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Abstract 

The reaction of (Wli(COM NCMe)z] with two equivalents of PEt3 gives the 
new seven-coordinate complex [Wiz(CO)/PEt3) 2J. Reaction of the complexes 
[Mlz(COMPEt3) 2] (M= Mo, W) with one equivalent of the dithiolate ligands 
Na2(S(CH2\S] (n = 2 and 3) and two equivalents of Na[SPh], gave the new six
coordinate complexes [W{S(CH2)nS}(CO)i(PEt3) 2] (n = 2 and 3) and 
[W(SPh)iCO)i(PEt3)2]. Similarly, reaction of [Molz(CO)iPEt3) 2] with one 
equivalent of Naz[S(CH2) 2S] gave [Mo{S(CH2) 2S}(CO)i(PEt3) 2]. All four thiolate 
complexes were crystallographically characterised. The reactions of the complexes 
[Mlz(COh(PEt3) 2] (M = Moor W) with one equivalent of Na[acac] gave the seven
coordinate complexes [MI(acac)(CO)z(PEt3) 2J again both complexes were 
characterised by X-ray crystallography. 

The reactions of the di-bromo complexes [1vffirz(CO)iNCMe)2] (M = Mo or 
W) with a slight excess of RS(CH2)iSR (R = Ph or 4-FC6H4) afforded the seven
coordinate complexes [MBrz(CO)3{RS(CHi)2SR}]. The seven-coordinate tungsten 
complex [WBrz(CO)3 {PhS(CH2)iSPh}] was crystallographically characterised. 
Similarly, reactions of [WBrz(CO)iNCMe)2] with two equivalents of RS(CH2) 2SR 
(R = Ph or 4-FC6H4) gave the complexes [WBr(CO)3{RS(CH2)zSR-S}{RS(CH2) 2SR
S,S'} ]Br. Similarly, the reactions of the complex [WBrzCCO)iNCMe)2] with one and 
two equivalents of Ph2P(S)CHi(S)PPh2 are reported. The reactions of 
[1vffirz(COh(NCMe)2] (M = Mo or W) with one equivalent of the trithioether 
MeS(CHi)2S(CHi)2SMe (TTN) gave [MoBrz(CO)2 {MeS(CH2) 2S(CH2) 2SMe-S,S',S"}] 
and (WBrz(CO)3 {MeS(CH2) 2S(CH2) 2SMe-S',S'}J. Also described is the synthesis of 
the complex [MoBri(CO)2{ttob-S.S',S"}] (ttob = 2,5,8-trith.ia(9]-o-benzenophane). 

The reaction of the complex [Wii(CO)(NCMe)(ri2-PhC2Phh ] with one 
equivalent of MeS(CH2) 2S(CH2) 2SMe (TTN) gave the structurally characterised 
complex [Wlz(CO)(TTN-S,S')(172-PhC2Ph)]. The complex [Wii(CO)(TTN-S.S')(1,2-
PhC2Ph)] reacts with one equivalent of [FeI(CO)2Cp] to give the bimetallic complex 
(Cp(CO)iFe(TTN-S,S', S '')Wiz(CO)(ri2-PhC2Ph)]I. The mono(alkyne) complexes 
[MI(CO)(L-S,S', S '')(ri2-RC2R)]I, [Mol(CO)([9]aneSrS.S',S'')(172-RC2R)JT and 
[WBr(CO)(L-S,S ',S '')(112-PhC2Ph)]Br (M = Mo, W; L = t1ob, TTN; R = Me, Ph) were 
successfully prepared and characterised. The complexes [Mol(CO)((9]aneSr 
S,S',S'')(172-PhC2Ph)]I [WI(ttob-S,S',S'')(ri2-PhC2Ph)2]I3 were also characterised by X
ray crystallography. 

The new seven-coordinate cluster complexes [Mli(CO)iFe4C p4S6-S,S')] were 
prepared by the reaction of [Mli(COMNCMe)2] (M = Mo or W) with one equivalent 
of [Fe4Cp4S6J. Further reactions with one and two equivalents of Na[SAr] (Ar = Ph or 
C6H2Me3-2,4,6{ tmt}) gave the new cluster complexes [Ml(SAr)(COMFe4Cp4S6-S,S')] 
and [M(SArMCOM Fe4Cp4S6-S,S')]. Also described are the complexes [M(COMU·L
P,P')Fe4Cp4S6-S.5'')]2I (L /\L = dppe or dppr) and the bis(alkyne) cluster complexes 
[WI(CO)(Fe4Cp4S6-S,S')(172-RC2R)2]I (R = Me or Ph). 

All new complexes described have been characterised by elemental analysis 
(C, H, N and S), infra red and 1H NMR spectroscopy, and in selected cases, i;c NMR 
and Mossbauer spectroscopy. 
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Chapter I. 

CHAPTER 1: INTRODUCTION 

1.1 THE METALS MOLYBDENUM AND TUNGSTEN 

Both molybdenum and tungsten are d-block transition metals and are 

members of group VIB of the periodic table. Both metals have a varied chemistry 

with complexes of both exhibiting several oxidation states from -2 to +6 and a wide 

range of co-ordination numbers. The metals themselves are very similar in many 

ways. Some of their important features are shown below in Table 1.1. 

Table 1.1 Some physical properties of molybdenum and tungsten 

Property Mo w 

Atomic Number 42 74 

Atomic Mass 95.94 183.85 

Electron Configuration fKrl 4d
5 

5s
1 fXe l 5d4 6s2 

Atomic Radius (A) 1.40 1.41 

Af-:1 Ionisation I st (KJ mor1
) 685 770 

Both molybdenum and tungsten are found in similar quantities within the 

earth's crust (- 10--1 %). Molybdenum occurs mainly as molybdenite, while tungsten is 

found in the form of the tungstates, Wolframite and Scheelite. Tungsten is used 

industrially in tungsten alloys, and is also found in a small number of bacterial 

enzymes' . Molybdenum, in contrast, is a very biologically active metal being found in 

several metalloenzymes. 

2 



Chapter I. 

1.2 MOLYBDENOENZYMES 

Studies have shown molybdenum to be a hjghly biologically active transition 

meta12
•
3
. It is found to be present in over trurty enzymes. Molybdenum enzymes can 

generally be classified as one of two groups. The first group of enzymes containing 

molybdoproteins4 consisting of a single molybdenum atom and a pterin-ene-dithiolate 

orgaruc ligand making up a molybdenum cofactor, Moco. The second class of 

molybdenum enzyme contain an iron-molybdenum cofactor, FeMoco. This second 

group consists of a single enzyme called molybdenum nitrogenase. 

Nitrogenases are the enzymes responsible for the natural fixation of 

atmospheric dinitrogen. Three types of nitrogenase enzymes are known of which only 

one contains molybdenum. The other types contain either the metals vanadium and 

iron or iron alone. 

1.3 THE NITROGEN CYCLE 

Nitrogen is the fourth most abundant element in the biosphere and in the form 

of gaseous di nitrogen constitutes four fifths of the earth's atmosphere. The continuous 

fixation of dinitrogen, and it's reduction to ammonia fonns the essential step of the 

nitrogen cycle, whjch is essential to all life (Figure 1.1). 

In the nitrogen cycle solid ammoruum salts are converted to nitrate by 

nitrifying bacteria. The resulting nitrates are then converted by plants to simple 

organic molecules. The simple organic molecules are used by animals and are 

converted to more complex orgaruc molecules. Animals then return organic nitrogen 

to the soil in the form of their waste products and also upon their death and 

subsequent decay. This organic nitrogen is subsequently used by plants or converted 

to ammonia. 

3 
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Figure 1.1 The nitrogen cycle 
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1.4 NrTROGEN FIXATION 

Global fixation of dinitrogen occurs via two main processes: 

1) industrially via the Haber-Bosch process. 

2) Naturally via the action of nitrogen fixing bacteria. 

Both processes convert atmospheric dinitrogen to ammonia, but by markedly different 

means and under greatly differing physical conditions. 

1.4.1 Industrial Nitrogen Fixation 

Industrial nitrogen fixation is carried out mainly by the Haber-Bosch process, 

involving the catalytic reduction of atmospheric dinitrogen to ammonia. However, 

4 



Chapter I. 

dinitrogen is extremely inert and a large amount of energy is required for it's 

reduction. The Haber-Bosch process therefore requires a catalyst coupled with greatly 

elevated temperatures and pressures5 (Equation 1. 1 ). 

Equation 1.1 

250 atm, 500°C 

Iron Catalyst 

As is the case with all industrial plants there is a large initial capital outlay and 

continuous running and maintenance costs to consider. The energy intensive Haber

Bosch process is no different, with expensive plants and high running costs, making it 

unavailable to the developing and third world nations. 

One of the main purposes of industrial nitrngen fixation is the production of 

nitrogen based fertilisers. However, due to the high manufacturing costs 

commercially available fertilisers are expensive and are inaccessible to the world' s 

less wealthy nations. 

1.4.2 Biological Nitrogen Fixation 

In contrast with industrial methods, biological nitrogen fixation is carried out 

at ambient temperatures and pressures by nitrogen fixing bacteria. Nitrogen fixing 

bacteria are responsible for the cycling of 108 tonnes of nitrogen per year and all 

contajn the enzyme nitrogenase. The bacteria may be free living or symbiotic with 

some plants. 

However, the action of nitrogenase is both complicated and relatively slow 

(Equation 1.2). 

5 
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Equation 1.2 

2NH3 + 16MgADP + 16PO/ +H2 

These reasons combined with the sensitivity of nitrogenase to O>-.')'gen rule out it' s 

direct industrial use. It is therefore of great interest to develop a greater understanding 

of the mechanisms and the molecules involved in the biological fixation process in 

order to attempt to mimic the action of nitrogenase. 

1.5 MOLYBDENUM NITROGENASE 

The enzyme molybdenum nitrogenase is a binary enzyme consisting of nvo 

separate proteins6
, an iron molybdenum prote in (MoFe) and a smaller iron protein 

(Fe). The larger MoFe protein contains two iron molybdenum cofactor7 (FeMoco) 

units and four Fe4S4 p-clusters8
. The action of njtrogenase, however, requires both 

the Fe and FeMo proteins together in the presence of a reducing agent and ATP 

(Adenosine triphosphate) to make the reduction of N2 possible. 

1.5.1 The MoFe protein 

The MoFe- protein has been shown to have a molecular mass of 

approximately 240 KD. The protein is made up of two identi ca l pairs of suburuts and 

can be described as an a 2j32 tetromer, a and 13 subunits bei ng respectively, 65 and 50 

KD in mass. Analysis has shown the overall Mofe has been shown to contain 2 

molybdenum atoms, 28-33 iron atoms and approximately 30 labile sulphur atoms9
-

11
. 

The Mofe protein contains nvo distinct redox centres, the P-clusters and the 

FeMo-cofactor. The first low resolution crystallographic data12 for the MoFe protein 

6 
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showed the two FeMoco centres to be approximately 70A apart while each P-cluster 

and FeMoco centire were separated by 19A. This study was carried out on protein 

isolated from the bacteria Clostridium pasteurianium (Cp l ). The relatively large 

distance between each FeMo-cofactor ruled out dinitrogen bridging the two active 

sites during it's reduction. A later refined crystal structure at 2.7 A resolution 13 of the 

MoFe protein from a::obacter vine!andi (Avl ), confirmed the separation of the two 

FeMoco sites and their relative separations from the P-clusters. 

1.5.2 The FeMoco site 

The FeMoco site is almost certainly the active site of nitrogen reduction 

within nitrogenase. In 1992 Rees and co-workers13 solved the crystal structure of the 

of the MoFe protein of Avl to 2.7A resolution showing each FeMoco centre to 

consist of Fe3S4 and MoFe3S3 clusters bridged by three non-protein ligands. Two of 

the three bridging ligands were assigned as sulphides while the third bridge consisted 

of a ligand of relatively light electron density. 

However, in 1993 Rees and co-workers further refined the structure of the 

MoFe protein of Avl and Cpl to 2.2A resolution14 (Figurel.2). The 2.2A structure 

thus con.firmed their previous structure for FeMoco, but showed all three bridging 

ligands to be sulphides. 

7 
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Figure 1.2 Schematic representation ofFeMoco structure of Avl 15 (2.2A resolution) 

Homocitrate 

Cys-a:275 

His-o:442 

The molybdenum atom, situated at one end of the cluster, is coordinated to a 

homocitrate molecule via carboxylate and hydroxide oxygens, and to the imidazole 

nitrogen atom of a -His-442. At the other end of FeMoco, the terminal iron atom is 

bound to the thiolate sulphur of a -Cys-275. The structure of FeMoco poses a number 

of questions, one of wruch is the position and mode of binding ofN2 to the cluster. 

