The full characterisation of [Rh(L2)] 	116 (L2 = 1,4,8,11- 

tetrathiacyclotetradecane) and the evidence for [Rh(L1)2J 

via electrochemical studies led to the hope that this cation 

could be synthesised directly via chemical means. 	The two 

Rh(I) starting materials selected for study were [Rh 2(Co)4c12] 

(1) 	and [Rh 2(c2}i4)4c12] (2). 

OC\ /CI \ / CO 

/ RH 	Rk 
/ 

CO 
(1) 

C

\\R L~/X 

 

(2) 

Reaction of [Rh 2(co)4c12] with four molar equivalents 

of L' in methanol resulted in the formation of a yellow 

solution from which an air stable yellow solid could be 

isolated upon addition of NH4PF6. 	An infra red spectrum 

of the solid indicated the presence of bridging carbonyl 171 

((Co) = 1793, 1745 cm- 1 ) and of bound L1. 	However r 

Rh-Cl stretches were observed in the far infra red (down 

to 250 cm). 	The probable formulation of the compound 

is 	thus [Rh 2(CO)2(L1)2J(pF) 	(3). 
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Carrying out the same reaction but in acetonitrile 

or dichioromethane led to the very rapid formation of an 

intensely blue product. 	This highly air sensitive 

material showed a very weak esr spectrum as a frozen 

glass in dichioromethane. 	This signal (g 1 = 2.033, 

92 = 2.023 93 = 2.011 ) closely resembled that for 

[Rh(OEP) (02)] , 
104

and may be as a consequence of partial 

oxidation of the sample. 

Acetonjtrjle solutions of the air sensitive blue material 

showed two semi-reversible waves at 1E-0.7v (Ep'250 my) and 

2E1 -1.1V(iEp125 mV) 
- possibly two oxidation processes 

for an [ Rh(L1)2] cation. 	Clearly however this inter- 

pretation is highly speculative, and future work is required 

to conclusively identify this deep blue air sensitive 

material. 

In dichloromethane, but using [Rh 2(C2H4)4Cl2] instead 

of [Rh2 (CO) 4Cl21 , led to yet a different species being 

formed. 	Reaction of [Rh 2(C2H4)4C12] with four molar 

equivalents of L1 over four hours at 10°C led to the 

formation of an orange solution which, upon cooling, deposited 

well formed orange crystals. 	A structural determination of 

these however proved impossible due to their rapid 

efflorescence and their air and moisture sensitivity. 
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Infra-red data indicated that loss of ethylene had 

occurred, and L1  had co-ordinated to the metal centre. 

A band at 292 cm 1  possibly indicative of an Rh-Cl stretch 

was present, suggesting a possible formulation 

[Rh2(L1)2C12] (4) although elemental analysis of the 

crystalline solid was much closer for a formulation 

[Rh(L1)2]Cl. (CH 2C12) 	(5)• 
Ct 

S\/U\ /S

RH  

S 	CI 

(4) 	 /1 
S 

Clearly it would be highly desirable to obtain 

structural information for the d 8  [Rh(L')2] cation to 

see if, as for [Pd(L1 	2+ and [Pt(L1 	2+a significant 

secondary interaction to the square plane is observed. 

[Rh(L)2] would be expected to be highly reactive 

by analogy with [Rh(L 2) ]+.116 	Although the former may 

be stabilised to oxidative addition by protecting formally 

unbound thia donors, the stability of the system might 

by relatively reduced, compared with [Rh(L2)] since a 

macrocyclic stabilisation is now essentially absent. 
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4.6 Attempted preparation of [M(L1)2]fl+ systems 

(M = Ir, Ru and Os) 

Unlike Rh(H2O) 	, Ir(H2O)63  can be synthesised 

only with extreme difficulty. 172 	Use of IrCl3.xH2O as a 

starting material gave only [Ir(L1)C13J as a pale green 

solid in dmso at 140°C. 	Attempts to obtain [Ir(L1)2J 3  

from this eq via heating in dmso in the presence of excess 

ligand, or via use of T1PF6  to try and remove bound 

chloride proved unsuccessful. 	Very recently however 

[Ir(L1)2]34 has been synthesised via reaction of IrCl3  

with excess L1  in ethylene glycol. 173 

ERu(L1)2]2 was synthesised by reaction of RuC13.xH2O 

with an excess of L1  in dmso, and from an aqueous solution 

of the cation the PF6  salt could be isolated on addition 

of NH4PF6. 	Independent work however showed 150 that both 

this cation and [OS(L1)2]2 could be more easily prepared 

via [MC12 (n 6-arene)]2  complexes (M = Os,Ru) in the presence 

of excess L'. 	Attempts to generate [Os(L1)2J 	species 

via Na2OsCl6  and L' however proved unsuccessful. 

4.7 Summary 

The observation of the d 6  Rh(III) , d7  Rh(II) and d 8  

Rh(I) states in the [Rh(L1)2Jr+ system further underlines 

the ability of the L1  ligand to stabilise a variety of 

metal oxidation states. 

Clearly it was a disappointment to fail to identify 

conclusively the [Rh(L 	2+ species. 	In contrast to 

{pd(L1)2]3+ or [Pt(L1)2]3 there is no evidence for the 
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growth of an intense visible charge transfer band upon 

formation of the d 7  species. 	It may be that the 

[Rh(L1)2]2 cation is reasonably stable and future work 

should be able to unambiguously identify it. 	Similarly 

the [Rh(L1)2] cation might be expected to be isolated. 

Although it could not be conclusively identified in this 

project, the variety of products observed in its attempted 

synthesis has opened yet a further area of study, notably 

the nature and behaviour of the highly air sensitive blue 

species obtained by reaction of [Rh 2(CO)4C12J and L1 . 

In comparing the single crystal X-ray structures of 

CRu(L1)2]2 150 [Rh(L1)2]3 (d'), [Pd(L1)2J3 (d 7) and 

{Pd(L1)2J 2  {t(L1)2]2 we have a beautiful demonstration 

of the stereochemical control of platinum metals as a 

function of their dconfiguration. 	The almost perfect 

octahedral co-ordination of the d 6  species can be contrasted 

with the clear Jahn-Teller distortion for the d 7  species 

and the modified square planar co-ordination of the d 8  

species. 

With the successful preparation of [Ir(L1)2]3173 a 

direct electrochemical comparison with [Rh(L1 ) 	 is clearly 

a priority, so as to complete a study of the d 5/d 7/d manifold 

for the platinum metals (Rh,Ir,Pd,pt) for which these states 

are accessible. 
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4.8 Experimental 

All physical measurements were carried out as in 

Chapter 2. 

Starting materials 

RuCl3.xH2O, RhC13.xH2O, IrCl3.xH2Q and 0s04  were all 

provided as generous loans from Johnson-Matthey. 

L1  (1 ,4,7-trithiacyclononane) was prepared according to 

literature methods. 67 	[Rh 2(CO)4Cl2]175  and [Rh 2(C2H4)4c12] 176 

were synthesised according to established literature pro- 

cedures. 	All reactions involving Rh(I) were performed 

under nitrogen using Schienk line techniques using solvents 

purified according to standard procedures.174  

Synthesis of complexes 

Rh(L1)2] (PF6)3.xIj20 

RhCl3.3H20 (0.5 g, 1.90 x 10 3mol) was refluxed in 

water (50 ml) with three molar equivalents of AgNO3  (0.97 g, 

5.70 x 10 3mol) for four hours to give a yellow solution of 

"Rh(H2o)63+11   and AgC1 which was removed by filtration. 

An aliquot of the "Rh(H2O)63 	solution (15 ml, 

5.7 x 10 4mol) was added to a methanoljc solution (15 ml) 

of L1  (0.215 g, 1.2 x 10 3mol) and refluxed for ninety 

minutes. 	Addition of an excess of NH4PF6  to the resultant 

Yellow-orange solution gave impure {Rh(L1)2] (PF6)3  as a 

yellow-orange solid. 	An orange impurity was removed on 

heating the solid in methanol, and the cream coloured pure 

salt collected by filtration. 	Crystals of [Rh(L1)2] (PF6)3 
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were obtained upon recrystallisation from water. 	Yield 

0.200 g (40%). 	Since the crystals rapidly lost solvent 

on removal from water the single crystal X-ray structural 

determination was performed sealing a crystal in a 

Lindemann tube in the presence of mother liquor. 

Elemental analysis (after drying in vacuo) 	Found 

C=16.2; H=2.7%. 	Calculated for [ Rh(L1)2(PF6)3: 	C=16.0; 

H=2.7%. 	Infra-red spectrum (L1  bands) 2985, 2948, 1444, 

1411, 1300, 1289, 1270, 1248, 1178, 1134, and 840 cm 1. 

n.m.r. spectrum (CD 3NO2  80 and 200MHz) 	6 H  =3.77 (2.4 H 

AA'BB' 
CH  (L1)) (Figure 4.2.1). Electronic spectrum 

(T.I.Hyde), max =270 nm (E = 30,600 M 1  cm- 1). CHJCN. 

Mass spectrum (f.a.bj. M = 752 ([Rh(L1)2HpF6)2+ = 753), 

= 607 ([Rh(L1)2] (PF6) 	= 608), M 	= 461 ((Rh(L1)21+= 463). 

[Rh (L1)2]2+ and [Rh(L1)2]+ were prepared n situ by 

controlled potential electrolysis of [Rh(L1)2}3 in 

acetonitrile (40 mg/5 ml) at -0.7v and -1.1V respectively 

(vs Ag/Ag) at a platinum gauze electrode. 

[Rh(L1)2]2 :  Esr spectrum (I) (CH 3CN 77K) g av = 2.06 

(Gain = 2.5 x 102) (Figure 4.4.1). 	Esr spectrum (II) 

(CH 3CN 77K) 	g_L = 2.088, g11  = 2.008 (Gain = 2.5 x 10 2) 

(Figure 4.4.11). 

Reactions of Rh(I) with 1,417-trithiacyclononane (L' 

(Co) 4-2 /L1 

a) 	Dichioromethane. 	Addition of L1  (0.095 g, 5.3 x 

10 4mol) to a dichioromethane solution (25 ml) of 

[Rh 2(Co)4C12] (0.050 g, 1.3 x 10 4mol) at 0°C led to the 
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rapid formation of a deep blue highly air sensitive 

product which precipitated out of solution. 	Esr spectrum 

(CH 2012  77K) 	g1  = 2.033 92 = 2.023 93  = 2.011 

(Grain = 1.6 x 10 5). 

b) Acetonitrile. 	Under the same conditions a similar 

product was again obtained but showed a higher degree of 

solubility. 	Decomposition of the product was observed 

over a few hours even under a flow of nitrogen. 

C) 	Methanol. 	Refluxing a solution of L' (0.10 g, 5.6 x 

lo- 4mol) and [Rh 2(CO)40l2J (0.050 g, 1.3 x 10 4mol) in 

methanol (20 ml) for 15 minutes gave a yellow solution. 

Addition of NH4PF6  to the cooled solution gave a yellow 

air stable product which was filtered and washed with 

methanol, dichloromethane and diethyl ether. 	Infra-red 

spectrum (carbonyl) 1794 (s) , 1745 (vs) . 	(L' bands) 1442, 

1403, 1282, 1173 and 1125 cm- 1. 	Solutions of the product 

were air sensitive and attempted recrystallation led to 

slow decomposition of the product. 