Several modes of binding have been suggested other than nitrogen binding 

directly to the molybdenum atom of FeMoco. For example, it has been suggested that 

nitrogen may be bound within the cavity at the centre of the cluster. However, the 

cluster cavity in this configuration is too small to accommodate dinitrogen. 

Nitrogenase is also capable of reducing other larger substrates such as C2H2 and 

CNMe, which would almost certainly be too large for this "caged" mode of binding. 

It is therefore more likely that nitrogen is bound to e ither the molybdenum atom or 

one or more iron atoms of the cluster a lone or some combination of these modes. 
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1.5.3 The P-Clusters 

The secorfd type of cluster contained within the MoFe protein are the P

clusters 16. Based on crystal data the P-clusters are believed to consist of two Fe4S4 

· 13 14 clusters bridged by two cysteine thiolate ligands · . These structures are best 

described as bridged double cubanes. 

The P-clusters are buried some 12 A below the protein surface and are situated 

bet\veen the a and 13 subunits. The clusters are bridged by cysteines a88 and 1395 and 

are further attached to the protein by 5 amino acid linkages to the remaining iron 

sites (Figure 1.3). In total each cluster is attached to three a cysteine residues, three 

l3cysteines and one serine 13188. The purpose of the P-clusters is most probably that 

of electron transfer between the iron protein and the FeMoco site. 

1.5.4 The Fe protein 

The Fe protein is smaller than the MoFe protein with a molecular mass of 

approximately 60 KD and is extremely sensitive to dioxygen. It can be described as a 

dimer, that is it consists of two identical subunits but those subunits are different 

from those contained in the MoFe prote in. The Fe protein has been shov-m to contain 

a metal content of 4S atoms and 4Fe atoms suggesting the presence of a cubane type 

structure. 
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Figure 1.3 Schematic representation of a P-cluster of Av] 15 

Cys-f395 

Cys-f3153 

S-f370 

@} Fe 

Cys-a.88 

0 s • 

Cys-a.62 

0 

The crystal structure of the Fe protein of Av! at 2.9 A resolution 17 shows a 

single Fe4S4 cluster attached symmetrically to the two g subunits through cysteine 

residues 97 and 132
18

•
19

. The Fe protein transports electrons to the MoFe protein by 

acting as a one electron donor. This is carried out by the cluster converting between 

the + 1 and +2 oxidation states. The protein also contains two binding sites for 

MgATP or MgADP. Both sites are at the interface of the nvo protein subunits. Upon 

binding the structure of the Fe protein is changed and hence the clusters redox 

potential, this may be an important part of the system of electron transfer to the Mofe 

protein. As well as its role in electron transfer the iron protein also plays an 

important part in the biosynthesis of the Mof e protein, being c losely involved at 

several stages of its production. 

10 
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1.5.5 Nitrogenase action. 

The redu~tion of N2 by nitrogenase involves the interaction of both Fe and 

MoFe proteins. Electrons are transferred from the Fe-protein to the MoFe-protein. 

This close interaction is made possible by two residues of the Fe-protein which are 

able to interact with the P-clusters of the MoFe-protein. Electrons from a reduced 

ferrodoxin or flavodoxin are transferred to the Fe-protein. Overall, reduction of 

nitrogen requires 8 electrons. The overall process of electron transfer is powered by 

the hydrolysis of MgA TP to MgADP at the two nucleotide binding sites of the Fe

protein. Two molecules of ATP are hydrolysed for each electron transferred, therefore 

16 molecules of MgA TP are required (Scheme 1. 1 ). 

Scheme 1.1 Simple scheme of nitrogenase action 

F errodoxi Droo Fe-proteinrod MoF e-protei nroo 

NH3 + H2 

e e e 

N2 +H+ 

F errodo xinox Fe-protei11ox MoFe-proteinox 

Extensive kinetic studies of the stages of electron transfer have been carried 

out by Lowe and Thornele/0 
-
22

, resulting in the development of the Lowe-Thomeley 

scheme for nitrogenase function
23 (Scheme 1.2). 

11 
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Scheme 1.2 Lowe-Thomeley scheme of nitrogenase function 

e-+H+ e-+H+ e-+H+ NK, 
El • E1H\_ • f:2H2 ~ • E3H2H E3N2H 
A N2 H2 r+H+ 

e-+H+ N2H4 E4N1'-'H2 

l pH I or 14 

r•W 
l 

E7 ◄ E6• E5N-NH3+ 

~ 7~ 
e-+H+ 2NH3 e-+H+ 

pH! 

1.6 SEVEN-COORDINATE COMPLEXES OF MOLYBDENUM (II) AND 

TUNGSTEN (II) 

1.6.1 Introduction 

In the early I 960's there was much interest in the seven-coordinate 

halocarbonyls of molybdenum(Il) and tungsten(Il). The first seven-coordinate 

molybdenum(ll) halocarbonyl complexes, [MoXl(CO)J(d.iars)] (X = Br or I), were 

described in 1960 by Nyholm and co-workers
24

. The synthesis of [MoXi(CO)J(diars)] 

involved the controlled oxidation of the previously substituted metal carbonyl 

[Mo(CO)4(diars)] with iodine or bromine. 

A similar controlled oxidation of the analogous tungsten complex, 

[W(CO)4(diars)] gives t'NO seven-coordinate products depending on the oxidising 

agent used. The reaction with bromine gave the seven coordinate tungsten(Ill) 

complex [WBri(CO)J(diars)]Br, whilst the similar oxidation with iodine produces 

the tungsten (II) complex [WI(CO)4(d.iars)]I3. 

12 
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It is also important to mention the pioneering work of Colton et a/25
•
26 on the 

dimeric complexes[ {M(µ-X)X(CO)4h] (M= Mo,W; X=CI, Br, I), the metal in each of 

these complexes being seven-coordinate. The first complex of this type, 

[{Mo(µ-Cl)Cl (CO)4 }i] was prepared in 196627 by the reaction of [Mo(CO)6] with 

liquid chlorine at -78 °C. ln the same year
28 

the analogous bromo-bridged dimers, 

[ {M(µ-Cl)Cl(CO)4 }i) (M = Mo, W) were prepared by similar methodology. 

The tungsten dihalide-bridged dimers [{W(µ-X)X(CO)4h] (X=Cl, Br/9 were 

prepared in a similar fashion to their molybdenum analogues. The X-ray crystal 

structure of [ {W(µ-Br)Br(CO)4}2] has been determined30 and shows each tungsten 

atom to be a /ac-[WBr3(CO)3] octahedron with a capping carbonyl on the tricarbonyl 

face (Figure 1.4). 

Figure 1.4 Crystal structure of[ {W(µ-Br)Br(CO).d 2] 

C® 

Br{2) 

However, the analogous diiodo-bridged carbonyl complexes, [ {M(µ

I)I(CO)4}i) (M= Mo,W) were prepared by the photochemical reaction of 12 with 

[W(CO)6] at ambient temperatures. Some examples of the wide range of reactions of 

these dihalide-bridged complexes3
1-4

6 are shown in Scheme 1.3. 

13 
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Scheme 1.3 Reactrons of the complexes [{M(µ-X)XJC0)4} 2] (M= Mo or W) 

(i) 
[MoXi(CO)i(btph] 

M (ill) 

(iv) 
fMX2(C0)3(dpam)] 

[MoX2(NOh ]n 

(I) X = Cl, Br; L = PPh3, AsPh3, SbPh3. 

(ii) X = Cl, Br; btp = N-n-butylthiopicolinamide. 

(i ii) X = Cl, Br; dpam. 

( iv) X = Cl, Br; NO. 

(v) X = Cl, Br; N" As = 8-dimethylarsinoquinoline. 

(vi) d.mpm (dmpm = bis(dimethylphosphino)methane. 

14 
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1.6.2 Stuctures of seven-coordinate complexes 

There are.three main geometries for seven-coordinate complexes47
•
48 

:

i) Pentagonal Bipyramid, 

ii) Capped Octahedron, 

iii) Capped Trigonal Prism. 

All the above geometries involve the placing of seven ligands around the metal 

centre. 

i) Pentagonal Bipyramid (PB) 

A pentagonal bipyramid consists of five equatorial ligands and two axial 

ligands (Figure 1.5). The five equatorial ligands create a very crowded girdle around 

the metal and are not sujted to bulky substituents. The equatorial positions are suited 

to tri , tetra and pentadentate ligands that are able to remain planar while occupying 

the equatorial girdle. 

ii) Capped Octahedron (COct) 

The capped octahedron consists of a distorted octahedron made up of six 

ligands with the seventh ligand "capping" one of the trigonal faces of the octahedron 

(Figure 1.6). A capped octahedral geometry is exhibited by many seven-coordinate 

halide complexes of Mo(Il) and W(Il ). 
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Figure 1.5 Pentagonal Bipyramid (PB) 

Figure 1.6 Capped Octahedron (COct) 
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iii) Capped Trigonal Prism (CTP) 

The capp¢d trigonal prismatic geometry is the structure least frequently 

observed by seven-coordinate halocarbonyl complexes. It consists of a trigonal prism 

with six ligands at each vertice and a seventh ligand "capping" one of the rectangular 

faces of the prism (Figurel.7). As is the case with the COct geometry, the CTP is 

rarely found \'lith bidentate donor ligands. 

Figure 1.7 Capped Trigonal Prism (CTP) 

1.6.3 The synthesis of the seven-coordinate complexes [M]2(CO)J(NCMeh) (M 

=.Moor W) 

In 1962, Tate, Knipple and Augl49
, produced the zero-valent yellow 

complexes/ac-[M(CO)J(NCMe)3] (M = Moor W) by refluxing the appropriate metal 

hexacarbonyl in an excess of acetonitrile. Further reaction of /ac-[W(CO)3(NCMe)3] 

\'lith 12 in methanol, produced a non-carbonyl containjng product. 

-o 
In 1986, Baker et al) refluxed the metal hexacarbonyls [M(CO)6] (M= Mo 

or W) in acetonitrile. The resulting yellow complexes /ac-[M(CO)J(NCMe)3] were 

17 
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treated in situ with 12 at 0°C, givmg the brown seven-coordinate complexes 

[Mlz(CO)J(NCM'eh] in quantitative yields. 

The tungsten (II) complex [WI2(COh(NCMe)2] has been characterised by X

ray crystallograph/
1 

and exhibits a capped octahedral geometry with a carbonyl 

group in the capping position. The remaining nvo carbonyls are cis to one another and 

with one iodide make up the capped face of the octahedron. The uncapped face, trans 

to the capping carbonyl is made up of the remaining iodide and both acetonitrile 

groups. The iodide groups are positioned trans to one another (Figure 1. 5). 

The seven-coordinate complexes [Mii(CO)3(NCMe)2] (M= Mo or W) have 

been used as starting materials in the synthesis of over eighteen hundred new 

organometallic complexes
52

. Their versatility is mainly due to the presence of the nvo 

labile acetonitrile ligands which may be replaced with a \vide range of monodentate 

and bidentate donor ligands (Scheme 1. 4). 

Figure 1.5 Molecular structure of [Wii(CO)3(NCMe)2]. 
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Scheme 1.4 Some reactions of the complexes [MI2(CO)J(NCMe)i] (M = Mo,W) 

(Iv) 

[Hl 2 (C0) 3 (NO\e)L] (i) 

~ 

All reactions carried out in CH 2Cl 2 at room tem
perature. For (i) - (vii) and (i:-;), M = Mo or \V. Reagents: 
(i) L = OPPh 3 for 30 s. (ii) L = SPPh3 for 30 s. (iii) Stirring 
in C H 2Cl 2 for 24 h. (iv) L = SPPh3; [NBu 4n]I for 45 min. 
(v) L' = PPh 3 (1 min), AsPh 3 (3 min) or SbPh 3 (5 min) fol
lowed by an in situ react ion with L = OP Ph 3 or SP Ph 3 for 
18 h . (vi) 2L = OPPh3 or SPPh3 for 18 h. (vii) 2L = OPPh 3 
or SPPh 3 for 2 h, followed by one further equiva lent of L 
added in situ for 18 h. (viii) M = Mo, 2L = SPPh 3 for 2 h 
followed by two further equivalents of L added in situ for 
18 h. M = W, 2L = OPPh3 or SPPh 3 for 2 h followed by two 
further equivalents of L added in siru for 18 h . (ix) 2L = 

OPPh 3 for 2 h followed by three further equivalents of L 
added in situ for 18 h. 

19 
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NEUTRAL SULPHUR DONOR LIGANDS 

Chapter I. 

The following section describes some of the varied reactions of the seven 

coordinate complexes with both mono and polydentate sulphur donor ligands. 

1.7.1 Reactions of [Ml2(CO)3(NCMe)i] (where M=Mo or W) with monodentate 

neutral sulphur donor ligands 

In 1990, Baker et al reported numerous triphenylphosphinesulphjde seven

coorilinate complexes of molybdenum and tungsten5354
. Over twenty complexes of 

this kind were made and some are shown in Scheme 1.5. 

Other neutral sulphur ligands have been shown to bind to the seven

coordinate complexes [Mli(CO)J(NCMe)2] (where M= Mo or W) in a monodentate 

fashion. For example the tricyclohexylphosphinecarbondisulphide ligand can 

coordinate in either a monodentate or bidentate fashion to the metal centre (Figure 

1.6). 

Figure 1.6 Bidentate (a) and monodentate (b) coordination of the S2CPCy3 ligand 
M 

/ $-~ 
M ' C - PC y 

' / 3 
"- 1/ s 

s 

(a) (b) 
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Scheme 1.5 Reactions of the complexes [MJ2(CO)J(NCMe)2] with SPPh3 

[MI2(COh(NCMe)L] 
(U) 

[NBu04][MIJ(CO)3L] [Mii(CO)3LL'] 

(i) (iil) 

[Mli(CO)3(NCMe h] 

(vi) M (iv) 

[M(CO)3L4]21 [M1i(CO)3½] 

[MI(CO)3L3]l 

All reactions carried out in CH2Cl2 at room temp. For (i)-(v) , M= Mo or W. (i) L = 

SPPh3, 30s. (ii) L = SPPh3; [NBu\]I, 45min. (iii) L = PPh3, AsPh3, SbPh3; L' = SPPh3, 

18h. (iv) 2L = SPPh3, 18hrs. (v) 2L = SPPh3, 2h.,followed by L = SPPh3, 18h. (vi) M= 

Mo, 2L = SPPh3, 2h.,followed by 2L = SPPh3, 18h. 

The reaction of [Wli(CO)3(NCMe)2] with one equivalent of S2CPCy3 affords 

the complex [W12(CO)J(S2CPCy3)], however, the reaction of [WI2(CO)3(NCMe)2] 

with two equivalents of S2CPCy3 followed by one further equivalent of S2CPCy3 

afforded the purple complex [W(CO)J(S2CPCy3) 3]2155
. Th.is complex has two 

S2CPCy3 ligands bound in a bidentate fashion and one monodentately to the metal 

centre. Eighteen related complexes have been made in a similar fashion. 

Also the ligands thiourea (tu) or N,N,N',N'-tetramethylthiourea (tmtu) have 

been shown to react in a monodentate fashion with [Mii(CO)3(NCMe)2]. The 

reaction of two equivalents of tu or tmtu with [WI2(CO)3(NCMe)2] afforded the 

complexes [W1i(CO)J{SC(NH2) 2}i] and [W1i(CO)J{SC(NMe2) 2h] respectivel/6. 

However, similar reactions of tu or tmtu with [Moli(CO)3(NCMe)2] afforded the 

dimeric iodide-bridged complexes [Mo(µ-l )l(CO)2L2h (L = tu or tmtu) involving the 

loss of a carbonyl ligand. The addition of one equivalent of tu or tmtu to 
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[Mli(CO)3(NCMe)2] afforded the iodide-bridged complexes [ {M(µ-l)I(CO)3L}2] (L = 

tu or tmtu). 

1.7.2 Reactions of [MI2(CO)J(NCMe)i) (where M= Mo or W) with polydentate 

neutral sulphur donor ligands 

The following reactions of [Ml2(CO)3(NCMeh] with polydentate neutral 

sulphur donor ligands have been reported. 

(I) Reactions of [MI2(COh(NCMe)2} with RS(CH2)zSR 

( R= Ph, 4-MeC6~ or 4-FC61l.) 

The seven-coordinate complex.es [MI2(CO)J(NCMe)2] (M= Mo or W) have 

been reported to react with a slight excess RS(CH2) 2SR of in dichloromethane at 

room temperature to give 

The 

the seven-coordinate complexes 

tungsten(ll) complex 

MeCJ-LiS(CH2hSC6!-liMe-4}] has been characterised by X-ray crystallography and 

exhibits a distorted capped octahedral geometry with a carbonyl ligand in the capping 

position (Figurel.7 ). 

The reaction of [Wii(COh(NCMe)2] with two equivalents of PhS(CH2hSPh 

in dichloromethane at room temperature has been reported to give the light brown 

cationic complex [WI(CO)J {PhS(CH2) 2SPh-S} {PhS(CH2) 2SPh-S,S'} ]I. This may be 

reduced by Li[Bu
0

] m thf to give the zero valent complex 

c is- [W(CO)2 {PhS(CH2hSPh-S,S'} 2] in low yield. 
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(ii) Reactions of [Mli(CO)J(NCMe)i) with Ph2P(S)CB2P(S)Ph2 

It has been reported that the complexes [MI2(CO)J(NCMe)i] (M= Mo or W) 

react with one equivalent of Ph2P(S)CH2P(S)Ph/8 in CH2Cl2 at room temperature 

giving the acetonitrile displaced products [Mli(COh {Ph2P(S)CH2P(S)Ph2} ]
59

. 

(iii) Reactions of [Mii(CO)J(NCMe)2] with MeS(CH2) 2S(CB2) 2SMe 

The trith.ioether ligand, MeS(CH2)2S(CH2) 2SMe, has been reported to react 

with the molybdenum(ll) complex [Mol2(CO)3(NCMe)2] in a tridentate fashion, thus 

displacing both acetonitrile groups and a carbonyl, to give the 

The tungsten 

complex 

complex 

[Wli(CO)3(NCMe)2] reacts in a similar fashion to give the dicarbonyl complex 

[W12(CO)2 {MeS(CH2)iS(CH2) 2SMe-S,S',S'1 ]
57

. However a tricarbonyl intermediate 

[WI2(CO)3 {MeS(CH2) 2S(CH2)SMe-S,S1] has been isolated with the thioether 

behaving as a bidentate ligand with one sulphur hanging free. The molecular structure 

of [WI2(CO)2 {MeS(CH2)zS(CH2) 2SMe-S,S',S"}] is shown in Figure 1.8. 

(iv) Reactions of [Ml2(CO)J(NCMe)2] with the trithiamacrocycles l,4,7-

Trithiacyclononaoe([9JaneS3) and 2,5,8-Trithia-[91-o-benzenophaoe (ttob) 

The reactions of the seven-coordinate complexes [Mli(CO)3(NCMe)z] (M= 

Mo or W) with [9]aneS3 in dichloromethane at room temperature have been 

reported to give the cationic complexes [MI(CO)J([9)aneSrS,S',S")]I. Reaction of 

[WI(CO)3([9]aneSrS,S',S")]I with Na[BPh.i] gave the crystallographically detennined 

complex [WI(CO)J([9]aneS3)][BPh4) shown in Figure 1.9. Similar reactions with the 

ligand ttob gave the dicarbonyl molybdenum complex [Moli(CO)i(ttob-S,S',S")] or 

the cationic tungsten complex [WI(CO)3(ttob-S,S',S")][WIJ(CO)4] respectively60
. 
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Figure 1.9 Molecular structure of [[WI(CO)J([9]aneS3-S.S',S")][BPhi] 

C(56) 
. CC7 

CC76) 

SC5) SC6) 

CC3 
(1) 
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(v) Reactions of (Mii(CO)J(NCMeh] with the tetrathiamacrocycles [12]aneS.h 

(14]aneS4, [16]aneS4 and Mes[16]aneS4 

Macrocyclic tetrathioethers (Figure 1.10) are able to react in several different 

ways with [MI2(CO)J(NCMe)2] (M = Mo or W), binding in either a bidentate, 

tridentate or tetradentate fashion
63

. 

Figure 1.10 Schematic representation of tetrathioether ligands and systematic 

nomenclature. 

;\ .--s s ______ 
\ 

) 
--s s--1 

\_J 

(a) [1 2]aneS4 (b) [14]aneS4 

1,4, 7, I 0-tetrathiacyclododecane 1,4,8, 11-tetrathiacyclotetradecane 

(I 
1
- S $ __ _ 

\ .' 

\ \__s 
I 

(c) [16]aneS4 (d) Me8[1 6]aneS4 

1,5,9, 13-tetrathiacyclohexadecane 3,3,7,7, 11 , 11 , 15, 15-octamethyl-l ,5,9, 13-

tetrathia-cyclohexadecane 

For example, the reaction of two equivalents of [Wli(CO)J(NCMe)2] ,vith one 

equivalent of Me8[1 6]aneS4 affords two seven-coordinate cation/anion complexes 
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and 

S,S',S",S"'}] [WI~(CO)4]. Both complexes exhibit a "piano-stool" geometry for the 

cation while the anions [WIJ(CO)4r exhibit a more usual capped octahedral 

geometry 61
•
62

_ ln both complexes we see Me8[16]aneS4 behaving as both a tridentate 

and a tetradentate ligand. The structure of 

S,S ',S'1[WIJ(CO).i] is the first crystallographically characterised example whereby an 

S4 thioether is bound in a tridentate fashion. The molecular structures of 

and 

S,S ',S",S'"}] [WI3(CO)4) are shown in Figures 1.11 and 1.12 respectively. The 

analogous molybdenum reaction of two equivalents of [Moli(CO)J(NCMeh ] with one 

equivalent of Me8[ 16)aneS4 affords the complex [Mol(CO)2 {Me8[ l 6]aneS4-

S,S',S",S"1] [MoI3(CO)4] however, no molybdenum tricarbonyl product is observed. 

Figure 1.11 The molecular structure of [WI(CO)J {Me8[16]aneS4-S,S',S'1[WIJ(CO)4] 

SC14: 
~~'.) ,, 

H23) W(2) 

00 
1) H21) 

0(17) . 
~ 

~ 0(181 

0(16) 

IC15) 
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Figure 1.12 The molecular structure of [Wl(CO)2 { (Me8[ l 6]aneS4-S,S ', S",S"1 ] 

[WlJ(CO)~] 

,' l @)H21] 

W( l· 

@ 

However, the reaction of equimolar amounts of [Moli(CO)J(NCMe)2] and 

[n]aneS4 ( n = 16, 14 or 12) afford complexes of the ty pe [Mo2J4(CO)6([n]aneS4-

S,S,'S",S"')]. The reaction of [Wli(CO)J(NCMe )2] with [ 14 ]aneS4 affords the 

analogous tungsten complex [W2Li(CO)6[14]aneS4-S,S, 'S",S"')]. Here the ligand binds 

in a bidentate fashion to t\vo metal centres creating bimetallic complexes via t\vo 

bridging sulphur atoms
63

. 
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1.8 REACTI6NS OF [Ml2(COh(NCMeh] WITH ANIONIC SULPHUR 

DONOR LIGANDS 

1.8.l Reactions of [MI2(COh(NCMeh] (M =Moor \V) with dithiocarbamate 

ligands 

Numerous dithiocarbamate complexes have been prepared via the reactions of 

[Mii(CO)J(NCMe)i] and [Mii(CO)J(NCMe)L] (L = PPh3, AsPh3, SbPh3) and several 

different dithiocarbamate and related ligands
64

-6
7

. For example, the complexes 

[Mii(CO)J(NCMe)2] react with one equivalent of Na[S2CN(CH2Ph)i] affords the 

iodo-bridged dimers [ {M(µ-I)(CO)3[S2CN(CH2Ph)2] hl In these dimeric complexes 

the dithjocarbamate acts as a bidentate ligand attached to the metal via two metal 

sulphur bonds. However, the reaction [Mii(CO)J(NCMe)2] with one equivalent of L 

(L = PPh3, AsPh3, SbPh3) followed by one equivalent of Na(S2CNR2] (R = Me, Et, or 

CH2Ph) gave complexes of the type [MI(CO)3L(S2CNR2) ], the dithiocarbamate again 

acting as a bidentate ligand. Further reaction of [WI(CO)J(PPh3)(S2CNR2)] (R = Me, 

Et, or CH2Ph) with one equivalent of Na[S2CNR'2] gave the mixed-ligand complexes 

[W(CO)i(PPh3)(S2CNR2)( S2CNR'2)] (R = Me, R' = Et; R = Me, R' = CH2Ph; R = Et, 

R' = CH2Ph) or the complex [W(CO)i(PPh3)(S2CNEt2) 2]. In both types of complex 

the dithfocarbamate is bound in a bidentate manner to the metal (Figure 1.13). 

1.8.2 Reactions of [MI2(COh(NCMe)i] (M = Mo or W) with pyridine-2-

thionate [pyS] and pyrimidine-2-thionate [pymS] ligands 

Thionate ligands are able to adopt a number of binding modes to transition 

metal centres. For example, pyridine-2-thjonate has been shown to bind in four main 

30 



Chapter I. 

ways 68
.
72

, (i) monodentate via S, (ii) chelating via S,N, (iii) bridging via S,N, (iv) 

monodentate-S wi'th weak M······N interaction. 