-2 (ethylene) 4012] /L1  

L1 	(0.10 g, 5.6 x lo- 4mol) was added to a cold degassed 

solution of [Rh 2(C2H4)4012] (0.050 g, 1.3 x 10 4mol) in 

dichioromethane (20 ml) . 	Reaction proceeded steadily over 

a period of four hours taking care to maintain the 

temperature of cc. 1000. 	On cooling the orange solution 

overnight in the fridge orange crystals of the reaction 
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product formed in the Schienk tube. 	On removal from 

the solvent these crystals rapidly deteriorated. 

Elemental analysis: Found 0=26.3, 26.7%; H=4.42, 4.57%. 

Calculated for [Rh(L')2]Cl.0H2C12. 	C26.7; H4.49%. 

Infra-red spectrum: 	3024, 2958, 2946, 2918, 2902, 1447, 

1420, 1401, 1393, 1299, 1149, 1135, 1119, 1110, 927, 897, 

827, 819, 814, 682, 485, 445 and 292 cm- 1. 



CHAPTER 5 

1 ,4,7-Trithjacyclononane Complexes of Nickel and Copper 
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5 	1,4,7-Trithiacyclononane complexes of nickel and copper 

5.1 Introduction 

Wieghardt 	al. have previously investigated the 

electrochemistry of the [Ni(L1) 2+ complex cation 31  

(L1 = 1,4,7-trithiacyclononane) and reported a one electron 

oxidation at +0.97V (vs Fc/Fc = 0). 	At the time doubt was 

expressed as to whether this oxidation was ligand or metal 

based since oxidation of the free ligand L1  occurs at a 

similar potential. 31 

To complete an electrochemical study upon the 

complexes of the nickel tried (Ni, Pd, Pt) a reinvestigation 

of this system was attempted. 	Esr spectroscopy was hoped to 

lead to a more definite understanding of the redox processes 

occurring in this system. 

The characterisation of trivalent nickel is also 

relevant in a biological context, since several nickel 

containing enzymes 177 and oligopeptide complexes show nickel 

in this oxidation state. 178 

The second area of work in this chapter concerns co- 

ordination of L1  to Cu(I). 	The discovery of thia co-ordina- 

tion to copper in the blue copper proteins plastocyanin and 

azurinh7981 has led to substantial interest in the study 

of model copper thia systems which may mimic the behaviour 

of the active biological systems. 	In the natural systems 

a primary 'S2N2' co-ordination is believed to occur about 

the metal centre. 	Metal ligation through thioethers has 

been considered not only to contribute to the anomalously 
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high redox potentials for these blue copper proteins but also 

their facility to participate in exceptionally rapid 

electron transfer processes. 182 

Recently stable thioether copper complexes have been 

prepared with the hexathia macrocycle L (1,4,7,10,13,16- 

hexathiacyclooctadecane) . 	 Both [Cu(L)] and 

have been structurally characterised. 70 	In [Cu(L)J the 

copper atom lies in a distorted tetrahedral environment 

with two short, and two long Cu-S bond distances being 

observed. 

In the d9 [Cu(L)]2 cation all the sulphur atoms are 

bound to the metal centre to give overall a tetragonally 

distorted octahedral geometry. 	Surprisingly despite the 

gross structural differences between [Cu(L)] and 

[Cu(L)J 2 a reversible one electron couple was observed 

via cyclic voltammetry. 	Also notable was the highly 

anodic potential (+0.72v vs SCE) at which this couple 

occurred. 

Reaction of two molar equivalents of [Cu(CH3CN)4] 

with L3 leads to the formation of the binuclear 

[Cu 2(L)2 (CH 3CN)2]2 species (1).183 

12+ r N \ . \~s MeCN CU 

/ NCtle 

(1) 
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In this complex each Cu(I) centre has distorted 

tetrahedral 'S3N' co-ordination, similar to the active 

site for the blue copper proteins. 	The complex in either 

acetonitrile or nitromethane solution was stable to 

oxidation, however addition of HC104  did lead to oxidation. 

This was suggested to occur via protonation of co-ordinated 

acetonitrile and may be of relevance to the acid mediated 

oxidation and dissociation of nitrogen donor ligands from 

Cu(I) at the active site of plastocyanin. 184 Other 

homoleptic thioethers of four or five co-ordinate copper 

have been studied by Rorabacher et al. 185,186  

In this work the synthesis of the [Cu(L1)]+ moiety is 

attempted with a view to investigate its interaction with 

a variety of nitrogen donors and 7 acceptor ligands (CO, 

olefins, phosphines). 	Such [Cu(L1)X]# complexes might 

show novel electronic and redox properties. 

Cooper et al. 70  have reported the electrochemistry of 

[Cu(L1)2]2+ in nitromethane indicating a facile one 

electron quasi-reversible reduction at +0.61V (vs SCE) 

for the system. 
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Results and discussion 

5.2 Electrochemical and esr studies upon [Ni(L1)2] 	 - 

tNi(L1)2] (3F4)2  and [Ni(L1 ) 2] (PF6)2  were synthesised 

64 according to literature procedures 31, and purified by 

recrystallisation from acetonitrile/diethyl ether. 

Enriched 6'Ni samples of [Ni(L1)2] (PF6)2  were also prepared 

to aid in the interpretation of esr spectra. 	Cyclic 

voltammetry of [Ni(L1 	2+
in acetonitrile showed a chemically 

reversible oxidation (Figure 5.2.1(a)) close to the reported 

literature value 31 with E1  = +0.96V 	Ep = 82 my (vs Fc/Fc). 

However a previously unreported reduction was also observed 

for this system which became fully reversible at -25°C, with 

E = -1.11v 	Ep = 90 my (Figure 5.2.1(b)). 

The identity of the oxidised species as {Nj(L1)2]3  

was confirmed by electrogeneration of the yellow-orange 

cation in acetonitrile at +1.05v (vs Ag/Ag). 	This 

oxidised species as a frozen glass showed an anisotropic esr 

spectrum (Figure 5.2.II(a)) with g= 2.084 g = 2.020, 

in full accord for a genuine metal based d 7  Ni(III) 

radical. 124,187 	Enriched 61Ni (I = 3/2  40%) samples of 

[Ni(L') 2]3  showed additional hyperfine coupling to 51Ni, 

which became more distinct for a solution of tNi(L1)2]3+  

obtained via chemical oxidation in 70% aqueous HC104. 

The frozen glass esr spectrum of this sample, for which 

2.092 g 11  = 2.022 (Figure 5.2.11(b)) clearly shows 

the outer two 61Ni coupled resonances in the expected 4 line 

signal in the gregion of the spectrum. 	The centre two 
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Figure 5.2.11 

(a) Esr spectrum of [Ni(Li)2]3  

Generated electrochemically 

Measured at 77K in CH3CN/Q.1M 

TBAPF6  
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(b) Esr sDectrum of 6I Ni enriched 
3 i- 

[Ni(L-)21 	via chemical oxidation 

in 70% HC104  solution. 

Measured at 77K 
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lines however are not evident as they remain masked by 

the more intense uncoupled g1_ signal. 	A value of A of 

30G is estimated for the hyperfine coupling to °Ni in 

this spectrum. 

The initial formulation by Wieghardt et, aof the 

oxidised species upon removal of an electron from [Ni(L1)2]2+  

as a ligand based radical was primarily based upon the 

similarity of the oxidation potential of L1  and of [Ni(L1)2]2 .  

Recent studies 150  have however shown that upon binding to a 

metal centre, ligand redox processes seem to be suppressed, 

so that for [Ru(L1 	2+ 150 redox inactivity is shown 

between -2.2 and +1.4v (vs Fc/Fo = 0) in acetonitrjle. 

In this work, both the observed hyperfine coupling 

and the anisotropy in the esr spectrum for [Ni(L1)2]3+  

suggests a metal rather than a ligand based radical. 

Ni(III) has been observed in a large number of 

complexes, 187'188  with structurally characterised examples 

including [Ni(bipy)3]3 189 [Ni(L)]2 	(L = 1,4,7- 

triazacyclononane) [i(cyclam)cl2] 	and Ni(L .3CH2002)] 

All of these show the sequence g_L  >g 	2 as observed in our 

systems, eg for [Ni(L)]3 	g.L  = 2.12 g1  = 2.03 43 

[Ni(L1)3+ is however the first hexathia complex in which 

the d 7  state is stabilised for nickel, doubtless as a 

consequence of kinetic stability and co-ordinative flexibility 

of L1  as discussed previously. 

The observation of a reduction wave for [Ni(L1) 2+  

obviously led to an attempt to electrogenerate the reduced 

species. 	In some experiments this was successful, with 
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controlled potential electrolysis at -1.1V (vs Ag/Ag) 

in acetonitrile resulting in the formation of the green 

[Ni(L1)2] cation. 	An esr spectrum of this as a frozen 

glass showed a highly anisotropic signal with g 11  = 2.173 

and g1  = 2.055, indicative of a metal based d 9  species 

(Figure 5.2.111). 187,1 24 Ni(I) species have been 

characterised in a variety of macrocyclic systems 187 

eg [Ni(cyc1am)] which shows g11  = 2.261 g 2.060.192 

Unfortunately only a preliminary study of [Ni(L1 	3+ 

and [Ni(L1)2]+ could be made. 	Future studies would 

probably centre upon low temperature electrogeneration 

studies in conjunction with esr and electronic spectroscopy. 

Even for the brief study made upon this system it is 

clearly evident that the CNi(L1)2]2+ cation, as for 

[Pd(L 	and [Pt(L 	shows a significant and 

interesting redox behaviour. 

The CNi(L1)2]+ cation in particular may be of potential 

use in the activation and rearrangement of small molecule 

substrates and so may act as a viable homogeneous catalytic 

1 reagent. 91, 193  

5.3 Preparation and reactions of [Cu(L - ) (CH3CN)J 

Refluxing [0u(CH3CN)4] (do4) and L1-  in an equimolar 

ratio for four hours led to the formation of the 

[Cu(L1 ) (CH3CN)] complex cation (2) which was isolated 

as the perchiorate salt upon addition of diethyl ether. 
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S \ 
	

+ 

NCMe 

(2) 

The cation appears to be air stable in the solid 

state, but solutions upon standing slowly turned yellow. 

A 'H n.m.r. spectrum of the cation (in CD3  NO2  ) confirmed 

the presence of L' and acetonitrile in a 1:1 ratio. 	In 

preliminary studies the cation appeared not to react with 

CO and gave only ill defined air sensitive products with 

pyridine or PEt3. 	However reaction of warm acetonitrile 

solutions of [Cu(L') (CH3CN)1 with PPh3  or AsPh3  gave air 

stable crystalline adducts ECu(L') (PPh3)] (do4) and 

[Cu(L1 ) (AsPh3)] (d04) as confirmed by elemental analysis 

and by 'H n.m.r. spectroscopy. 	Comparison of the 'H n.m.r. 

spectra for the phosphine adduct (run in CD3NO2) and the 

arsine adduct (run in CD3CN) (Figures 5.3.1 and 5.3.11) 

indicate a higher degree of complexity for the resonances 

of the phosphine adduct. 