The reaction [Wh(CO)J(NCMe)i] with two equivalents of K[pymS] affords 

the bis(pymS) complex [W(CO)J(r{pymS)2] analogous to the [W(CO)J(r{pyS)2] 

complex previously reported by Deeming et a/
73

. The structure of [W(CO)J(r{ 

pymS)2] has been solved crystallographically, and is best described as a di storted 

monocapped trigonal prism with a carbonyl ligand in the capping position .. In this 

complex both thionate ligands are bidentate and are bound to the metal in a chelating

S,N type mode (Figure 1.14). 

Other related complexes are prepared via tbe reaction of [Ml2(CO)J(NCMe)2] 

with L (L = PPh3, dppe) followed by one equivalent of K[pymS] in situ giving the 

2 ' complexes [MJ(CO)J(PPh3)(ri -pymS)] and [MJ(C0)2(dppe)(ri--pymS)] (M = Mo or 

W) containjng only one thionate ligand again bound to the metal centre in a bidentate 

fashion 74
. 
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Figure 1.14 X-rny crystal structure of [W(CO)J(ri2-pyrnSh ] 

H(6) 
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This thesis greatly extends the previous work described in sections 1. 7 and 1.8 

of this introducti<,n. Chapter two describes the reactions of [Mli(CO)J(NCMe )2] (M = 

Mo,W) with thiolate and acetylacetonato ligands. Chapter three describes the 

reactions of the seven-coordinate dibromo complexes [MBri(CO)3(NCMe )2] (M = 

Mo,W) with thioether and disulphide ligands. Chapter four describes the reactions of 

the alkyne complexes [MXi(CO)(NCMe)(r(RC2R)2] (M = Mo, W; X= I, Br; R =Me, 

Ph) with both acyclic and cyclic thioether ligands. Chapter five describes the 

reactions of both [Mii(CO)J(NCMe)2] (M = Mo,W) and [MI2(CO)(NCMeXT12
-

RC2R)i] (M = Mo, W; R =Me, Ph) \.\'ith the cubane-type cluster [Fe4Cp4S6]. Finally, 

chapter six describes all the experimental procedures for chapters tvvo to five . 
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CHAPTER 2: 
Synthesis and characterisation of 

molybdenum(II) and tungsten(II) thiolate 
and acetylacetonato complexes. 
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CHAPTER 2: THE SYNTHESIS AND CHARACTERISATION OF 

MOLYBDENUM(II) AND TUNGSTEN(II) THIOLATE AND 

ACETYLACETONATO COMPLEXES 

2.1 INTRODUCTION 

Although a large number of six- and seven-coordinate complexes of 

molybdenum(II) and tungsten(II) have been described in the literature33·37·65
•
67 very 

few complexes containing thiolate and dithiolate ligands have been reported. 

Although a the syntheses of a large number of complexes containing dithiocarbamates 

and related ligands have been reported75-80. Two examples of thiolate complexes of 

molybdenurn(II) and tungsten(U) are, the anionic complex, [Mo(CO)i(tipt)3]· (tipt = 

triisopropylthiophenolate)81 and the norbomadiene containing complex 

[WBr(SC6H5)(CO)i(ri4-nbd)]82_ 

Hitherto, very few complexes containing anionic oxygen donor ligands have 

been reported. In 1986 the preparation and characterisation of 

[MoBr(XOCR)(CO)i(PPh3)2] (X = 0 , R = H, Me, Ph; X = S, R= Me, Ph)83 Similarly 

the reactions of [MCh(CO)3L2] with Na[acac] (acac = acetylacetonato) to give the 

seven-coordinate complexes [MCl(CO)2L'i(LL)] (M = Moor W; L' = PEt3 or PPh3; LL 

= acac) have been described by Templeton et af4 
. In more recent years Archer et 

a/85
•
86 have described the synthesis of the seven-coordinate complexes 

[WCl(CO)iPPh3)(dcq)], [W(CO)i(PPhJ(dcq)2] and [WCl(CO)i(PPh3)i(dcq)] (dcq = 

5,7-dichloro-8-quinolato ). [n 199 l , Baker et a/87 synthesised a similar series of seven

coordinate complexes of the type [Ml(CO)3(PPh3)(L L)] and [MJ(CO)(PPh3)i(L L)] 

(M = Moor W; LL = acac, hfacac and bzacac). 
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2.2 RES UL TS AND DISCUSSION 

2.2.1 Synthesis of the mono- and dithiolate ligands NaSPh and Na2[S(CH2)nS] 

(n = 2 or 3) 

The symmetrical dithiolate ligands Na2[S(CH2)0 S] (n = 2 or 3) were prepared 

by the reaction of sodium metal with the appropriate dithiol in THF. Tetrahydrofuran 

was used instead of more conventional solvents such as ethanol or methanol in order 

to stop the formation of alkoxide impurities. However, the dithiolates were formed 

much more slowly in THF than in ethanol. Removal of the solvent by vacuum 

distillation gave white crystalline solids which were suitably analytically pure and 

were used without further purification. However, the monothiolate ligand NaSPh was 

prepared by a similar reaction in ethanol. Similarly removal of the solvent by vacuum 

distillation gave an analytically pure white crystalline solid which was again used 

without further purification. 

All of the thiolate ligands prepared were insoluble in chlorinated solvents, 

such as dichJoromethane, and in diethyl ether and hexane. Due to their relative 

insolubility in suitable solvents the NMR data for the corresponding free thiols was 

used in further comparisons. The infra red spectra of the free thiolate ligands were of 

little significance due to the relatively weak intensity of the C-S stretching bands. 

2.2.2 Reaction of the complexes [Wli(COh(NCMe)i] with two 

equivalents of PEt3• 

The reaction of the tungsten complex [W12(CO)J(NCMe)2] with two 

equivalents of PEt3 at room temperature gave the new seven-coordinate 

complex (W12(CO)J(PEt3) 2] (1) in high yield. The complex was characterised by 

elemental analysis C, H, N, S (Table 2.1 ), IR spectroscopy 1H and 13C NMR (Table 

2.2-2.3). The complex is orange-yellow in colour and is very soluble in chlorinated 

solvents such as dichloromethane and acetone. Unusually the complex is also soluble, 

to a lesser extent, in diethyl ether. The complex is fairly air-stable in the solid-state 

36 



O!APTER 2. 

being easily handled in air over a period of several minutes. It can be stored under 

nitrogen for several weeks without significant decomposition, but is more sensitive in 

solution. 

The rR spectrum of [Wli(CO)J(PEt3) 2] ( 1) was also investigated. The clarity 

of the carbonyl resonances makes them very useful in providing information as to the 

bonding and structure of carbonyl complexes. The IR spectrum of complex (1) 

shows the expected distinctive three strong carbonyl stretches in CH2C!i which 

suggests a single isomer in solution. The spectra was a lso recorded as a KBr disk 

(Table 2.2) and again showed three carbonyl stretches in the solid state suggesting a 

s imilar structure to that in solution. 

Crystals of suitable quality were grown by E.Parker88 and complex (1) has 

been structurally characterised by X-ray crystallography. The molecular structure is 

shown in Figure 2.1 together with the atomic numbering scheme. The solid state 

structure shows the complex to be capped octahedral with a carbonyl ligand in the 

capping position. The remaining tv.·o carbonyl ligands and one of the phosphines 

make up the capped face of the octahedron. The two phosphines are trans-to one 

another and the iodides are trans-to the two carbonyls in approximately the same 

plane. 

2.2.3 Reactions of the complex [Wli(CO)J(PEt3h) with the dithiolate ligands 

Na2[S(CH2)nS] (n = 2 and 3). 

The reaction of [W1i(CO)J(PEt3) 2] with one equivalent of the dithiolate 

ligands Na2[S(CHi)0 S] (n = 2 and 3) in diethyl ether at room temperature gave the 

six-coordinate di carbonyl complexes [W {S(CH 2) 2S }(CO)i(PEt3) 2] (2) and 

[W {S(CH2) 3S}(CO)i(PEt3) 2] (3) in high yield. Both complexes have been 

characterised by e lemental analysis C, H, N, S (Table 2.1 ), IR spectroscopy, 1H and 

13C NMR (Table 2.2-2.3). Both complexes are red in colour and are very soluble in 

diethyl ether and chlorinated solvents. Conductivity measurements in acetone showed 
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the complexes to be non-electrolytes (result = 20 and 18 S cm
2 

mor
1 

respectively ) 

(Equation 2.1 ). 

Figure 2.1 88 
Molecular Structure of [Wii(COh(PEt3) 2] (1) 

036 

12 

I l 
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Equation 2.1 Equation used to calculate molar conductance (Am) 

' 
Am = cell constant x conductance x 10-Q x molecular weight x Volume 

mass x I 0·3 

Units 
volwne = cm3 
mass = mg 
Am = S cm

2 
mor

1 

conductance = S (ff 1) 

Some reference conductivity values (S cm2 mol"1)in common solvents 

Solvent: 

acetone 

acetonitrile 

dmf 

1: 1 electrolyte 

75 - 95 

20 - 30 

100 - 140 

120 - 160 

65 - 90 

2: 1 electrolyte 

150 - I 80 

50- 60 

160 - 200 

220 - 300 

130 - 170 

The IR spectra of the complexes (2) and (3) both show two strong carbonyl 

bands in CH2Cl2 which suggests a single isomer in solution. The spectra were also 

recorded as a KBr disks (Table 2.2), and again showed two carbonyl stretches 

corresponding to two c is-carbonyl groups attached to the tungsten centres, suggesting 

a similar structure to that in solution. The capping carbonyl band observed for 

complex (1) at 20 12cm·1 is no longer present. This is supported by the crystal 

structures (Figures 2.2 and 2.3) which show the presence of tvvo cis-carbonyls in the 

solid state. The stretching frequencies of the remaining two carbonyl ligands in both 

complexes are lower than the corresponding carbonyls of complex (1 ). This is most 

likely due to the loss of the third carbonyl ligand resulting in greater electron density 

at the tungsten centre and more n-bonding between the metal and the remaining tvvo 

carbonyl ligands. 
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Both complexes (2) and (3) have been structurally characterised by X-ray 

crystallography arld the structures are shown in Figures 2.2 and 2.3 with the atomic 

numbering schemes. The tungsten centres of both complexes have very similar 

distorted octahedral geometries \\~th cis-carbonyl I igands and trans-phosphines. 

Atomic coordinates and selected bond lengths can be found in Tables A 1.1 and A 1.2 

in Appendix 1. 

The structures of both complexes (2) and (3) compared "~th the structure of 

the seven coordinate complex (1) show the sulphur atoms of the dithiolate ligands 

have replaced the cis-iodides and the capping carbonyl bas been lost. AJso the trans

phosphine ligands now incline towards the remaining two carbonyl ligands rather 

than away from them as in complex (1). Both structures (2) and (3) are isomorphous, 

exhibiting a trigonal prismatic structure with twist angles of 13. 7 and 13.2° 

respectively between the two triangular faces of the prism. Th.is is in comparison to a 

twist angle of 60° for the octahedral geometry and 0° for the ideal trigonal prism89,90. 

The 1H NMR spectra of complexes (2) and (3 ) are consistent v.-ith the 

structures shown in Figures 2.2 and 2.3. The 1H NMR spectra of complex (2) shows a 

singlet at 8 = 2.6 ppm which corresponds to the two CH2 groups of the bound 

ethanedithiolate which have equivalent protons. However, the spectra of complex (3) 

shows a triplet at 8 = 2.6 ppm which corresponds to the two CH2 groups closest to the 

sulphur atoms of the bound propanedithiolate which are coupled to the single central 

CH2 group of the ligand. The resonance for the central CH2 group is hidden under the 

ethyl resonance of the phosphine at ca. 8 = 2.3 ppm. The 1' C{ 1H} NMR (CD2Cl2, 

25 °C) of COIT)_Plexes (2) and (3) are very similar suggesting very closely related 

structures in solution. Both complexes show a carbonyl resonance at 8 = 236 ppm 

which corresponds to the cis-carbonyl ligands. The resonance is observed as a triplet 

which is due to coupling to the two phosphorus atoms of the triethylphosph.ine 

ligands. This suggests the two carbonyl ligands are equivalent at ambient 

temperatures. 
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Figure 2.2 X-ray crystal structure of the complex [W {S(CH2hS }(COh(PEt3)i](2) 

Thermal ellipsoids shown at 30% probability. 
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Figure 2.3 X-ray crystal structure of the complex [W{S(CH2) 3S}(CO)i(PEt3)i)(3) 

Thermal ellipsoids shown at 30% probability. 
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Finally, attempts to introduce a third carbonyl ligand by saturation of solutions of 

complexes (2) and (3) in dichloromethane ,vith carbon monoxide were unsuccessful. 
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2.2.4 Reaction of the complex [WI2(C0)3(PEt3h] with two equivalents of 

NaSPh 

The reactfon of [WI2(CO)J(PEt3)i] with two equivalents of NaSPh in diethyl 

ether at room temperature gave the six-coordinate dicarbonyl complex 

[W(SPh)2(CO)i(PEt3h ] ( 4) in reasonable yield. The complex has been characterised 

by elemental analysis C, H, N, S (Table 2.1 ), IR spectroscopy, 1H and 13C NMR 

(Table 2.2-2.3). The complex ( 4) is green in colour and is very soluble in diethyl 

ether and chlorinated solvents. Conductivity measurements in acetone showed the 

complex to be a non-electrolyte (result = 23 S cm2 mor1 respectively ) (Equation 

2.1). 