This difference may simply be a result of the different 

solvent used in each case. 

Cyclic voltammetry of [Cu(L1) (AsPh3] (C104) in 

acetonitrile showed complex behaviour. 	Continual sweeping 
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between -0.2V and +1.2V (vs F/Fo) generated two 

essentially chemically reversible couples. 	These were 

clearly due to transient species generated in solution 

as indicated by the loss of this response after a time 

lapse of 10 seconds between sweeps. 

Oxidation of Cu(I) to Cu(II) is generally associated 

with an increase in co-ordination number and the transient 

species generated at the electrodes may well be 5 or 6 

co-ordinate solvated species e.g. [Cu(L1 ) (AsPh3)- 

(CH 3CN) 1 or 2 +/2+ 

5.4 The single crystal X-ray structure of ICu(L1 ) (AsPh3)]-

(C104) 

A noticeable feature for the 'blue' copper proteins is 

the distorted tetrahedral geometry around the metal centre, 

and so a primary reason for the determination of the single-

crystal X-ray structure of [Cu(L') (AsPh3)} was to observe 

the co-ordination at the Cu(I) centre. 

Crystal data. 	C24H27AsCuS3 ClO4 	M = 649.6 rhombohedral. 

03 Space Group R3 a = 11.127(6) 	c = 37.255(12)A U = 4612A 

Z = 6, D = 1.403 g cm 3. 	At the present state of 

refinement R = 0.059 for 492 data. 	A partial disorder 

present in the bound macrocycle is still being modelled. 

Important bond lengths and angles are given in Table 

5.4.1. 	A view of the complex cation is shown in Figure 

5.4. II. 

The cation is located on a crystallographic 3-fold 
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Table 5.4.1 	Selected bond lengths and angles (with 

esd's) for [Cu(L1 ) (AsPh3)J 

Bond lengths (A) 

Cu-As 	2.297(4) 

Cu-S 	2.315(6) 

As-C 	1.926(14) 

Bond angles (degrees) 

As-Cu-S 
	

122.5 (4) 

	

S-Cu-S 
	

94.0 (5) 

C-As-Cu 115.7(4) 

	

C-As-C 	102.4(6) 

Torsion angle 

C-AS-Cu-S = 23.7(5)° 	(and ±1200) 
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Figure 5.4.11 	View of the single crystal X-ray structure 

of [Cu(L1 ) (AsPh3)] 
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axis, and so has imposed C3  symmetry. 	Distorted 

tetrahedral co-ordination occurs about the Cu(I) centre. 

The small 'bite' of the L1  ligand gives <SCuS bond angles 

of 94.0(5)° - substantially reduced from tetrahedral. 

The bound ligand L' and the phenyl groups of the 

bound arsine do not sterically interact and the observed 

<SCu-AsC torsion angle of 23.7(5)1  is almost certainly due 

to crystallographic packing forces. 

5.5 Future work upon copper 'S3N' systems 

It is the catalytic and redox behaviour of 'S3N' 

systems based upon the [Cu(L1)] moiety and nitrogen donor 

ligands that is perhaps of most interest. 	To such an end 

it is the preparation and behaviour of adducts such as 

[Cu(L1 ) (pyridine)] or [Cu(L1 ) (NEt3)] 	that requires most 

study. 	Certainly initial results indicate a heightened 

reactivity of the [Cu (L1 ) (py) ] + derivative and so is of 

possible significance in understanding the role of the blue 

copper proteins. 

5.6 Experimental 

All physical measurements were carried out as in 

Chapter 2. 	[Cu(NCMe)4] (Cia4) was synthesised by A. Lavery. 

L' (1 ,4,7-trithiacyciononane was purchased from Aldrich Co. 

Preparation of [Ni(L')2] (PF6)2 and [Ni(L1 ) 2] (3F4)2  

[Ni(L1)2] (BF4) was synthesised according to the 
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literature procedure 64 but recrystallised from acetonitrjle/ 

diethyl ether instead of ethanol. 	The PF6  salt was made 

by reaction of L1  (0.14 g, 7.8 x10 4mol) with Ni(NO3)2. 

6H20 (0.10 g, 3.8 x 10 4mol) in ethanol (25 ml) under 

reflux for 2 hrs to yield [Ni(L1)2]2. 	Addition of an 

excess of NH4PF6  precipitated the product which was washed 

with ethanol, dichioromethane and diethyl ether. 

Recrystallisation from acetonitrile/diethyl ether gave pure 

crystalline [Ni(L1)2] (PF5)2. 	Yield 190 mg (70%). 	An 

enriched 	Ni sample of {Ni(L1)2] (PF5)2  was prepared by a 

similar procedure but on one fifth the previous scale. 

61 
Ni metal was provided as a generous gift from E.P. 

Chemicals. 	Enriched 61Ni, Ni(NO3)2.6H20 was prepared from 

this by reaction with nitric acid (T.I. Hyde) 

Elemental analysis and infra-red data were in accord 

with literature values for these salts. 31,64  

Preparation of [Ni(L1)2] 3+  

Controlled potential electrolysis 

Controlled potential electrolysis of a solution of 

{Ni(L1)2] (PF6)2  (40 mg) in acetonitrile (5 ml) at +1.1V 

(vs Ag/Ag) generated the yellow orange [Ni(L1) 3+ cation. 
2 

Esr spectrum: 	(CH 3CN 77K) g_L  = 2.084 gli = 2.020 (Gain = 

1.25 x 10) (Figure 5.3.II(a)). 

Chemical oxidation 

Chemical oxidation of a solution of tNi(L1)2] (PF6)2  

(20, 2 mg) in 70% aqueous HC104  (5, 2 ml) ( enriched "Ni) 
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at 40°C for two hours give yellow-orange solutions of 

[Ni(L1)2]3+. 	:sr spectrum: 	(70% HC104  77K) 	gj = 2.092 

gj = 2.022 A 	= 30G 	(Gain = 1.6 x 10 ) . 	(Figure 

5.2.11(b)). 

Preparation of [Ni(L')2]+  

Controlled potential electrolysis of a solution of 

[Ni(L1)2] (PF6)2  (40 mg) in acetonitrile (5 ml) at -1.1V 

(vs Ag/Ag) generated the green [Ni(L1)2]+ cation. 	Esr 

spectrum (CH 3CN 77K) g= 2.055 gu = 2.173 	(Gain = 

8 x 10) . 	(Figure 5.2.111). 

Preparation of [Cu(L1 ) (CH3CN)] (0104) 

Cu(CH3CN)4] (dO4) (0.23 g, 7.03 x 10 4mol) and L1  

(0.130 g, 7.22 x 10 4mo1) react in refluxing acetonitrile 

(30 ml) under a nitrogen atmosphere to give initially a 

dark yellow species. 	Continued refluxing however leads 

to the formation of a colourless solution of the product. 

Addition of diethyl ether (50 ml) to the cooled solution 

gave the white crystalline air stable salt [Cu(L1 ) (cH3cN)] 
(0104) in high yield. 	1H n.m.r. spectrum (CD 3NO2  80MHz) 

= 2.08 (3H br s CS3ON) 3.10 (12H br s 
CH 
	(L1)) 

Synthesis of complexes 

[Cu (L')(PPh3)](d104) 

[Cu(L1 ) ( c:i3cN) ](C104) (0-100 g, 2.6 x 10 4mo1) was 

dissolved in warm acetonitrile and a solution of PPhJ 
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(0.070 g, 2.7 x 10 4mol) in acetonitrije added. 	On 

cooling the product crystallised out of solution. 

Recrystailjsatjon from nitromethane (5 ml) gave the pure 

crystalline salt. 	Yield = 125 mg (70%). 	Elemental 

analysis: Found 0=46.8;, 46.9; H=4.38, 4.42%. 	Calculated 

for [Cu(L') (PPh 3 ) 1(0104 ) 	0=47.6; H4.49%. 	Infra-red 

spectrum: 	(L' bands) 1437, 1404, 1328, 1303 and 1279 cm-1  

(PPh 3  bands) 3040, 1478, 815, 748, 709, 695, 620, 529, 502 

and 440 cm- 1. 	'H n.m.r. spectrum (CD 3 NO 2  80MHz) 

= 3.06 (12H m 
CH 
	(L')) 	7.5 (15H m OH (PPh3 )) 

(Figure 5.3.1). 

[Cu(L1 ) ( AsPh 3 )] (0104 ) 

This was prepared in a similar manner to the above 

complex. 	Elemental analysis: Found 0=44.0, 44.1; 

H=4.11, 4.16%. 	Calculated for [Cu(L1 ) ( AsPh 3 )] (0104 ) 

0=44.4; H=4.19%. 	Infra-red spectrum: 	(L'bands) 1437, 

1404, 1333, 1302, 1278 cm- 1, 	(AsPh3  bands) 3044, 1480, 

813, 740, 694, 620, 473, 346 and 322 cm- 1. 	'H n.m.r. 

spectrum (CD 3CN 80MHz) 	6 H = 2.87 (12H br s 
CH  (L')) 

7.40 (15H br s OH (AsPh 3 )) 	(Figure 5.3.11) 



CHAPTER 6 

Reaction of tn- and tetradentate macrocyclic ligands 

with dirhodiujri carboxylates [Rh2(O2CR)4] 
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6. 	Reaction of tn- and tetradentate macrocyclic ligands 

with dirhodium carboxylates (Rh 2(020R)4] 

6.1 Introduction 

Dirhodium carboxylate complexes, first characterised 

195 in 1962, 194, 	show a characteristic lantern structure 

(1) analogous to the formally metal metal non bonding 

copper(II) systems 196 and the multiply metal-metal based 

rhenium, technetium, tungsten, molybdenum, chromium, 

ruthenium and osmium systems. 96 

In the dirhodium systems there is a formal metal bond 

order of unity resulting from a 	2 	 electronic 

configuration. In contrast to the 'M2(O2CR)4' species 

of other metals [Rh 2(02cR)4] shows a pronounced tendency 

to form axial adducts with donor ligands X under ambient 

195 conditions to give 	(Rh 2(020R)4x2] species, 100, 	and 

a large number of structurally characterised complexes of 

this type have been reported. 100 

The high degree of stability of the [Rh 2(O2CR)4] unit 

Coupled with the ease with which it forms axial adducts 

make this unit an ideal reagent in the preparation of 
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exodentate macrocyclic complexes. 

The availability of just the one labile site at 

each metal centre should restrict the co-ordination of 

the macrocyclic ligand so that only exo co-ordination can 

result. 	Were the macrocyclic ligand to bind to more than 

one metal centre a polymeric structure would be obtained. 

In addition to axial adducts of type [Rh 2(O2CR)4x2J 

where X is a monodentate ligand (C197199 N20° 215,165,100 

o165,216 p217220 S 165 ,221 	222 or As 	donor) , with bi or 

polyfunctional ligands,complexes of 1:1 stoichiometry 

[Rh 2(O2CR)4x] result. 	Such 1:1 complexes have been 

characterised for bidentate amines such as hydrazine, 223  

ethylene diamine, 165 o-phenylene diamine, 165 durene 

diamine (DDA) 224 (2) and phenaz.ne (PHZ) 224 (3) . 

H2N*N H2 IaN 14 ~ 

(2) 
	

(3) 

The complexes of the latter two ligands have been 

structurally characterised 224 (R=Et) and show a chain 

polymeric structure, in each case (4) 

- 

(4) 
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For the[Rh 2(O2CR)4] unit to be retained only one 

of the donor atoms of the bi- or polydentate ligand may 

bind to each metal centre. 	For tn- and tetradentate 

macrocyclic ligands such co-ordination will lead to an 

exodentate conformation being adopted by the macrocycle. 

For the tridentate macrocycles L', L 4  and L,co-ordination 

with up to three metal centres is possible. Co-ordination 

to more than one metal centre, however, has not yet been 

observed for any of those macrocycles. 	Similarly for the 

tetradentate macrocycles L 2 , cyclam and tmc in which co-

ordination to four separate metal centres may occur, only 

L 2  has been characterised so far in an exodentate binding 
111 -1 13. 

mode. 

Although the dominant chemical behaviour of [Rh 2(O2CR)4] 

systems is axial attachment more forcing reaction conditions 

can lead to equatorial substitution. 	In this way carboxy- 

late ligands may be replaced by a variety of usually 

bidentate bridging ligands such as acetamidate,225  sulphate ,226  
2- 227 	 228 	 229 003 	, 	hydrogen phosphate 	and hydroxypyridine. 

In some cases equatorial replacement leads to the formation 

of an unsupported metal-metal bond notably with the 

macrocycle H 
2  L (5) , which co-ordinates as a dianion to give 

(5) 
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110 the binuclear [Rh 2L2] species. 109, 	Similar systems 

[Rh 2P2 I (P = OEP2  TPP2 )104'108  and [Rh 2(dmg)4(PPh3)2]230  

(dmg = dimethylglyoximate) also containing an unsupported 

Rh-Rh bond have also been prepared, but via monomeric 

reagents. 

The isolation of a complex [Rh 2(cyclam)2]4  would be 

of interest not only in terms of structural and redox 

properties, but also as a precursor of a highly reactive 

d 7  [Rh(cyclam) 2 radical which may undergo a number of 

binding and insertion reactions with avariety of small 

molecule substrates. 	Such reactivity has been well 

characterised for related Rh2  and 1r2  porphyrin systems. 107,108  

Although the investigation of equatorial insertion 

reactions into [Rh 2(O2CR)4] by use of macrocyclic ligands 

was not the primary aim of this section of this work,it 

serves as a link into the chemistry investigated in the 

final chapter in which multiply metal-metal bonded systems 

are reacted with macrocyclic ligands (cyclam, H2L) for 

which equatorial substitution is the expected mode of 

reaction. 
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Results and Discussion 

6.2 	Synthesis and characterisation of exodentate 

macrocyclic complexes 

6. 2.1 Cyclam 

Reaction of dirhodium carboxylates [Rh 2(O2CR)41 

R = Me (acetate) Et (propionate) , 'Pt (n-butyrate) 

CMe3  (pivalate) or C6H4CMe3  (t-butylbenzoate) as either 

slurries (R = Me, C6H4CMe3) or solutions (R = Et npr  CMe3) 

with cyclam in methanol at room temperature led to the 

formation of pink precipitates in each case. 	Elemental 

analyses indicated a stoichiometry [(Rh2(O2CR)4) (cyclam)] 

for all these adducts. 	The nature of the products obtained 

remained unaltered even if a large excess of the macrocycle 

was used. 	The speed of reaction depended upon the 

solubility of the dirhodium carboxylate starting material 

so that the acetate and t-butylbenzoate required ca.48 hrs 

for complete reaction to occur whereas the more soluble 

reagents reacted virtually instantly. 

The pink colour of the adducts observed was highly 

indicative of axial co-ordination by a nitrogen donor ligand 

to the [Rh 2(O2CR)4] unit. 100,195 	Bands due to co-ordinated 

cyclam were clearly evident in the infra-red spectrum 

(Table 6.5.1) , most notably two sharp N-H stretches at 

ca.3300 and 3200 cm- 1. 	A very intense band at ca.1600 cm 1  

(asym)) in each of the adducts was diagnostic of 
2 

retention of the [Rh 2(O2CR)4] unit. 	Reaction of these 1:1 

adducts with pyridine led in each case to the formation of 
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the well characterised [Rh 2(O2CR)4(py)2] complexes 195 

so providing confirmatory evidence for the presence of 

the 	[Rh 2(O2CR)4] unit in the 1:1 cyclam adducts. 

The observed stoichiometry for the dirhodium carboxy-

late cyclam adducts strongly suggested a chain polymeric 

structure to be present as observed in [Rh 2(O2CEt)4(DDA)] 

and [Rh 2(O2CEt)4(PHz)] 24  This would imply that only two 

of the four available donors of the macrocyclic ligand are 

participating in binding to (separate) metal centres. 

A preliminary crystal structure for the free macrocycle 

cyclam 231 indicates that two of the donor atoms participate 

in transannular hydrogen bonding. 	If a similar conforma- 

tion is adopted by the macrocycle in these adducts then 

only two of the nitrogen donors are readily available for 

bonding to metal centres (6) , so leading to the observed 

stoichiome try. 	

M 

3 
MU 	

(6) 

The infra-red spectrum of [Rh 2(O2CMe)4(cyclam)] 

strongly supports this interpretation with the bands due 

to cyclam in the complex remaining essentially unchanged 

compared with the free ligand. 

Ideally a crystal structure for one of these adducts 

would have been desirable but it proved impossible to 



obtain single crystals suitable for an X-ray diffraction 

study. 

A major problem was the general insolubility of all 

these polymeric products. 	Indeed in the pure state only 

[Rh 2(O2Cn  Pr)  4(cyclam)] could be dissolved (and only in 

hot benzene) to give a red-pink solution 	max = 535 nm) 

n.m.r. in d 6-benzene confirmed a 4:1 carboxylate:macro- 

cycle ratio in the complex. 	Although insoluble by itself 

[Rh 2(O2C' Pr) 4(cyclam)] dissolved in chloroform in the 

presence of excess ligand. 	A likely explanation is that 

break-up of the polymeric structure occurs and that 

discrete species such as [Rh 2(02C'1  Pr) 4(cyclam)2] form in 

solution ( max = 536 nm) . 	Evidence for this comes from 

that heating [Rh 2(O2C Pr) 4(cyclam)] in chloroform alone 

led to adduct cleavage with the colour of the solution 

turning from pink - green. 	Subsequent addition of cyclam 

however to this green solution regenerated the red colour 

(X max = 536 nm). 

Addition of CH2C12  to either of these solutions 

suspected to contain discrete [Rh 2(O2Cn  Pr)  4(cyclarrt)2] species 

reprecipitated the polymeric 1:1 adduct [Rl2(O2Cnl Pr)  4_ 

(cyclam)] only. 

6.2.2 L2  (1 ,418,11-tetrathiacyclotetradecane) and tmc 

(tetramethylcyclam) 

Both these tetradentate macrocyclic ligands reacted 

with dirhodium carboxylates [Rh 2(O2CR)4] (R = Me, Et or 

nPr) under ambient conditions in methanol to give pink 
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polymeric adducts, characteristic for either nitrogen 

or sulphur axial attachment to the [Rh 2(O2CR)4] unit. 100 

Infra-red spectra indicated retention of the[Rh 2(O2CR)4] 

unit in the adducts with the observation of the diagnostic 

intense carboxyl stretch at ca.1600 cm- 1. 	For the L2  

tetrathia macrocycle adducts of 2:1 stoichiometry 

[(Rh2(O2CR)4)2(L2 )] were obtained. 	This formulation is 

consistent only for an extended-structure in which all of 

the four donor atoms of the macrocyclic ligand are bound 

to separate metal centres, and in which all the Rh sites 

participate in an apical interaction. 	The resulting 

stoichiometry is illustrated schematically (below) (7) 

= L2 , (or tmc) 

40 = Rh2  (02CR) 

( 7 )' 

Presumably L2  participates in complete exodentate 

co-ordination and so can be contrasted with cyclam for 

which only two of the donor atoms are involved in bonding 

to separate Rh centres. 

In the tmc adducts of [Rh 2(O2CR)4] 2:1 stoichiometry 

is also observed (R = Me, Et) however for the butyrate, 

the tmc adduct was non-stoichiometric this probably reflecting 

steric interactions between the methyl groups of the 
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macrocycle and the hydrocarbon chains of the n-butyrate 

ligands. 	Tmc, then like L 2  particpates in full 00- 

ordination to the Rh centres. 	For L2  this behaviour is 

perhaps not surprising noting the exodentate structure o 

the free ligand 115  and a number of its complexes. 111-113  

For tmc, the solid state structure of which is unknown, 

the observation of exodentate co-ordinate is more inter-

esting, not only since it is previously uncharacterised 

for the ligand, but since the presence of N-methyl groups 

appear not to seriously restrict this mode of co-ordination. 

Interestingly, tmc differs from cyclam in its bonding to 

[Rh 2(O2CR)4] and so it appears even more likely that the 

transannular interactions in cyciam are responsible for 

its restricted exodentate co-ordination. 

Both the L 2  , and tmc propionate and butyrate adducts 

dissolved in chloroform in the presence of excess ligand, 

again probably attributable to the formation of discrete 

1:2 adducts in solution. 

6.2.3 L1(1,4,7-trithiacyclononane), L(1,4,7-triazacyc10-

nonane) , L5(1,4,7-trimethyl_1,4,7_trjazacyclononane) 

Reaction of these tridentate macrocyclic ligands with 

[Rh 2(O2CR)4] (R = Me, Et or rPr)  at room temperature led 

once again to the formation of pink polymeric adducts. 

For L' and L 4 
 elemental analysis indicated the formation of 

3:2 adducts [(Rh2(O2CR)4)3(L)2] 	in each case. 	For L 5  

(8) a similar stoichiometry was observed except for the 

butyrate derivative, perhaps as a consequence of steric factors. 
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NNN7  

/ 	 \8 

N 

The observed 3:2 stoichiometry is only consistent 

for all three of the ligand donor atoms binding to 

separate Rh centres, in an extended structural array as 

schematically shown below (9) 

or 

.,= Rh2(O2CR)4  

(9) 

The observation of tridentate exodentate co-ordination 

is the first example of such a co-ordination mode for 

these normally endodentate systems. 	Rearrangement of 

these macrocycles thus must occur on complexation. 	In 

the L 4 
 adducts the infra-red spectra all show just one N-H 

stretch, further indicating equivalent bonding of all three 

of the donor atoms to separate metal centres. 

All the characterised adducts of these tridentate 

macrocyclic ligands (R = Et, 'Pr) dissolve in chloroform 

in the presence of excess ligand possibly due to formation 

of[Rh 2(O2CR)4L2] species in solution (L = L1, L 4  or L5) 
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6.3 Equatorial substitution reactions of [Rh2(020R)4-

(cyclam)] adducts 
11 

Refluxing [Rh 2(O2CR)4(cyclam)] adducts in benzene 

in the presence of excess cyclam under nitrogen led to the 

formation of highly air sensitive green solutions. 	For 

the acetate adduct (R = Me) this process occurred over 

ca.4 hrs but for the propionate and butyrate adducts 

reaction was complete over 90 minutes and 30 minutes 

respectively. 	For the latter two adducts, red solutions 

were obtained prior to the formation of the green solutions. 