The [R spectrum of the complex ( 4) showed only one strong carbonyl stretch 

in CH2Cl2 which suggests a single isomer in solution. The spectrum was al so recorded 

as a K.Br disk (Table 2.2 ), and again showed one carbonyl stretch suggesting a similar 

structure to that in solution and corresponding to two trans-carbonyl groups attached 

to the tungsten centre. The capping carbonyl band observed for complex (1) is again 

no longer present. This is supported by the crystal structure (Figure 2.4) which shows 

the presence of two trans-carbonyls in the solid state. 

Complex ( 4 ) has been structurally characterised by X-ray crystallography and 

it's structure is shov.rn in Figure 2.4 with the atomic numbering scheme. The tungsten 

centre has an octahedral geometry which is much less distorted than those of 

complexes (2) and (3) shown previously. Complex ( 4) exhibits a crystallographic 

centre of symmetry, complex ( 4) has trans-carbonyl ligands but retains the trans

phosphines. Atomic dimensions are; to the carbonyl groups 2.04(3)A, to the 

triethylphosphines 2.563(6)A and to the phenylsulph.ides 2.402(5)A. The cis-angles of 

the structure are all with.in 5.2° of 90°.Atomic coordinates and se lected bond lengths 

can be found in Table Al.3 in Appendix I. 

The 1H NMR spectrum of complex ( 4) is consistent with the structure shown 

in Figures 2.4. The 13C{ 1H} NMR (CD2Cli , 25 °C) shows a carbonyl resonance at 8 = 
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228 ppm which corresponds to the cis-carbonyl ligands. This suggests the two 

carbonyl ligands are equivalent at ambient temperatures. 

2.2.5 Reaction of the complex [Moli(CO)J(PEt3h] with the dithiolate ligand 

Na2[S(CH2hS] 

The reaction of [Moii(CO)J(PEt3)2] with one equivalent of the dithiolate 

ligand Na2[S(CH2)2S] in diethyl ether at room temperature gave the six-coordinate 

dicarbonyl complexes [Mo {S(CH2hS }(CO)(PEt3) 2] (5) in high yield. The complex 

has been characterised by elemental analysis C, H, N, S (Table 2.1 ), IR spectroscopy 

and 1H NMR (Tables 2.2-2.3). The complex is red in colour, and is very soluble in 

diethyl ether and chlorinated solvents. As previously with the analogous tungsten 

complex (2), complex (5) is a non electrolyte in acetone (Equation 2.1). 

The IR spectrum of the complex (5) was recorded as a KBr disk and showed 

four strong carbonyl stretches (Figure 2.5) suggesting t\vo isomeric products in the 

solid state. The capping carbonyl band observed for complex (1) is again no longer 

present. 

Complex (5) has been structurally characterised by X-ray crystallography and 

it's structure is shown in Figure 2.6 with the atomic numbering scheme. The 

molybdenum centre has a trigonal prismatic structure isomorphous to those of the 

previously described tungsten complexes ( I ) and (2). Atomic coordinates and 

selected bond lengths can be found in Table Al.4 in Appendix I. 
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Figure 2.4 X-ray crystal structure of the complex [W(SPh)2(CO)2(PEt3) 2] (4) 

Thermal ellipsoids shown at 30% probability. 
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Figure 2.5 IR spectrum of [Mo{S(CH2}iS}(CO)iPEt3) 2] (5) in the carbonyl .. 
region 
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Figure 2.6 X-ray crystal structure of the complex [Mo{S(CH2hS}(CO)i(PEt3h ](5) 

ThhmaJ ellipsoids shown at 30% probability. 
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2.3 THE SYNTHESIS OF SEVEN-COORDINATE ACETYLACETONA TO 

COMPLEXES OF MOLYBDENUM(II) AND TUNGSTEN(II) 

2.3.1 Reactions of the complexes ~fl2(CO)J(PEt3) 2] (M =Moor \V) Na[acac) 

The reaction of [Mii(CO)J(PEt3) 2] (Mo or W) with one equivalent of 

Na[acac] in a mixture of diethyl ether/ dichloromethane/ ethanol at room temperature 

gave the seven-coordinate dicarbonyl complexes [WI(acacXCO)i(PEt3) 2] (6) and 

[Mol(acac)(CO)2(PEt3h] (7) in high yield. The complexes have been characterised by 

elemental analysis C, H, N, S (Table 2.1), IR spectroscopy and 1H NMR (Table 2.2-

2.3). Both complexes are red-orange in colour and are very soluble in chlorinated 

solvents such as dichloromethane. The complexes are both relatively ai r stable in the 

solid state and can be handled in air for several minutes ·without any discernible 

decomposition. 

The IR spectrum of the complexes (6) and (7) show two strong carbonyl 

stTetches in CH2C12 which suggests a single isomer in solution. The spectra were also 

recorded as a KBr disks (Table 2.2), and again showed tvvo carbonyl stretches 

suggesting cis-dicarbonyl products. This is supported by the crystal structures 

(Figures 2.7 and 2.8) which. The stretching frequencies of the remaining two 

carbonyl ligands in both complexes are lower than the corresponding carbonyls of 

complex ( 1). This is most likely due to the loss of the third carbonyl ligand resulting 

in greater electron density at the tungsten centre and more n-bonding between the 

metal and the carbonyl ligand. Carbonyl stretches are also observed at lower wave 

numbers ca. 1550cm·', for the bound acetylacetonato ligand. 

Both complexes (6) and (7) have been structurally characterised by X-ray 

crystallography (Figures 2.7 and 2.8). The structures of complexes (6) and (7) are 

very similar , though not isomorphous, the only significant difference being the 

position of the ethyl groups. The geometry of both structures is a highly distorted one, 

best described as a pentagonal bipyrarnid with approximate mirror symmetry passing 
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through the metal, the axial atoms C( I 00) and 1(2) and the equatorial atom C(200) of 

the carbonyl ligand. 

It is most•likely the major cause of the distortion is the chelate angle of the 

acetylacetonato ligand which is 80. 7 (3) in (7) and 81. 7 in (6) compared to the ideal 

angle of 72° in the equatorial plane. Atomic coordinates and selected bond lengths 

can be found in Tables Al.5 and Al.6 in Appendix 1. 

The 1H NMR spectra of complexes (6) and (7) are consistent with the 

structures shown in Figures 2.7 and 2.8. The 13C{
1
H} NMR (CD2C'2, 25 °C) of 

complexes (6) and (7) are very simjlar suggesting very closely related structures in 

solution. Complex (6) shows a carbonyl resonance at 8 = 237 ppm which 

corresponds to the cis-carbonyl ligands. 
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X-ray crystal structure of the complex [WI(acac)(CO)i(PEt3)2] (6) 

Thennal ellipsoids shown at 30% probability. 
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Figure2.8 
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X-ray crystal structure of the complex [Mol(acac)(CO)i(PEt3h] (7) 

Thermal ellipsoids shown at 30% probability. 

C45 

C46 

51 

~cf b C36 



CHAPTER 2 . 

Table 2.1: Physical and analytical dataa for six-coordinate dithiolate and seven

coordinate acetylacetonato complexes of molybdenum and tungsten. 

Compound Yield Colour %C 

(%) 
[WI2(CO)J(PEt3)i] (1) 78 Orange- 37.6 

yellow (37.8) 
[W { S(CH2hS }(CO)i(PEt3)i} (2) 85 Dark 33.4 

Red (33 .8) 

[W { S(CH2hS }(CO)i(PEt3)i] (3) 80 Dark 35 .1 
Red (3 5.0) 

[W(SPhh(CO)i(PEt3)i) (4) 60 Dark 45 .1 
Green (44.9) 

[Mo{S(CH2hS }(CO)i(PEt3)i) (5) 90 Dark 40.2 
Red (40.0) 

[WI(acac)(COh(PEt3)i] (6) 76 Red- 32.8 
Orange (32.5) 

[Mol(acac)(CO)i(PEt3)i) (7) 82 Red- 37.1 
Orange (37.2) 

a Calculated values in parentheses 

Table 2.2 Infra-red data for complexes (1) - (7)* 

I Complex I C =O cm-1 

(1) 2010 (s), 1930 (s), 

1894 (s). 

(2) 1910 (s), 1832 (br). 

(3) 1908(s), 1831 (br). 

(4) 1839 (br). 

(5) 1906 ( s ), 181 0 (br) 

1919 (s), 1832 (br). 

(6) 1913 (s), 1811 (s). 

(7) 1919 (s), 1810 (s). 

* all spectra recorded as KBr Disks. 
s = Strong, br = Broad. 
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%H 

2.3 
(2.6) 
5.5 

(5.6) 
5.7 

(6.2) 
5.9 

(5.8) 
7 .7 

(7.1) 
5.3 

(5 .3) 
6 .7 

(6. 1) 

I 

%S 

-

12.0 
( 11.3) 

10.3 
(I 1.0) 

9.0 
(9.2) 
14.7 

(13.4) 

-
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Table 2.3 lH- NMR data for complexes (1) to (7)8 at 25°C referenced to SiMe4. 

I 
Complex . I IH 8 (ppm)a 

(2) 2. 7 (s, 4H, CH2-S); 2.15 (m, 12H, CH2-P); 

I. I (m, 18H,CH,). 

(3) 2.9 (t, 4H, CH2-S); 2.3 (m, 2H, CH2); 

2.25 (m, 12H, CH7-P); 1.1 (m, 18H,CH,). 

(4) 7.4 (brm, l0H, Ph-S); 2.5 (m, 12H, CH2-P); 

0.9 (m, 18H,CH,). 

(5) 2.8 (s, 4H, CH2-S); 2. I 5 (m, I 2H, CH2-P); 

1.0 (m, I 8H,CH,). 

(6) 5.5 (s, 1 H, CH); 2.2 (m, 12H, CH2-P); 

2.0(s,6H,OC-CH1); 1.2(m, 18H,CH,). 

(7) 5.5 (s, IH, CH); 2.3 (m, 12H, CH2-P); 

2.0 (s, 6H, OC-CH,); 1.2 (m, l 8H,CH1 ) . 

as = singlet , t = triplet, m = multiplet and br = broad. 

All spectra recorded in CDCl3. 
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CHAPTER 3:' THE SYNTHESIS OF SEVEN-COORDINATE D1-

BROMO THlOETHER AND DISULPHIDE COMPLEXES OF 

MOLYBDENUM(II) AND TUNGSTEN(II) 

3.1 INTRODUCTION 

The following chapter describes the reactions of the seven coordinate di

bromo complexes [MBr2(CO)J(NCMe)2] (M = Mo or W) with both di- and 

trithioether ligands. The dithioether ligands used were RS(CH2) 2SR (R = Ph, 4-

FC6H4). The trithioether ligands used were the acyclic MeS(CH2)iS(CH2) 2SMe (2,5,8-

tritbfanonane, TfN) and the cyclic crown-trithioether 2,5,8-trith.ia[9]-o-benzenopbane 

(ttob). The phosphine disulphide ligand, Ph2P(S)CH2(S)PPh2 (dppmS2) was also used. 

3.2 THJOETHERS AS LIGANDS 

Tbioethers may be grouped as mono- (RSR'), di- (RSSR') or polythioethers. 

These may also be acyclic or so called crown-thioethers (thiamacrocycles). 

Thioethers constitute a large class of ligands and have been shown to coordinate with 

a wide range of metals. In all types of thioethers the sulphur atoms can be described 

as sp3 hybridised with two ione pairs of electrons occupying two of the sp3 orbital s. 

Each sulphur atom therefore exhibits a bent geometry. 