These air stable solutions were identical to the postulated 

[Rh 2(O2CR)4(cyclam)2] species described earlier, and may 

act as precursors to binuclear [Rh 2(cyclam)2]4  species 

responsible for the green air sensitive solutions. 

The air sensitive green solutions - shown to be 

diamagnetic by esr spectroscopy - decomposed on exposure 

to air to give a mixture of ill-defined products which showed 

no absorption maxima in the visible region. 

The observation that [Rh 2(O2CMe)4(pph3)2] failed to 

react with cyclam under the same reaction conditions suggested 

axial co-ordination of cyclam to be a necessary requirement 

for further (possibly equatorial) reaction to occur. 

The highly air sensitive nature of the green solutions 

described above precluded any positive identification of 

any of the species in the solution. 	Interestingly, these 

green solutions were not observable in any other solvents 

tested except possibly for THF. 
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6.4 Summary 

The observation of exodentate co-ordination of all 

the tn- and tetradentate thia and aza macrocycles to 

the 	[Rh 2(O2CR)4] moiety strongly suggests that kinetic 

factors are primarily responsible for the lack of com- 

plexes showing this mode of co-ordination. 	The 

[Rh 2(O2CR)4] moiety is ideally suited for the observation 

of fully exodentate co-ordination even for macrocycles 

which are endo in their free state such as 	, 	, 

cyclam and probably tmc. 	The anomalous behaviour of 

cyclam, which alone does not act as an n, unidentate 

system but only co-ordinates to separate metal centres 

through two of the four potential donor atoms strongly 

suggests the transannular hydrogen bonding interactions 

found in the free ligand are retained. 	The one major 

disappointment was the inability to obtain crystals suitable 

for X-ray diffraction for any of these adducts, yet the 

predictive power of simple elemental analysis, often 

considered as a routine check for purity, is underscored 

in this work. 

Perhaps it is the behaviour of these exodentate adducts 

in the presence of excess ligand under more forcing reaction 

conditions, in particular the possible observation of 

equatorial exchange to give unsupported metal-metal bonded 

dimers that is of greatest interest in any future work 

upon these systems. 
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6.5 Experimental 

Infra-red spectra were measured as nujol or HCE 

(hexachlorobutadiene) mulls using KBr or CsI plates; 

or as KBr discs. 	Microanalyses were performed by the 

University of St. Andrews Chemistry Department and by the 

University of Edinburgh Chemistry Department. 	All 

solvents were purified according to standard procedures. 174  

All other physical measurements were carried out as in 

Chapter 2. 

Starting materials 

RhC13.xH2O was provided as generous loans from 

Johnson-Matthey. 	Cyclam and trnc were purchased from 

Strem Co., and Lancaster Synthesis; tmc was also prepared 

from cyclam according to the literature procedure. 233 All 

other ligands were obtained as discussed previously except 

for L 5  for which the synthesis is outlined below. 

Synthesis of L 5  (1 ,4,7-trimethyl-1 ,4 1 7-triazacyclononane) 

L.3HC1 (2 g, 8.4 x 10 3mol) was dissolved in a 

formaldehyde/formic acid/water mixture (v:v = 10:10:1 

25 ml) and refluxed for 48 hours. 	To the cooled solution 

an equal volume of water was added and NaOH slowly added 

to raise the pH to 12, keeping the temperature below 10°C. 

The trimethylated free amine L 5  was then extracted into 

chloroform (4 x 100 ml) and dried over anhydrous sodium 

sulphate. 	Subsequent removal of the chloroform left an 

oily residue, which was dissolved in water (10 ml), filtered, 
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and then acidified with 12M HC1 (20 ml) . 	Methanol (20 

ml) was then added and the white precipitate of L 5.3HC1 

collected by filtration. 	The trihydrochioride could be 

recrystallised from 6M HC1/methanol (v:v = 1:1, 20 ml) 

Yield = 1.2 g (50%) 	1H n.m.r. spectrum (D20 80MHz) 

= 3.81 (9H s CE3), 3.11 (12H s CE 2 ). 

Preparation of dirhodium carboxylates 

[Rh 2 (O2CMe)4(MeOH)2] was prepared according to the 

literature procedure. 234 
 The corresponding propionate, 

butyrate and pivalate complexes were prepared from the 

acetate by carboxylate exchange in a hot or refluxing 

solution of the neat carboxylic acid (ccz.0.40 g 

[Rh 2 (O 2CMe)4'J(MeOH) 2  in 15 ml acid) under a nitrogen 

atmosphere for 90 minutes. 	The excess acid was then 

removed either by use of a fast stream of nitrogen or via 

rotary evaporation to leave the product in quantitative 

yield. 	The exchanged carboxylates were recrystallised 

from acetone/water or acetone/methanol mixtures. 	The 

4-t-butylbenzoate derivative was obtained by heating the 

acetate in a melt of 4-t-butylbenzoic acid for 4 hours 

(ca.0.40 g [Rh(O2CMe)4)(MeOH2) 	in 25 ml acid). 	The 

exchanged complex [Rh 2(02C.C6H4.CMe3)4] was recovered by 

dissolving the cooled melt in ethanol and collecting the 

insoluble product by filtration. 	The purity of the acetate 

and t-butylbenzoate were checked by the preparation of 

their pyridine adducts. 	Elemental analysis (R = C6H4CMe3) 

Found 0=60.58; H=5..88; N=2.74%. 	Calculated for 
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[Rh 2(O2CR)4(py)2] 0=60.45; H5.82; N=2.61%. 

Synthesis of Complexes 

(cyclam) In (R=Me, Et, rPr, CMe 3  and C6H4CMe3) 

Reaction of dirhodium carboxylates [Rh 2(O2CR)4 J 

(R = Me, Et, 11Pr, CMe3  or C6H4CMe3) with a slight molar 

excess of cyclam in methanol at room temperature gave the 

1:1 	cyclam adducts [Rh 2(O2CR)4(cyclam)J as pink solids 

in quantitative yield. 	The rate of adduct formation 

depended upon the solubility of the initial carboxylate so 

that for R = Et, '1Pr or ONe3  the product formed almost 

instantaneously whereas for R = Me, C6H4CMe3  a total reaction 

time of one, or preferably two, days was required. 	The 

products were collected by filtration, washed with methanol 

and diethyl ether and air dried. 	Elemental analysis and 

selected infra-red data are given in Table 6.5.1. 	Electronic 

spectra (R = nPr) A max = 535 nm (benzene) . A max = 536 nm 

(CHC13/in presence of excess ligand)). 	'H n..rn.r. spectrum 

(R = nPr, d 6-benzene 200MHz) 6 
H  =0.86 (12H t 0200H2CH2CH3) 

1.63 (8H sextet O200H2CE2CH3), 2.27 (8H br O2CCH2CH2CH3) 

3.52 (16H br ci.c 	cyclam), 6-cyclam (4H) and NH (4H) 

resonances were not clearly observed. 

[(Rh2(O2CR)4)2(L)] 	(L = L 2  or tmc, R = Me, Et or nPr) 

Tmc adducts of dirhodium carboxylates were obtained by 

an analogous procedure to the preparation of the corresponding 

cyclam adducts. 	2:1 adducts were obtained in each case 

except for R = Pr. L 2  (1,4,8,11-tetrathiacyclotetraaecane) 
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adducts of dirhodium carboxylates were prepared in an 

analogous procedure except that a dichioromethane/methanol 

(v:v = 1:1) solution was used so as to dissolve L 2 ; 

again 2:1 adducts were obtained. 	Elemental analyses for 

both tmc, and L 2  adducts are given in Table 6.5.11. 

Electronic spectrum: 	[(Rh2(O2CEt)4)2(tmc)] Xmax = 544 nm 

(CHC13  in presence of excess tmc). 

[(Rh2  (020R)4)3(L)2 J 	(L = L1, L 4  or L 5 , R = Me, Et or Pr) 

L1  adducts of dirhodium carboxylates were obtained by 

an analogous procedure to the preparation of the L 2  adducts 

(above) . 	The L 4 (1 ,4,7-triazacyclanonane) and L 5  (1,4,7- 

trimethyl-1 ,4 ,7-triazacyclononane) adducts were obtained 

via addition of aqueous solutions (3 x 10 4mol, 5 ml) of 

the neutralised hydrochloride salts of L 4 or L 5  to methanol or 

acetone solutions (20 ml) of the dirhodium carboxylate 

(1,5 x 10 4mol) at room temperature. 	The pink adducts were 

collected and washed with water, methanol and diethyl ether, 

and air dried. 	Yields were ca.90%. 	All these products 

(except L = L 5  R = n  Pr) analysed as 3:2 adducts (Table 

6.5.11). 	Electronic spectra (R = Pr) L = 	 = max 
537 nm, L, X max = 545 nm, L 5, X max = 542 nm (CHC1 

3  in 

presence of excess ligand) . 	Infra-red spectra:\)(N-H) = 

3300 cm 1  (L = L, R = Me); 	3298 cm 1  (Et) 3296 cm 1  (Pr). 
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Table 6.5.11 	Elemental analyses 
*

Ear dirhodium 

carboxylate macrocyclic ligand adducts 

[(Rh2(020R)4)2(L)] 	(L = L 2 1 tmc) and 

[(Rh2(O2CR)4)3(L)2j 	(L = L1,L,L 5 ) 

	

R = Me 	27.48(27.10) 

	

Et 	31.97(32.29) 

Pr 36.60(36.64) 

tmc: 	P. = Me 	32.26(31.60) 

	

Et 	36.41 (36.43)  

%N or S 

	

3.82(3.85) 	11.0(11.13) 

	

4.66 (4.78) 	9.83 (10.14) 

	

5.46 (5.56) 	9.28(9.31) 

	

5.15(4.95) 	5.17(4.91) 

	

5.77 (5.79) 	4.55 (4.47) 

L1 	: 	P. 	= 	Me 26.20(25.64) 3.78(3.59) - 

Et 30.82(31.08) 4.54(4.56) - 

Pr 35.47(35.62) 5.41(5.38) 9.5(9.7) 

P. = Me 27.24(27.29) 4.44(4.20) 5.27(5.30) 

Et 32.75(32.90) 5.05(5.18) 4.76(4.80) 

Pr 38.12(37.51) 6.16(5.98) 4.25(4.37) 

L 5 	: 	R=Me 29.26(30.23) 4.90(4.71) 4.98(5.03) 

Et 35.99(35.31) 5.91(5.55) 4.36(4.57) 

* 
Expected values in parenthesis 
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Preparation of green air sensitive solutions 

Reaction of [Rh 2(O2CR)4(cyclam)] 	(R = Me, Et, Pr) 
-4 (1 	x 10 mol) with cyclam (1 x 10-3  mol) in benzene (30 ml) 

under reflux in a strictly inert atmosphere led to the 

formation of green air sensitive solutions. 	For R = CMe3  

or C6H4CMe3  however no such solutions were formed even on 

extended reflux (>6 hrs) . 	The green solutions ( 
max 

542, 602 nm (R = Et), 'max = 538, 603 nm (R = 1 Pr)) rapidly 

decomposed on exposure to air to give a mixture of products 

showing a nondescript electronic spectrum. 	Both the 

green solutions andcomposition products were esr silent. 

In the cases R = Et, npr  the formation of the air 

sensitive green solutions were preceded by the 1:1 adduct 

dissolving to give pink-red solutions 	max = 536 nm) 



CHAPTER 7 

Reaction of Tetra-aza Macrocyclic Ligands with Multiply 

Metal-metal Bonded Binuclear Systems 
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7 	Reaction of tetraaza macrocyclic ligands with multiply 

metal-metal bonded binuclear systems 

7.1 Introduction 

In the previous chapter the interaction of [Rh 2(O2CR)4] 

systems with a variety of tn- and tetra-aza macrocyclic 

ligands was investigated. 	In virtually all these reactions 

axial attachment occurred to the (Rh 2(O2CR)4J unit under 

ambient conditions to give polymeric products in which exo 

co-ordination of the macrocycles was observed. 	In this 

chapter the reaction of tetra-aza macrocycles with [M02C18]4 , 

[Mo2(O2CMe)4], [Ru2(O2CMe)4C1] and [Os 2(O2CR)4c12] (R = 

Me, Et. nPr) is investigated. 	These binuclear systems are 

closely related to [Rh 2(O2CMe)4] but instead show a metal- 

96 metal bond order greater than unity. 	At the outset of 

the project some of these systems had been characterised in 

cofacial dimeric macrocyclic systems, and in this work it 

was hoped to extend this series of complexes, with the tetra-

aza macrocycles cyclam (1) and H 
2  L (2). 
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The multiply metal-metal bonded carboxylate, and 

chloride complexes (above) differ significantly from 

[Rh 2(O2CMe)4] in their mode of reactivity, and react 

predominantly via equatorial exchange rather than formation 

of axial adducts, as a description of their chemistry shows 

(below) 

In [Mo2(O2CMe)4] which shows a metal-metal bond order 

of 4, carboxylate exchange is the dominant reaction mode, 

for example, exchange with other carboxylate groups, 235 

chloride, 236 or bromide. 237 The product via chloride 

exchange [Mo2C13J 4  is more labile than the tetracarboxylate 

and is used to prepare a whole host of [Mo2(L-L)4] 

[MO 2(L-L)2C14] and [Mo2L4C14) species (L-L = H2N(CH2)2NH2,238  

02CCH2NH3 ,239  so42 	240 dppm, dppe etc, 241 L = phosphine242). 

At the conclusion of this work [Mo2(Tpp2)]106  (TPP2  = dianion 

of tetraphenylporphyrin) was reported and structurally 

characterised by a single crystal X-ray diffraction study. 

In this work it was hoped to characterise [M02L2J (L = dianion 

of H 2  L =tetramethyldibenzotetraaza-annulene (2)) and 

[MO 2(cyc1am)2]4  via equatorial exchange of the macrocycles 

with [Mo2(O2CMe)4] or [Mo2C18]4 . 	Cofacial dimeric systems 

of this type, by analogy with previously characterised 

systems 102-107 would be expected to show interesting structural, 

redox and catalytic behaviour. 

For ruthenium, the best characterised multiply bonded 

systems are the mixed valence (11,111) carboxvlates, occurring 

either as [Ru2(02CR)4], Ru2  (02CR)40l or [Ru2(02CR)4C12] 	'° 

[Ru2  (02CMe)4C11 characterised by a quartet ground state can 
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react with H 2 L to give the cofacial dimer [Ru 2L2] 109 

which contains an unsupported Ru = Ru bond of length 

2.267(3)A (bond order = 2.5).110 	Significantly a doublet 

ground state is observed for the complex indicating the *  
* 

level to be below the 7level in the metal-metal bond, in 

contrast to Ru2(O2CMe)4Cl. 	Both chemical and electro- 

chemical oxidation and reduction of [Ru 2L2} are observed 

to give [Ru 2L2]2  and [Ru 2L2J respectively. 	By contrast 

[Ru 2(O2CMe)4] shows a very limited electrochemistry, 

and the reduced species [Ru 2(O2CMe)4] has only recently 

been obtained via chemical means. 243 

[Ru2L2} 2  (c 2 	2*2*2) is diamagnetic, and would be 

expected to show a bond order of 3. 	The reduced species 

[Ru 2L2] shows a triplet ground state (U274626* 27*' Tr*') and 

a reduction of bond order to 2 is indicated by the longer 

Ru=Ru bond length (2.379(1)A) relative to [Ru 2L2])10  

The small core size and framework flexibility of the ligand 

dianion L2  allows it to complex to a metal centre forming 

out of plane complexes. 244 

This behaviour is observed in the systems described 

above, and also for the closely related [Rh 2L2] species, 

with the separation of the cofacial ligands remaining almost 

constant, 110 despite an M-M bond length variation of 

2.267-2.625A. 	In these systems the M-M bond length is 

essentially dependent only on the formal bond order since 

the cofacial steric interactions of the macrocycles can be 

disregarded. 	The structural characterisation of [M2L2] 

complexes of bond order higher than 2.5 is thus clearly a 
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priority to see if such behaviour was maintained for 

even shorter metal-metal bond lengths. 

As stated in the introduction porphyrin dimers of 

type [Ru2P2] (P = 0EP2 , TPP2 ) have been fully investi- 

gated. gated. 	 These systems show similar magnetic 

behaviour to the dibenzotetraazaannujene systems but 

differ in that cofacial steric interactions are now more 

significant. 	Furthermore these systems have only been 

successfully synthesised via monomeric starting materials. 

In this work it was hoped to prepare [Ru2(cyclam)2] n+n = 4 or 5 

and to compare it directly to the other cofacial dimeric 

Inacrocyclic systems. 

Os2 	systems (n = 5 or 6) first characterised through 

[Os 2(hp)4c12J 245 (hp = hydroxypyridine) and [Os 2(O2CR)4C12]256  

show a greater tendency toward bond cleavage than do the 

corresponding Mc, Ru or Rh systems to give usually monomeric 

Os(II) or Os(IV) products. 	Equatorial exchange reactions 

do however occur, e.g. with 2-hydroxypyridine, carboxylate, 

2,2,2-trjfluoroacetate256  or chloride (under anhydrous 

conditions). 	[Os 2C18]2  obtained via the latter reaction 

represented the first example of an unsupported Os-=Os 

bond. 246  

In this work it was hoped to characterise unsupported 

dirners of type [Os 2L2] 
2+

and [Os7(cyclam), 	to extend 

redox and magnetic studies upon the as yet poorly under-

stood Os  multiple metal-metal bond system. 
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Results and Discussion 

7.2 	Reaction of multiply metal-metal bonded systems 

with cyclam 

7.2.1 Molybdenum 

Reaction of [Mo2(O2CMe)4] with two molar equivalents 

of cyclam in methanol at room temperature gave a pale 

green solution (\ max = 590 nm) which became more intense 

on heating. 	However, even on prolonged reaction in the 

presence of excess cyclam, most of the [Mo2(O2CMe)4] 

remained unreacted. 	The green air sensitive solution 

failed to precipitate out of solution on addition of NaEPh4  

or NH4PF6  suggesting that a neutral species - possibly an 

	

axial cyclam adduct of rMo2 (o2cMe)4J was formed. 	Attention 

then turned to the more labile [Mo2C18]4  ion which might 

be expected to react more readily via equatorial exchange. 

Refluxing a suspension of K4[Mo2C18] with cyclam in a 

1:2 molar ratio in dry methanol led to the formation of a 

deep blue air sensitive solution P. max = 598 nm) from which 

the blue Cl04  , PF6  or BPh4  salts could be obtained. 

The f.a.b. mass spectrum of the initial chloride salt 

showed peaks centred at M = 669, and 633 which may corres- 

pond to [Mo2(cyclam)2]01 	[M = 666 (seMo)) and 

[Mo2(cyclam)2]Cl (M = 631) respectively. 

Accurate elemental analysis were not obtainable for 

any of these species, as all attempts to recrystallise any 

	

of these species invariably led to decomposition. 	As a 

result definite characterisation was impossible although 
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infra-red data clearly suggested the co-ordination of 

cyclam had occurred. 	The formation of [Mo2(cyclam)2]4  

would be consistent with the observed electronic spectrum. 

The fully allowed 3-
* 
 transition expected for such a 

species may be expected to occur at the energy observed 

(16,700 cm 1 ), somewhat lower than for [M02C13]4  

(19,000 cm 1 ), due to an expected lengthening and weakening 

of the Mo-Mo quadruple bond. 247  

Upon exposure to air the freshly generated blue cation 

was observed to decay in an isosbestic manner G. iso = 516 nm) 

to give an ill characterised brown species. 

7.2.2 Ruthenium 

Reaction of CRu2(O2CMe)4Cl] and cyclam in a 1:2 molar 

ratio in a variety of solvents (but most efficiently in THF) 

under reflux for 2 hours led to the formation of an air 

sensitive yellow solid. 	Fresh solutions of this solid in 

methanol gave the PF6  and 3Ph4  salts as solids on addition 

of the appropriate counter ion. 	Left in solution however 

the complex cation 	max = 400 nm CH2C12) rapidly decomposed, 

initially in isosbestic manner (\.so  = 365, 441 nm) to give 

an ill defined brown species. 	This instability in solution 

prevented recrystallisation of either the PF6  or BPh4  

salts of the complex cation, and as a consequence of this 

accurate microanalytical data for either of these salts was 

not possible, even under strictly deoxygenated or anhydrous 

conditions. 

The infra-red spectrum of the PF5  salt, indicated 
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cyclam and acetate both to be present but not chloride. 

On the basis of the microanalytjcal data a formulation 

[Ru(cyclam) (O2CMe)] (PF6) 	(n = 1 or 2) is tentatively 

suggested. 

7.2.3 Osmium 

Reaction of [Os 2(O2CR)40l2 3 (R = Me, Et or npr)  with 

cyclam in a 1:2 molar ratio at room temperature led in 

each case to the formation of intensely purple air sensitive 

solutions after cc.8 hrs. 	This may appear surprising 

since the acetate starting material is virtually insoluble 

in dichioromethane relative to the propionate or butyrate. 

The reaction product formed was stable in a variety of 

solvents, and displayed solvent dependent electronic spectra. 

Thus for the product (R = Me) in dichloromethane X 	= 
max 

536 nm (€5000 M 1 cm) but in water, Xmax = 506 nm. 	It 

appears likely that the product may display a significant 

interaction with the solvent. 

Elemental analysis for the initial product (R = Me) 

indicated an empirical formula [Os(cyclam) (O2CMe)Cl] 

Infra-red spectra indicated bound cyclam and acetate but not 

chloride. 	An Evans method nmr measurement also indicated 

the product to be diamagnetic. 42 F.a.b. mass spectra showed 

molecular peaks corresponding to the [ Os (cyclam) (O2CNe) J ' 

ion suggesting the initial product to be 

[Os (cyclam) (O2CMe) ] Cl. 	The ionic nature of the species 

was confirmed by the preparation of the BPh4  salt of the 

cation upon treatment of an aqueous, or methanol solution 
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with NaBPh4. 	The resulting solid analysed approximately 

for [Os(cyclam) (O2CMe)] (BPh4) but its air sensitivity led 

to difficulties in its purification by recrystallisation, 

and also despite a great deal of effort crystals suitable 

for X-ray diffraction could not be obtained. 	Infra-red 

spectra however indicated retention of acetate, but not 

chloride in the BPh4  salt. 