Bonding to a metal centre can occur via one or both of the t\vo sp3 orbitals 

containing lone pairs of electrons. As well as o- donation of electrons to the metal 

centre from the sulphur sp3 orbitals, n- back donation of electrons to unoccupied 

sulphur d-orbitals, of suitable symmetry, also occurs. Although, thioethers are not as 

strong - donors or n- acceptors as phosphines they are stronger than similar nitrogen 

donor ligands. Upon coordination the sulphur atoms of the thioether tend to adopt a 

pyramidal geometry. 
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3.2.1 Reactions of dithioethers with complexes of molybdenum and tungsten 

Dithioethers may react in either a monodentate or a bidentate manner to a 
• 

metal centre such as molybdenum or tungsten. For ex.ample, molybdenum and 

tungsten pentacarbonyl complexes of the type [M(C0)5{MeS(CH2)J.0 (SMe)0 }] have 

been prepared91 where the dithioether is bound in a monodentate fashion to the single 

metal centre. Another similar example 1s the tungsten complex 

[W(CO)s{S(CH2) 3SCHMe}] where a five membered ring containing two sulphur 

atoms is bound via one of the sulphur atoms to the tungsten centre. 

However, bidentate dithioether complexes of molybdenum and tungsten are 

more common. For example, a whole range of zero-valent molybdenum and tungsten 

tetracarbonyl cl.ithioether complexes of the type [M(C0)4{RS(CH2) 0 SR}] (n = 1-5) 

have been synthesised92•97. The most common complexes of this type are the 

dithioethane-derivative complexes (M(C0)4 {RS(CH2)2SR}] (R = Me, Et, Bu\ Pri) 

where the sulphur atoms of the dithioether are separated by two methylene groups. 

Complexes of this type contain bidentate dithioethers bound to the metal via two 

sulphur atoms. Bidentate thioether complexes are more stable and numerous than 

monodentate thioether complexes. The increase in stability is mainly due to the 

chelate effect caused by the binding of the second sulphur atom to the metal. 

3.2.2 Reactions of crown-thioethers with molybdenum and tungsten complexes 

Crown tbioether ligands have been used recently as ligands with a wide range 

of transition-metals. Trus discussion will look only at Sr thioethers in particular the 

1,4,7-trithiacyclononane ([9]aneS3) and 2,5,8-trithia(9]-o-benzenophane (ttob) as 

shown in Figure 3.1. 

The coordination chemistry of [9]aneS3 is particularly well studied wi th 

numerous transition-metal complexes containing [9]aneS3 being known98-99. The 

molybdenum tricarbonyl complex [Mo(CO)J([9]aneS3)] has been prepared100 as well 

as the analogous tungsten complex (W(CO)J([9]aneS3) ] 10 1. The structures of both 

complexes have been crystallographically detennined, showing the (9]aneS3 ligand 

to be coordinated facially to the molybdenum or tungsten metal centre (Figure 3.2). 
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Figure 3.1 

Figure 3.2 

Diagrams showing the ligands (a) [9]aneS3 and (b) t1ob 
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CIIAPTER 3. 

Complexes containing [9]aneS3 tend to be very stable due to the ligand having 

an endodentate confonnation 102, that is all three sulphur atoms point inwards within 

the ring. This conformation means there is little structural change needed upon 
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coordination to the metal. Unlike [9]aneS3, the ligand ttob has an exodentate 

conformation. However, upon binding to a metal centre the ligand is able to undergo 

a conformational change to a endodentate conformation as seen in the complex 
' 

[Mo(CO)J(ttob)] 103 . 

So far this introduction has only discussed thioether complexes of zero-valent 

molybdenum or tungsten. However, there are \1/ide variety of complexes of 

molybdenum(ll) and tungsten(ll) containing both acyclic and cyclic thioethers. Some 

of the complexes prepared by Baker et al have been briefly described previously in 

section 1. 7 57
--6

2
. All of the complexes described therein are based upon the reactions 

of the seven-coordinate di-iodo starting materials [M]i(CO)J(NCMe)2] (M= Mo, W) 

with both polydentate acyclic and crown-thioether ligands. In the following section 

similar reactions of the analogous dibromo-complexes [MBri(CO)J(NCMe)z] (M= 

Mo, W) are described. 

3.3 RESULTS AND DISCUSSION 

The starting materials [MBri(CO)3(NCMe)2] (M= Mo, W) were prepared by 

the literature method involving the reaction of /ac-[M(CO)J(NCMe)3] ,1/ith an 

equimolar amount ofBr2 at -78°C104. The ditb.ioether ligands RS(CH2) 2SR (R = Ph, 4-

FCJ-ii) were prepared in a similar fashion to the literature method 105,106 involving the 

condensation of the appropriate dithiol. All of the dithiolate ligands prepared were 

white crystalline solids. The trithioether MeS(CH2)2S(CH2) 2SMe (TTN) was prepared 

by a different method106 to that described i.n the literature 107. The ligand is a 

colourless oil at room temperature which solidifies when it is cooled. The cyclic 

trithioether ttob was prepared via a one-step synthesis as described in the 

literature 108(Scheme 2.1 ). 
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Scheme 3.1 Literature synthesis of the ligand ttob1os. i06 
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For analytical and spectroscopic data for the ligands RS(CH2)iSR (R = Ph, 4-FC6~), 

MeS(CH2)iS(CH2) 2SMe (TTN) and ttob refer to Tables 3.1 and 3.2. 

3.3.1 Reactions of the complexes [MBr2(CO)J(NCMe)i) with a slight excess of 

RS(CH2)iSR (R = Ph, 4-FC6lL) 

The reaction of [MBri(CO)J(NCMe)2] (M = Mo, W) with a slight excess of 

seven-coordinate com pl exes 

or 4-FCJ-liS(CH2) 2SC6H4-F gave the 

[MBri(C0)3 {PhS(CH2) 2SPh-S,S'}] (8 and 9) and 

[MBri(C0)3{4-FC6H4S(CH2) 2SC~4-F-S,S '}] (10 and 11) respectively in reasonable 

yields. AJI complexes were characterised by elemental analysis C, H, and S (Table 

3.3), infra red (Table 3.4) and 1H NMR spectroscopy (Table 3.5). All four complexes 

are soluble in dichloromethane and drnso, but are totally insoluble in diethyl ether; 

the molybdenum complexes being more soluble than their tungsten analogues. 

Complexes (8-11) are all very air-sensitive in solution and only slightly less so in the 

solid state. Hence, the complexes were handled in air only for very short periods of 

time and decomposed after short periods of storage. Conductivity measurements in 
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acetone showed complexes (8-11 ) to be non-electrolytes as was expected (Equation 

2.1 ). 

The infra red spectra of complexes (8-11 ) were recorded as KBr disks. No 
t 

solution infra red spectra were obtained due to the extremely ai r-sensitive nature of 

the complexes. Three carbonyl stretching bands were observed for the four complexes 

(Table 3.4). This is consistent ,vith the complexes being seven-coordinate and having 

one configuration in the solid-state. The 1H NMR spectra (Table 3.5) showed the 

coordinated thioether resonances to be shifted slightly down field compared to those 

of the free thioethers. 

The solid-state structure of the tungsten complex (8) has been solved by X-ray 

crystallogrnphy and is shown in Figure 3.3. The complex is very similar to the 

analogous di-iodo complex57 [W12(CO)3 { 4-MeC6H4S(CH2) 2SC6H4-Me-S,S'}] already 

described in Section 1.7.2 of this thesis. The complex has a distorted capped 

octahedral geometry \vith two carbonyl ligands and one sulphur S(2) in the capped 

face and the two bromides and the other sulphur atom S( 1) making up the uncapped 

face. The two W-S distances are equivalent \vithin experimental error and Br(l) being 

trans-to carbonyl C(300) while the other bromine Br(2) is trans-to the S(2} atom of 

the dithiolate ligand. See Table Al.7 in Appendix 1 for further bond angles and 

lengths. It is likely that the three other complexes (9-11 ) will have the same geometry 

in the solid state. 
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Figure 3.3 X-ray crystal structure of [WBr2(CO)3 {PhS(CH2) 2SPh-S,S'}] (8) 
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3.3.2 Reactions of the complex [WBr2(CO)J(NCMe)i] with two equivalents of 

RS(CH2)zSR (R = Pb, 4-FC6H_.) 

The reaction of [WBr2(CO)J(NCMeh] with two equivalents of either • 
PhS(CH2)2SPh or 4-FC6HiS(CH2)iSC6Hi-F gave the seven-coordinate 

complexes [WBr(CO)3 {RS(CHJ2SR-S} {RS(CH2) 2SR-S,S'}] Br (R = Ph, 4-FC61-Lt) 

(12 and 13) respectively in good yield. Both complexes were characterised by 

elemental analysis C, H, and S (Table 3.3), infra red (Table 3.4) and 1H N1vfR 

spectroscopy (Table 3.5). Both complexes are soluble in dichloromethane and dmso 

but are totally insoluble in diethyl ether, both are very air-sensitive in solution and 

only slightly less so in the solid state. Hence, the complexes were handled in air only 

for very short periods and were used very quickly in order to avoid decomposition. 

Conductivity measurements in acetone showed both complexes to be typical 1: 1 

electrolytes (Am = 123 and 126 S cm2 mor1
) (Equation 2.1). This data suggests that 

one of the sulphur atoms from the second thioether ligand has displaced one of the 

bromides from the starting material. 

The infra red spectra of both complexes were recorded as KBr disks. Three 

carbonyl stretches were observed for both complexes (Table 3.4). This is consistent 

with the complexes being seven-coordinate and having one conformation in the solid

state. The 
1
H NMR spectra (Table 3.5) again showed the coordinated thioether 

resonances to be shifted down field compared to those of the free thjoethers. In these 

cases, however, resonances are also observed for the uncoordinated end of the 

monodentately bound thioether ligand. It is likely given the similarities in 

spectroscopic data betv;een complexes (12) and the crystallographically characteri sed 

product (8) that they may have similar solid-state structures both exhibiting a capped 

octahedral type structure (Figure 3.4). 
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Figure 3.4 Proposed structure of [W8r(CO)3 { PhS(CH2) 2SPh-S} { PhS(CH2) 2SPh

S.S'} ]Br (12) 
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Further reactions were attempted with the molybdenum complex 

[MoBr2(CO)J(NCMe)i], however, no products were isolated, probably due to their 

greater instability. 

3.3.3 The reactions of [WBr2(CO)J{NCMe)2J with one and two equivalents of 

Ph2P{S)CH2P(S)Ph2 

The reactions of [WBri(CO)J(NCMe)2] with one or two 

equivalents of Ph2P(S)CH2P(S)Ph2 gave the green seven-coordinate complexes 

[WBr(CO)3 { Ph2P(S)CH2P(S)Phi-S,S'} ] (14) and [W8r(CO)3 {Ph2P(S)CH2P(S)Phr 

S} {Ph2P(S)CH2P(S)PhrS,S1 ]Br (15) respectively in good yield. Both complexes 

were characterised by elemental analysis C, H, and S (Table 3.3), infra red (Table 

3.4) and 
1
H NMR spectroscopy (Table 3.5). Both complexes are soluble in 

dichloromethane and dmso but are totally insoluble in diethyl ether. Both complexes 

are very air-sensitive in solution and only slightly less so in the solid state. Hence, the 

complexes were handled in air only for very short periods and were used very quickly 

in order to avoid decomposition. Conductivity measurements of complex (14) showed 
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the complex to be a non-electrolyte in acetone however similar measurement showed 

complex (15) to be a typical 1:1 electrolyte (/\m = 128 S cm
2 

mor
1
) (Equation 2.1). 

The conductivity data suggests that in complex (15) one of the sulphur atoms from 
' 

the second thioether ligand has displaced one of the bromides from the starting 

material. 

The infra red spectra of both complexes were recorded as KBr disks. Three 

carbonyl stretches were observed for both complexes (Table 3.4). This is consistent 

with the complexes being seven-coordinate and having one conformation in the solid

state. The 1H NMR spectra (Table 3.5) again showed the coordinated diphosphine 

disulphide resonances to be shifted down field compared to those of the free ligand. 

In the case of complex (14), however, resonances were also observed for the 

uncoordinated end of the monodentately bound ligand. Further reactions were 

attempted with the molybdenum complex [MoBri(CO)J(NCMe)2], however, no 

products were isolated probably due to their greater instability compared to their 

diiodo analogues. 