The solution behaviour of the formulated 10s(cyclam)- 

(02CMe)] ion was clearly intriguing. 	Such a cation, which 

may have a number of possible structures (3) could well be 

envisaged to participate in solvent interaction, so altering 

the visible chromophore. 

0 	 0 

(NHt\4)S 	
'o 

I  N... 
Os 

 

N 	N 

S\  

4- XIVOS N\NC 	 S 

N N 

The intense visible absorption for the complex cation 

max = 506 nmF =5 x 10 	M cm- 1  in H20) is probably a 

metal (t2g) - carboxylate (7*) charge transfer transition. 
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On exposure to air the visible absorption decays in an 

isosbestic manner 	
iso 	392, 332 nm) . 	The butyrate 

complex (A max = 544 nm CHC1 3 ) decomposes in a similar 

manner (. iso = 40, 352 nm) upon exposure to air. 

7.3 Reaction of multiply metal-metal bonded systems with 

2L (H2L = tetramethyidjbenzotetraaza_annuee) 

Reaction of [Os 2(O2CMe)4012] with H 2  L in methanol under 

reflux led to the formation of a dark brown solution from 

which only a mixture of ill-defined air sensitive products 

could be isolated. 

K4 Mo2Cl8] and H 2  L reacted in refluxing methanol to 

give a red-purple solution. 	The purple solid isolated on 

addition of diethyl ether to the cooled solution gave purple 

crystals upon recrystallisation from dichloromethane/ 

chloroform. 	These showed an electronic spectrum with 

A max = 490 nm in water. 	On standing however this absorption 

decays completely after cc. 1 day. 	This behaviour suggests 

that formation of the 2,4-dimethyl diazapenium ion (4) has 

occurred in this reaction 5 Dossibly as a consequence of 

some residual acidity in the 

H 

N 
H 

() 

K4[Mo2C18] starting material. 



174 

No reaction between [MO 2C18]4  and H 2  L was observed 

in any other solvent, nor did [Mo2(O2CMe)4] and H 
2 
 L 

react even under vigorous reaction conditions. 

The ready conversion of H 
2  L to a diazapenium ion even 

under only very slightly acidic conditions was clearly a 

severe problem, as the highly labile [M02C18]4  ion is 

difficult to obtain totally free of acid. 	Addition of 

alkali to the reaction mixture unfortunately led to instant 

decomposition of the reaction mixture although perhaps a 

non nucleophilic base such as DBU may prove more successful. 

7.4 Preparation, structural characterisation and reactivit 

Of [Mo(CO)4(H2L')] H2L' = 5,7,12, 14-tetramethyldibenz-

[b,i]-i ,4,8, 11 -tetraazacyclotetra--2 ,4,6,9,11 , 14- 

hexaene 

The only reported reaction of H 
2  L with molybdenum is 

the formation of [Mo(CO)4(H2L')] by reaction of Mo(CO)5  with 

H 2 L in a diglyme/petrol ether mixture (v:v = 10:1) at 105°C248, 

Bell and Dabrowiak assigned the product on the basis of mass 

spectra, 1H n.m.r. and infra-red spectroscopy. 	A cis 

Mo(CO)4L co-ordination, suggesting bidentate co-ordination 

of the macrocycle, was assigned on the basis of the carbonyl 

stretching region. 	The 1H n.m.r. spectrum indicated that 

migration of one of the amino protons to the methine C atom 

of the di-iminato ring had occurred, with the other amino 

proton retained, to convert the bound macrocyclic ligand to 

H2Lt (5). 
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H  

5)' 

This complex was resynthesised according to the 

literature method and a single crystal X-ray diffraction 

Study was undertaken with a view to investigating these 

Structural predictions and assessing the conformation 

adopted by the macrocycle in the complex. 

Crystal data 	[Mo(CO)4(C22H24N4)J M 	= 	552.4 triclinic 

Space group P, 	a = 8.909(6) 	b 	= 9.361(6) c 	= 	16.544(6)A 

= 89.36(4) 	3 = 78.03(5) 	= 67.77(5) 0  U = 1246A3  

Z 	= 	2 Dc = 1.473 g cm -3 R = 0.0502 for 2958 observed data. 

Selected bond lengths and angles are given in Table 7.4.1. 

Two views of the molecule are given in Figures 7.4.11 and 

7.4.111. 	A Slightly distorted octahedral geometry is 

observed around Mo(0) with the macrocycle bound in a cis 

manner about the metal atom. 	The Mo-C distances trans to 

N are significantly shorter Mo-C(1
* 
 ) = 1.956(6), Mo-C(2

* 
 ) 

0 	
* 

1.957(6)A, than those cis to N, Mo-C(3 ) = 2.027(6), 
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Table 7.4 .1: Bond angles and lengths (with esd t s) for 

[MO (CO) 4 (H 2L') - 

Bond lengths (A) 

Mo-C(1) 1.956(6) N(11)-C(12) 1.278(7) 
Mo-C(2) 1.957(6) -C(3) 1.394(8) 
Mo-C(3) 2.027(6) 0(2) 	-C(15) 1.372(8) 
Mo-C(4 	) 2.008(6) -C(18) 1.388(8) 
Mo-N(1) 2.271(4) C(5) 	-C(5A) 1.485(9) 
Mo-N(11) 2.278(4) -C(6) 1.374(9) 
N(1)-C(2) 1.439(7) -C(7) 1.408(9) 
N(1)-C(14) 1.281(7) 0(7) 	-C(7A) 1.511(10) 
N(4)-H(4N) 0.82(7) 0(9) 	-C(10) 1.391(8) 
N(4)-C(3) 1.398(7) C(12)-C(12A) 1.484(8) 
N(4)-C(5) 1.354(8) C(12)-C(13) 1.510(8) 
N(8)-C(7)  1.318(8) 0(13) -C (14) 1.510(8) 
N(8)-C(9)  1 .412(7) C(14)-C(14) 1.492(8) 
N (11)-C (10) 1 .444 (7) 

Bond angles (degrees) 

* 	 * 
C( 1 ) -Mo-C(2) 89.3(3) Mo-N(11)-c(10) 117.1(3) 
C( 1 ) -Mo-C(3) 82.3(3) Mo-N(11)-C(12) 124.1(4) 
0(1) -Mo-C(4 	) 84.0(3) C(10)-N(11)-C(12) 118.2(5) 
C(1)-Mo-N(1) 96.54(22) N(1)-C(2) 	-C(3) 119.7(5) 
C(1) -Mo-N(]) 174.87(22) N(1)-C(2) 	-0(15) 119.3(5) 
C( 2 ) -Mo-C(3) 85.5(3) N(4)-C(3) 	-0(2) 118.5(5) 
C(2) -Mo-C(4 	) 86.3(3) N(4)-C(3) 	-0(18) 123.8(5) 
C(2) -Mo-N(1) 174.16(22) N(4)-C(5) 	-C(5A) 120.3(5) 
C(2) -Mo-N(1) 95.4(22) N(4)-C(5) 	-C(6) 119.9(5) 
C(3) -Mo-C(4 	) 164.1(3) N(8)-C(7) 	-C(6) 120.5(5) 
C(3)-Mo-N(1) 95.05(21) N(8)-C(7) 	-C(7A) 122.6(6) 
C(3) -Mo-N(11) 100.10(21) C(6)-C(7) 	-C(7A) 116.9(6) 
C(4) -Mo-N(1) 94.44(21) N(8)-C(9) 	-0(10) 118.5(5) 
0(4 	)-Mo-N(11) 94.25(21) N(8)-c(9) 	-0(19) 122.9(5) 
Nfl) 	-Mo-N(11) 78.76(16) N(11)-C(10)-o(9) 118.6(5) 
Mo -N)-C(2) 116.6(3) N(11)-c(10)-c(22) 120.8(5) 
Mo 	-N(1)-C(14) 123.6(4) N(11)-C(12)-o(12A) 125.7(5) 
C(2)-N(1)-C(14) 119.4(5) N(11)-C(12)-C(13) 117.3(5) 
H(4N)-N(4)-C(3) 114. 	(5) N(1)-C(14)-C(13) 117.8(5) 
H(4N)-N(4)-C(5) 118 	(5) N(1)-C(14)-C(14A) 125.8(5) 
0(3) 	-N(4)-C(5) 127.1(5) C(13)-C(14)-C(14A) 116.4(5) 
0(7) 	-N(8)-C(9) 125.1(5) 
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Figure 7.4.11 	View of the single crystal X-ray 

structure of [Mo(CO)4(H2L')) 
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Figure 7 .4. III 	View of the single crystal X-ray 

structure of [Mo(CO)4(H2L') 
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* 	 0 

Mo-C(4 ) = 2.008(6)A. 	The macrocycle adopts a symmetrical 

conformation, with an approximate mirror plane of symmetry 

passing through Mo(1), C(3*), 0(3), C(4*), 0(4), C(6) and 

0(13). 	The crystal structure of the complex confirms 

protonation of the methine 0(13) atom, with C(12)-N(11) = 

1.278(7), C(14)-N(1) = 1.281(7) indicating C=N double bond 

character for these linkages (6). 	The <C(12)-C(13)-c(14) 

(12) 

IN  

N(11)-C(12) =1.278(7) 	A 
C(12)-c(13) = 	1.510(8) 	A 
C(13)-C(14) = 	1.510(3) 	A 
C(14)-N(1) = 	1.281(7) 	A 

bond angle of 110.8 0  further indicates the Sp3  nature of 

C(13).Fbr the other (unchanged) diiminato ring (7) the 

dominant canonical form is indicated below. 	The amine 

hydrogen is on N(4) , with a secondary contact to N(8) 

'- pI 

-N 

(7 	IN ) 	- 	(; 

(7) H 	
/H 

(5) 	
() 

N(8)-C(7) = 	1.318(8) A 
C(7)-c(6) = 	1.408(9) A 
0(6)-C(5) = 	1.374(9) A 
C(5)-N(4) = 	1.334(8) A 

N(4)-H= 0.82(7) 	A 
= 2.00(7) 	A 

<N(8)-H-N(4) = 	135(6) A 

In this complex the migration of the amino proton is thought 

to be facilitated by warping of the macrocycle upon co-

ordination. 

The overall structure of the molecule confirms the 

predictions made by spectroscopic techniques, and represents 

yet a further example of the co-ordinative flexibility of 
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H2L. 	This ligand normally co-ordinates as a dianion to 
249 	250 	 251 give 4, 	5 	or 6 co-ordinate 	complexes. 	In all 

its complexes the ligand adopts a characteristic saddle 

shape as a consequence of steno interactions of the di- 

iminato ring methyl groups with benzenoid rings. 	This 

is also clearly observable in the rearranged macrocycle H2L' 

in this present complex. 	The saddle shape adopted also 

leads to a displacement of the metal from the N4  plane. 