3.3.4 Reactions of the complexes [MBri(COh(NCMehl with one equivalent of 

MeS(CH2)2S(CH2hSMe 

The reaction of [MoBr2(CO)J(NCMe)2] with an equimolar amount of 

MeS(CH2) 2S(CH2) 2SMe gave the seven-coordinate dicarbonyl complex 

[MoBri(C0)2 {MeS(CH2)2S(CH2) 2SMe-S,S',S"} ](16) in high yield. Similar treatment 

of [WBri(C0)3(NCMe)2] with one equivalent of MeS(CH2) 2S(CH2) 2SMe gave the 

tricarbonyl complex [WBri(C0)3{MeS(CH2) 2S(CH2) 2SMe-S.S1 ](17) again in high 

yield. Complex (16) was red-brown in colour \vh.ile complex (17) was green in 

colour. Both complexes were characterised by elemental analysis C, H, and S (Table 

3.4), infra red (Table 3.4) and 1H NMR spectroscopy (Table 3.5). Both complexes 

are so luble in dichloromethane and dmso but are totally insoluble in diethyl ether, the 

molybdenum complex thi s time being less soluble than it's tungsten analogue. Both 

complexes are highly air-sensitive in solution and only slightly less so in the solid 

state. Hence, both complexes were handled in air only for very short periods of time 

and used over as short a time as possible. Conductivity measurements in acetone 
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showed both complexes to be non-electrolytes (Equation 2.1). The infra red spectra 

of both complexes were recorded as KBr disks (Table 3.4). Complex (16) showed 

two carbonyl stretching bands suggesting a dicarbonyl complex while three carbonyl 
r 

stretches were observed for complex (17) (Figure 3.5). 

1n the case of both complexes the 
1
H NMR spectra (Table 3.5) showed the 

coordinated thioether resonances to be shifted down field compared to those of the 

free thioethers. However, in the case of complex (17), a resonance can be assigned to 

the methyl group of the uncoordinated sulphur atom. It is possible to suggest a capped 

octahedral structure (Figure 3.6) for the dicarbonyl molybdenum complex 

[MoBri(C0)2 {MeS(CH2)2S(CH2)2SMe-S,S',S"}] (16) this is supported by the 

previously confirmed crystallographic structure of the diiodo-complex 

[Wii(C0)2 {MeS(CH2) 2S(CH2) 2SMe-S,S',S"} ]57
• 

Figure 3.5 

(a) 

IR carbonyl stretching regions for (a) Complex (16) and (b) 

Complex (17) 

(b) 

2000 2500 2000 
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Figure 3.6 Proposed structure of [MoBri(CO )z {MeS(CH2)2S(CH2)zSMe

S,S',S"}] ( 16) 
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Attempts to produce a dicarbonyl tungsten complex over longer reaction periods 

were unsuccessful probably due to the stronger W-C bond strengths, as is generally 

observed for tungsten carbonyl complexes compared to their molybdenum analogues. 

3.3.5 Reaction of the complex [MoBr2(CO)J(NCMeh) with one equivalent of 

2 ,5,8-trithia [9]-F-benzenophane (ttob) 

The reaction of [MoBri(CO)J(NCMeh] with an equimolar amount of 2 ,5,8-

trithia(9]-F-beazenophane (ttob) gave the seven-coordinate dicarbonyl complex 

[MoBri(C0)2{ttob-S,S ',S "}](18) in high yield. Complex ( 18) was light brown in 

colour and was characterised by e lemental analysis C, H, and S (T able 3.3), infra red 

(Table 3.4) and 1H NMR spectroscopy (Table 3.5). The complex was so luble in 

dichloromethane and dmso but was totally insoluble in diethyl ether. As expected, the 

complex was highly air-sensitive in both solution and in the solid state and hence was 

handled accordingly. Conductivity measurements in acetone showed the complex to 

66 



CIW'TER 3. 

be a non-electrolyte (Equation 2.1). The infra red spectrum of complex (18) was 

recorded as a KBr disk (Table 3.4). The complex showed two carbonyl stretches 

suggesting a dicarponyl complex similar to that of previously described complex (16). 

A possible structure for complex (18) is shown in Figure 3.7. 

Similar reactions of [WBri(COh(NCMe)2] with an equimolar amount of 

2,5,8-trithia[9]-a-benzenophane (ttob) were attempted but resulted in a mixture of 

unstable products. At1empts to separate the products were unsuccessful due to 

decomposition occurring during recrystallisation. 

Figure 3.7 Proposed structure of the complex [MoBri(CO)2{ttob-S,S',S"}] 
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Table 3.1 Analytical data for thioether and di phosphine disulphide ligands 

Yield Elemental Analysis 

Ligand % C H s 
PhS(CH2) 2SPh 37 68.0 6.1 26.0 

(68.3) (5.8) (26.0) 

4-FC6H4S(CH2)2SC6H4f-4 40 58.8 4.2 21.9 
~ 

(59.6) (4.3) (22.7) 

Ph2P(S)CH2P(S)Ph2 60 66.8 4.7 14.5 

(67.0) (4.9) (14.3) 

ttob 72 55.9 6.4 37.9 

(56.2) (6. 1) (38.0) 

Calculated values shown in parentheses. 

Table 3.2 1
H NMR data for tbioether and di phosphine disulphide ligands 

I Ligand I 6 (ppm) I 
PhS(CH2)iSPhn 7.24 (m, I0H, Ph), 3.0 (s, 4H, CH2) .. 

4-FC6H4S( CH2)2SC~4F-4 ° 7.3 (m, 4H, Ph), 6.8 (m, 4H, Ph), 2.9 (s, 4H,CH2) 

Ph2P(S)CH2P(S)Ph/ 7.92 (m, 8H, Ph-ortho), 

7.46 (m, 12H, Ph-meta/para), 3.9 (t,2H,CH2) 

MeS( CH 2)2 S( CH2)2SMe0 
2. 76 (m, 8H, CH2CH2), 1.3 (s, CH3) 

ttobb 7.3 (m, 4H, Ph), 3.8 (s, 4H, Ph-CHrS), 

. . 2.8 (m, 8H, S-CH2-CHrS) 

s = singlet, d = doublet, t = triplet, m = multiplet 

All spectra carried out at 298K and referenced to SiMe4 

a spectra recorded in CD2Ch, b spectra recorded in (CD3)2CO 
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.. 
Table 3.3 Physical and analytical data for thioether and phosphine disulphide 

complexes of molybdenum and tungsten* 

Compound Colour yield %C %H 

% 

(8) [WBr2(CO)J { PhS(CH2hSPh-S.s'}] orange 45 30.1 2.7 

(30.3) (2. 1.) 

(9) [MoBr2(COh { PhS(CH2hSPh-S,S')] brown 40 34.6 2.9 

(34.8) (2.4) 

(I 0)[WBr2(COh { F-C6H4S(CH2hSC6H4-F-S,S'}] orange 44 28.0 l.9 

(28.8) ( 1. 7) 

(11) [MoBr2(COh {F-C6J-4S(CH2hSC6H4-F)] brown 46 32.7 1.8 

(32.8) (I .9) 

(l 2)[WBr(CO)3 { PhS(CH2hSPh-S} brown 41 40.1 3.6 
{PhS(CH2hSPh-S.s')]Br (40.5) (3.1) 

(13)[WBr(COh {F-C6H4S(CH2hSC6H4-F-S) brown 47 37.5 2.0 

{ F-C6H4S(CH2hSC6J-4-F -S .s'} )Br (37.5) (2.4) 

(14) [WBr2(COh {Ph2P(S)CH2(S)PPh2-S,S')] green 60 38.3 2.6 

(38.4) (2.5) 

(1 S)[WBr(COh { Ph2P(S)(CH2h(S)PPh2-S} gr~fll 45 48.2 3.5 

{Ph2P(S)(CH2h(S)PPh2 -S,S'}]Br (48.8) (3.6) 

(J 6)[MoBr2(COh {MeS(CH2hS(CH2hSMe- red 55 18.9 2.4 
S,S',S"}] 

brown (19.5) (2.9) 

( l 7)[WBr2(COh {MeS(CH2)2S(CH2hSMe-S,S'} ] green 54 16.8 1.9 

(16.5) (2.4) 

(l8)[M0Br2(CO)i { ttob- S,S',S"}] brown 60 30. l 2.7 

(29.6) (2.8) 

Calculated values in parentheses. 
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Table 3.4 Infra red carbonyl stretching data* for complexes (8) to (18) 

I Compound I 
(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) I 

(15) 

(16) 

(17) 

(18) 

* All data recorded as KBr pellets. 

s = strong, sh = shoulder. 

v (CO) cm -1 

2035(s), 1965(s), 1908(s) 

2042(s), 1959(s), 190 l(s) 

-2025(s), l 965(s), 1908(sh) 

2022(s), 1968(s), 1915(sh) 

2043(s), 1960(s), l896(s) 

2047(s), 1965(s), 1905(s) 

2034(s), l960(s), 1892(s) 

2037(s), 1961(s), 1893(s) 

1962(s), 1862(s) 

2036(s), 1950(s), l905(s) 

195 l (s), 1871(s) 
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Table 3.5 1H NMR data* for complexes (8) to (18) 

Complex 
I 

o (ppm) 

(8) 7.5 (m, 10H, Ph); 3.55 (s, 4H, CH2) 

(9) 7.4 (m, 10H, Ph); 3.5 (s, 4H, CH2) 

(10) 7.35 (m, 4H, C6H4) ; 7.1 (m, 4H, C6H4); 3.1 (s, 4H,CH2) 

(11) 7.4 (m, 4H, C6H4); 7.2 (m, 4H, C6H4); 3. 1 (s, 4H,CH2) 

(12) 7.3 (m, 4H, Ph, coord.); 7.1 (m, 5H, Ph, uncoord.); 3.2 (s, 8H, CH2) 

(13) 7.4 (m, 8H, C6H4); 7.2 (m, 8H, C6H4); 3.1 (s, 8H,CH2) 

(14) 8.0 (m, 8H, Ph-ortho); 7.5 (m, 12H, Ph-meta/para); 4.6 (t, 4H, CH2) 

(15) 7.9 (m, 16H, Ph-ortho); 7.4 (m, 24H, Ph-meta/para); 4.6 (t, 4H, CH2) 

(16) 3.1 (m, 8H, CH2) ; 2.3 (s, 6H, CHJ) 

(17) 3.8 (m, 4H,CH2SCH2, coord.); 3.7 (m, 2H, CH2CH3, coord.); 

2.9 (s, 3H, SCH3, coord.); 2.5 (m, 2H, CH2SCH3, unccord.); 

2.2 (s, 3H, SCH3, uncoord.) 

(18) 7.5 (m, 4H, Ph); 4.2 (m, 4H, PhCH2S); 2.8 (m, 8H, SCH2CH2S); 

D 

* Spectra recorded in dimethyl sulfoxide at 25°C and referenced to SiM.e4. s = singlet, m = multiplet, l' = 

triplet. 
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CHAPTER 4: REACTIONS OF THE BIS(ALKYNE) 

COMPLEXES (MXi(CO)(NCMe)(###2..RC2R)i) (X = I, Br; 

R = Me OR Ph) \\'ITH NEUTRAL SULPHUR DONOR 

LIGANDS. 

4.1 INTRODUCTION 

Alkyne complexes of molybdenum(Il) and tungsten(II) have been 

comprehensively reviewed by Templeton109. Templeton's review described the 

literature of alkyne complexes up to 1987. In a later review Baker
52 

describes 

the alkyne halocarbonyl complexes of rnolybdenum(ll) and tungstcn(II) from 

1987 to 1995. The purpose of this introduction is to describe the reactions of 

some halocarbonyl aU .. -yne complexes of molybdenum(Il) and tungsten(II) with 

a range of neutral sulphur donor ligands. 

4. 1.1 Baloalkyne complexes of molybdenum(lD and tungsten(II) 

Some of the earliest alkyne complexes of molybdenum(II) and 

tungsten(II) were prepared by Otsuka and co-workers110 in 1969. These 

consisted of the molybdenum and tungsten rnono(alkyne) complexes [Mo(r,2-

PhC2Ph)Cp2] and [W(r(CF3C2CF3)Cp2]. Mono(alkyne) complexes of 

molybdenum(II) have also been prepared via the reaction of the 

dithiocarbamate complex (Mo(CO)i(PPh3)(S2CNEt2) 2) with a free alkyne to 

give complexes of the type [Mo(CO)(r/-RC2R')(S2CNEt2h ]111 . 

Haloalk.-yne complexes of molybdenurn(U) and tungsten(ll) can be 

prepared via the reactions of many different complexes with free alh.·ynes. For 

example, the reaction of the seven-coordinate molybdenum(II) complexes 

[M0Br2(C0)3L2] (L = PEt3, PPh3, py) with alkyne, RC2R', has been shown to 
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result in the formation of the dihaloalkyne complexes [MoBri(CO)L2 

(r(RC2R')Jl 12_ Similarly the tungsten(Il) complexes [Wii(COhL(rtRC2R')J 

(L = PPh3, OPM.e3) have been prepared11., via the reaction of [Wli(CO).iL] v..rith 

RC2R'. A large number of cyclopentadienyl alkyne complexes of 

molybdenum(ll) and tungsten(ll) have also been prepared. For example, the 

reaction of the complexes [MoX(CO)3Cp] (X = Cl, Br, I, SCF3, SCJ°s) \vith 

RC2R (R = CF3, Me, Ph) results in the formation of mono(alkyne) complexes of 

the type [MoX(COKr(RC2R)CpJ 114
•
115

. Bis(aU .. -yne) complexes of the type 

[MCl(r(RC2R')2Cp) (M = Mo, W; R = R' = CF3, Me, Ph; R = Me, R' = Ph) may 

also be made via the reaction of the cyclopentadienyl complexes [MCl(CO)3Cp) 

\vith two equivalents of the appropriate alk.')'ne, RC2R'116. Similarly, the reaction 

of [MCl(COXrt2-PhC2Ph}CpJ (M = Mo, W) with CF3C2CF3 yields the mixed 

alkyne complexes [MCl(r(CF3C2CF~Xr/-PhC2Ph)Cp) 117 . 