This characteristic enables the formation of cofacial metal-

metal bonded dimers (discussed previously) in which cofacial 

steric interactions are reduced to a minimum, and thus a 

species M02L2J should also be able to be stabilised. 

The ligand H 
2  L can show a further co-ordination mode 

in the complexes [(Rh(Co)2)LJ and {(Re(CO)3)2LJ for which 

the macrocycle co-ordinates to two separate metal carbonyl 

fragments. 252  

Photolysis of [Mo(CO)4(H2L')] was attempted to try and 

induce removal of carbonyl groups and lead to dimerisation 

of the complex. 	In pyridine, photolysis at 350 nm over a 

period of many days, led to a complete disappearance of 

carbonyl stretches in the infra-red spectrum. 	However, the 

two products isolated from the solution were free ligand 

H 2  L and an ill defined solid containing pyridine but no 

indication of bound macrocyclic ligand; clearly 

dimerisatjon was not induced by photolysis under these conditions. 

Interestingly, chloroform solutions of {Mo(CO)4(I-1 2L')] 

slowly decomposed on standing to give the 2,4-dimethyl-- 

diazapenjurn ion, as identified by electronic spectroscopy, 

1H n.m.r., and solution behaviour. 
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7.5 Summary 

This area of the project proved the most challenging 

and time consuming, and ultimately the least successful. 

In terms of the initial aim, to characterise a number of 

cofacial metal metal bonded macrocyclic systems Only for 

the reaction between [M02C18] 4- and cyclam, was there 

possible evidence for such a species (EMo2(cyclam)2J 4 ). 

The aerial instability of the products characterised in 

most of these reactions made recrystallisation and 

purification difficult. 	The only fully characterised 

system proved to be the air stable 	[Mo(CO)4(H2L!)] complex 

previously prepared by Bell and Dabrowiak, 248 and a single 

crystal X-ray structure confirmed a novel migration of an 

amino hydrogen of the bound macrocycle to the methine site 

of one of di-iminato rings. 

7.6 Experimental 

All reactions were performed under a nitrogen atmosphere 

using Schlenk line techniques unless otherwise stated. 

All solvents were purified according to standard procedures. 174  

Infra-red spectra were recorded as nujol or HCB (hexachlorobuta- 

diene) mulls using KBr or CsI plates. 	Fast atom bombardment 

mass spectra were recorded, courtesy of Imperial College, London. 

All other physical measurements were as carried out as in 

Chapter 2. 
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Starting materials 

Mo(CO)6  was purchased from Aldrich Co. 	Cyclam was 

purchased from Strem Co. 	RuC13.xH2O, 0s04  and Na2OsCl6  

were provided as generous loans from Johnson-Matthey plc. 

[MoO2CMe)4},253 	[Ru2(O2CMe)4C1] 254 and K4[Mo2c18J 236 

were all prepared via established literature methods, and 

their purity checked by elemental analysis and infra-red 

spectroscopy. 	H 2  L (tetramethyldibenzotetraaza_annuee) 

was prepared via the method of Goedken et al. 255 and its 

purity checked by elemental analysis, 1H n.m.r. infra-red 

and electronic spectroscopy. 

L222i4.2 	
n (R = Me, Et, Pr 

[OS 2(O2CMe)4c12] was prepared essentially via the 

literature method 256 by reaction of 0s04  with hydrochloric 

acid in the presence of FeCl3  to generate the OsCl6 	anion. 

This was then refluxed in acetic acid/anhydride (v:v = 1:1) 

for 4hours rather than the 10 hours suggested as this 

often led to substantial decomposition. 	The observed yields 

were comparable to those quoted in the literature. 

In the preparation of [Os 2(O2CEt)4c12] and (Os 2(O2C Pr) 4-

012] it was important to work up the product fairly quickly 

as overnight storing in the fridge led to decomposition. 

Synthesisofcomplexes 

L22(22CMe) 4]/cyclam 

[Mo2(O2CMe)4] (0.050 g, 1.17 x 10 4mol) and cyclam 



(0.05 g, 2.5 x 10 4mo1) were stirred in methanol (30 ml) 

This led to the formation of a green colouration ( 	= max 
590nm) which intensified on heating. 	However a substantial 

quantity of unreacted [Mo2(O2CMe)4] remained even on 

prolonged heating or on addition of further cyclam (0.1 g). 

No solids could be obtained on addition of either NH4PF6  or 

NaBPh4  to this air sensitive green solution. 

/cyclam 

K4[Mo2C18] (0.200 g, 3.15 x 10 4mo1) and cyclam (0.150 

g, 7.5 x 10 4mo1) reacted in refluxing methanol (20 ml) for 

1 hour to give an intense blue, highly air sensitive solution 

max = 598 nm) . 	The KC1 byproduct was removed by filtration 

and the product could be obtained by addition of diethyl 

ether. 	Addition of NaBPh4  or NH4PF6  to fresh methanol 

solutions also gave blue solids. 	Recrystallisation of 

these proved impossible as decomposition always resulted. 

Infra-red spectrum: 	 3200 cm 1. 	Mass spectrum 

(f.a.b.) M = 669, 633 ([Mo2(cyclam)2]01 	= 666 ( 93Mo) 

[Mo2  (cyclam) 2]0l = 631) 

401] /cyclam 

[Ru2(O2CMe)401] (0.200 g, 4.22 x 10 4mol) and cyclam 

(0.180 g, 9.0 x 10 4mo1) were refluxed in THF (30 ml) for 

two hours to give a yellow air sensitive solid. 	Filtration 

of the supernatant and addition of methanol or dichioromethane 

to this solid resulted in the formation of a highly air 

sensitive yellow solution 	max = 400 nm CH2C12) 
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Since rapid decomposition of these solutions occurred 

even under Schienk line conditions counter ions such as 

PF6  , BPh4  or 0104  had to be added rapidly. The yellow 

salts obtained showed a higher degree of stability and 

could be stored indefinitely under nitrogen. 	Since all 

attempts to recrystallise these solids led to decomposition 

accurate microanalytical data were not obtainable. 	Infra- 

red spectrum (PF6  salt) VNH = 3190 cm ' v CO (asym) = 
-1 	 1 	 2 

1560 cm 	V CO (sym)? = 1440-1400 cm 
2 

(R = Me, Et, npr)/cyclam  

[Os 2(O2CMe)4012] (0.100 g, 1.4 x 10 4mol) and cyclam 

(0.60 g, 3 x 10 4mol) were reacted in dichioromethane (20 

ml) for cz.8 hrs at room temperature to give an intensely 

purple solution (. max = 536 nm, 	5 x 1O3  M 1  cm-  ). 

Addition of diethyl ether precipitated the product which 

could be recrystalljsed from a dichloromethane/diethyl ether 

solution: Elemental analysis: Found 0=30.4; H5.98; 

N=11.67%. 	Calculated for [0s(cyc1am)(0oMe)]o. C=29.7; 

H5.61; =11.55%. 	Infra-red spectrum: V 
NH 	3250 cm-1 , 

CO (asym) 1570 cm, 	(sym?) 1440 cm 1 . 	1H n.m.r. 2 	 2 
spectrum (CDC1 3 200MHz) 	6 H = 0.91 (3H s CIL, CO00 7) 	1.88 

(4H quintet S CE2  (cyclam)) 2.97 (8H s c' CS2  (cyclam)) 

3.06 (8H t otCS2  (cyclam)). 	Mass spectrum (f.a.b.), 

= 450, 448, [192 
1900s(cyclam) (02CMe)] 	= 451, 449. 

Aqueous solutions of this initial product 	
max = 

406 nm) gave purple solids analysing fairly well for 

[Os(cyclam) (O2CMe)] (BPh4) on addition of NaBPh4. 
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[Os 2(O2CEt)4C1 2 1 and [Os 2(O2Crl Pr)  4] reacted with 

cyclam in dichloromethane under the same conditions. 

as [Os (O2CMe)4Cl2] to give similar but distinct purple 

air sensitive species. 

{Mo(CO)4(H2L')] H2Lt = 5,7,12,14-tetramethyl dibenzo[b,i]_ 

1 f 4  ,8, ll-tetraazacyclotetra_2,4 ,6, 9, 11, 14hexaene 

This complex was synthesised via the literature 

procedure. 248 	Mo(CO)6  (1 g, 3.8 x 10 3mol) and H 
2  L 

(1.4 g, 4.1 x 10 3mol) were refluxed under nitrogen for 

four hours at 105°C in a diglyme/petrol ether (100-120°) 

mixture (v:v = 10:1, 120 ml). 	Cooling the solution gave 

yellow tabular crystals suitable for X-ray diffraction 

Yield 50%. 	Elemental analysis: Found C=56.3; H4.34; 

N=10.07%. 	Calculated for [Mo(CO)4(C22H24N)] C56.5; 

H=4.38; N=10.14%. 	Infra-red spectrum was in accord with 

literature values. 	1H n.m.r. spectrum (CD 3C1 80MHz) 

= 	1.91 (6H s CE3), 2.03 (6H s CE3), 3.87 (2H s CH 
2), 

4.78 (1H s CS), 7.15 (8H m CE), 12.74 (1H b  s NH). 	The 

1H n.m.r. spectrum differs from the reported spectrum in 

the literature ((CD3)2o 100MHz) in which the methylene 

signal is clearly an AB resonance 	H =4.19, 3.59, J = 

13.5Hz. 248 

The analagous tungsten complex could be obtained in a 

similar manner to the molybdenum complex. 	Elemental 

analysis: Found C=49.08; H=3.80; N=8.70%. 	Calculated for 

[W(CO)4(C22H 24 N)] C48.77; H3.78; N=8.75%. 	Infra-red 

248  spectrum was in accord with literature values.  
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'H n.m.r. spectrum (ODd 3  80MHz) 6 = 1.94 (6H s 0113), 

2.04 (6H s CE3) 3.89 (2H AB 	
HH 	22Hz) Cd2) 4.79 (1H s 

CE), 7.15 (8H m CS), 12.74 (1H br s NE). 	On standing in 

chloroform both [Mo(CO)4(H2L')} and 

decompose to give species containing the 2,4-dimethyl-

diazapenium ion. 
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BM 	Bohr Magneton 

n Bu 	normal butyl 

Bz 	benzyl 

DBtJ 	1,8 diazabicyclo[5.4.0]undec_7_ene 

dmf 	dimethylformamide 

DMG 	dimethylglyoxjmate 

d.mso 	dimethyl suiphoxide 

e.s.d. estimated standard deviation 

e.s.r. electron spin resonance 

Et 	ethyl 

f.a.b. fast atom bombardment 

Hz 	Hertz 

MHz 	Mega Hertz 

MNT 2- 
	

maleonitriledithiolate 

Me 	methyl 

MeCN 	acetonjtrjle 

M 	molecular weight 

NHE 	normal hydrogen electrode 

n.rn.r. nuclear magnetic resonance 

Ph 	phenyl 

p.p.m. parts per million 

Pr 	normal ropvl 

TBAPF6  tetra- nbutyl ammonium hexafluorophosphate 

THF 	tetrahydrofuran 

ttn 	trithianonane 
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