Since 1988, a large number of alkyne complexes have been prepared via 

the reactions of [MXi(CO)J(NCMe)2] (M = Mo, W) with a range of alkynes. 

For example, the reaction of [MI2(CO)J(NCMe)2] (M = Mo, W) with one 

equivalent of RC2R' (R = R' = Me, Ph, CH2CI; R = Pb, R' = Me, CH2OH; R = 

Me, R' = PhS, p-tolS) initially gives the complexes [Mh(CO)(NCMeh(r/

RC2R')] which quickly dimerise to give the iodo-bridged complexes [ {M(µ

I)I(CO)(NCMe)(r/-RC2R')}iJ 118. However, the reaction of [Mii(CO)/NCMeh ] 

(M = Mo, W) with an excess of RC2R' (R = R' = Ph; R = Me, R' = Ph; for M = 

W only, R = R' = Me, CH2CI, p-tol ; R = Ph, R' CH2OH) gives the monomeric 

bis(alkyne) complexes [M12(CO)(NCMe)(r/-RC2R'h] and the dimeric 

molybdenum complex ( { Mo(µ-1)1(CO)( 1,2-MeC2Me h }iJ 11 9. The tungsten 

complexes [W1iCO)(NCMe)(rtRC2R)2J (R = Me, Ph) have been 

crystallographically characterised, and the structure of [Wii(CO)(NCMeXr/

MeC2Meh] is shov,m in Figure 4.1. 
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Similar treatment of the dibromo-tungsten complex 

[WBri(CO)J(NCMe)2j with two equivalents of RC2R (R = Me, Ph, CH2CI) 

gives the monomeric bis(alkyne) complexes [WBri{CO)(NCMeXri
2
-RC2R)2J (R 

= Me, Ph, C H2C l) 120 . The mixed halide complex [WBrl(CO)J(NCMe)iJ has also 

been shown to react with one equivalent of RC2R (R = Me, Ph, CH2Cl) to give 

the dimeric complexes ({W(µ-I)Br(CO)(NCMe)(T/-RC 2R')}i]. 

Figure 4.1 X-ray crystal structure oft.he complex [W1i(CO)(NCMeXri
2
-

MeC2Me )2] 
120 
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As with previous homohalogeno complexes, the mixed halide complex 

(WBrl(CO)J(NCMe)2] reacts with two equivalents of alkyne to give the . , 
bis(alkyne) complexes [WBrl(CO)(NCMeXrf-RC2R)i) (R = Me, Ph, CH2Cl)121 . 

The very novel molybdenum complexes (MoCl(GeCl3)(COXNCMeXPPh3) 

(r/-RC2R)] (R = Me, Ph) containing six--different monodentate ligands has also 

been synthesised by treatment of [MoCl(GeCl3)(CO)i(NCMe)2(PPh3) ] with one 

equivalent of RC2R (R = Me, Ph)122.12:;_ 

Other haloalkyne complexes have also been described, by other 

workers, since 1987. For example, in I 987 Davidson et a/ 124 described the 

synthesis of the dibromo bis(alkyne) complex [WBr2(COXr(CF3C2CF,h] via 

the reaction of the bromo-bridged dimer [ { W(µ-Br)Br(CO).d 2] with CF 3C2CF 3. 

More recently, Brisdon and co-workers have described the preparation of the 
, 

complexes {MXi(CO)Li(rf-RC2R)] (M = Mo, X = Br, R = Me, L = PEt2Ph, 

PEtPh2, PMe2Ph, PMePh2; M = Mo, X = Cl, I; L = PMePh2; M = Mo or W, X = 

Br, R = Ph, L = PMePh2; M = W, R = Me, X = Br, L = PMePh2) via the 

reaction of [MXi(C0)2(NCMe)L2J with the corresponding alkyne125. Another 

very interesting reaction reported by Mayr and Bastos126 descri.bes the reaction 

of [W(=CPh)Cl(CO)(CNBu1XPMe3) 2J with three equivalents of HCI to yield 

two products. The major product is the complex [WCIJ(CO)(PMe3) 

, I 
( rf-PhCNBu )] whilst the minor product 1s the very novel amino alkyrie 

complex [WCh(COXPMeJ)i(T)2-PhCNHBu1
) ] . 

4.1.2 Reactions of ['\'li{CO)(NCl\fo)(1,2-RC2RhJ (R = Pb, Me) with 

phosphorus donor ligands 

Many reactions of the bis(alkyne) complexes (W1i(CO)(NCMeX-r/

RC2R)iJ (R = Ph, Me) with donor ligands, have been reported 127-135_ The 

reactions discussed in this section are those with phosphorus and sulphur donor 
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ligands only. The complexes [WlJ(CO)(NCMeX112 -RC2R)2] (R = Ph, Me) 

react with the d.iphosphine ligands Ph2P(CH2)0 PPh2 (n = 1-6) to give the 

phosphine substit'uted mono( alkyne) complexes (Wli( CO){ Ph2P(CHi)0 PPh2}( 11 

2-RC2R)]. The complex [Wh(COXr/-Ph2P(CH2)PPh2X1/-MeC2Me)] has been 

crystallographically characterised and is shown in Figure 4.2. Similarly, the 

reactions of (Wii(CO)(NCMeXr(RC2Rh] with two equivalents of 

phosphines, L (L = PMe3, PEt3, PBu" 3, PMe2Ph, PMePh2, PEt2Ph, PEtPh2) gives 

the complexes (W12(CO)L2C-r/-RC2R)] 136. It has also been reported that 

treatment of [Wl:?(CO)(NCMeX112 -MeC2Me)2] \.\~th one equivalent of triphos 

{triphos = PhP(CH2CH2PPh2) 2} resuJts in the formation of the complex 

[WiiCO)(r/-tTipbos)(r,2-MeC 2Me)] which can be used as a ligand which is 

able to bind to other metal centres via the unbound phosphorus atom of the 

triphos ligandm. 

Figure 4.2 X-ray crystal s tructure of (WI2(CO){ r{Ph2P(CH2)PPh2} 

(r/-MeC2Me)) 
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4.1.3 Reactions of fWli(CO)(NCMe)(11 2-RC2R)lJ (R = Ph, Me) with 
t 

sulphur donor ligands 

The complexes [W!i(CO)(NCMeX11
2
-RC2Rh1 (R = Ph, Me) have been 

shown to react with I equivalent of SPPh3 to give the complexes 

[WI2(COXSPPh~Kr/-RC2Rh]. However, reactions with 2 and 3 equivalents of 

SPPh3 gave the cationic complexes [W1(COXSPPh3)i(r/ -RC2Rh ]l and 

(W(COXSPPh3MrtRC2R)2]2I respectivelyD8. The complex [Wii(COXNCMe) 

' (rf-MeC2Me)2J also reacts with anionic sulphur donor ligands such as 

K[SC5fliN] (SC5J-LN = p)Tidine-2-thionate) affording the complex 

[WI(CO)(SC5~N-N,S)(r(MeC2Me)2] with the thionate bound to the tungsten 

centre via the nitrogen and sulphur atoms of the pyridine-2-thionate ligand 139. A 

similar reaction also occurs with pyrirnidine-2-tbionate affording the complex 

Similar reactions of 

[Wli{CO)(NCMeXr(RC2R)2] with a range of dithiacarbamates have been 

reported141 giving complexes of the lype [WI(CO)(S2CNC4H8-S,SXr( 

MeC2Me)i] which has been crystallographically characterised and is shovm in 

Figure 4.3 below. 

Figure 4.3 X-ray crystal structure of [WI(CO)(S2CNC.1H8-S.S')(r/

MeC2Me)i]139 
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4.1.4 Bonding in transition-metal alkyne complexes 

There have been many theories proposed to explain the nature of alkene 

and alkyne bonding to transition-metal centres142-144. The brief description of 

alkyne-metal bonding in this section is based upon adaptations proposed by 

Templeton 109 and also Nelson and Janasser145. Alkynes are unique in their 

ability to act as both good single faced 11-acceptors and single faced TT-donors 

allowing synergic bonding to the metal centre. The most important bonding 

interaction is between the cr orbital of the transition-metal and the TT orbital of 

the alkyne ligand {Figure 4.4(a)} this is complemented by back donation from 

the filled d:a orbital of the metal to the unoccupied TT* orbital of the alkyne 

{Figure 4.4(b)} . 

Figure 4.4 Orbital interactions involved in aJk.·yne transition-metal bonding 

+ 
C 

C 
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This description of the bonding so far adequately describes two electron 

• 
donor alkynes. In order to explain further electron donation it it is necessary to 

consider the pair of n' and n'* orbitals orthogonal to the ones already 

considered. There is an important interaction between the metal ~ -z orbital of 

the metal and the 1t' orbital of the alkyne this is combined with the less 

significant orbital overlap and back donation between the me1a1 d xy orbital and 

the n'* orbital of the alkyne. These further orbital interactions {Figure 

4.4(c),(d)} help explain three- and four-electron alkyne complexes of the 

transition-metals. 

4.2 RESULTS AND DISCUSSION 

The starting bis(alkyne) complexes [WXi(CO)(NCMeXr/-RC2Rh] (X = 

Br, I; R = Ph, Me) were prepared by literature methodology. The trithioether 

MeS(CH2)iS(CH2hSMe (TfN) was prepared by a modified literature method106 

while the cyclic trithioether 2,5,8-trithia-o-benzenophane (ttob) was prepared as 

described108 in chapter 3 . 

4.2.1 Reactions of the complexes {Wlz(CO)(NCMe)(112-RC2Rh) (R = Pb, 

Me) with the trithioether ligand MeS(CH 2)iS(CB 2)zSMe (TIN) 

The reaction of the orange complex [WI2(COXNCMe)(ri2- PhC2Phh.J 

with an equimolar amount of MeS(CH2) 2S(CH2)iSMe with stirring in CH2C12 at 

room temperature for 72 hours gave the complex 

Further reflux of complex (19) in CH2Cl2 for 6 hours gave the charged complex 

[Wl(CO){MeS(CH2) 2S(CH2h SMe-S.S',S"}(r( PhC2Ph))l Et2O(20) again in 

high yield. Both complexes are !:,Tfeen in colour, and are soluble in both 
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dichlorornethane and acetonitrile but are only sparingly soluble in diethyl ether. 

The complexes (19) and (20) can be distinguished by both their conductivities 
> 

and by spectroscopic means. Both complexes were characterised by elemental 

analysis, infra red and 
1
H NMR spectroscopy (Tables 4.1-4.3). Conductivity 

measurements in acetonitrile showed complex (19) to be a non-electrolyte 

while complex (20) was a l: I electrolyte (Am = 49 and 138 S cm2 mor1 

respectively). 

The infra red spectrum of complex (19) in CH2C)i shows a single 

carbonyl stretching band at 1968 cm·
1 

suggesting the presence of one isomer in 

solution (Figure 4.5). The relatively low stretching frequency also suggests the 

loss of one diphenylacetylene ligand during the reaction. The loss of 

dipheny!acetylene results in more electron density at the transition-metaJ centre 

and hence increased back bonding to the carbonyl ligand. Similarly, complex 

(20) shows one carbonyl band at 1974 cm·1 in the IR spectrwn obtained in 

CH2Cl2. Both complexes also exhibit weak alk.·yne (C=C) stretching bands at 

aroWJd 1650 cm ·
1
, as expected considerably lower than that of the free alJ...)'Ile. 

Complex (19) has been structurally characterised by X-ray 

CI)'Stallography146 (Figure 4.6). Single crystals suitable for X-ray analysis 

were grown from a cooled solution of CH2CI/Et2O (- l 5°C, 85: 15 ratio). The 

crystals were monoclinic with unit cell dimensions of a = 8.458(2)A, b = 

13.494( 12) A, c = 22.03(3) A, and~ = 99.48{8)". The complex is of a distorted 

octahedral nature v,ith cis-iodo ligands, the diphenylacetylene ligand and an end 

coordinated sulphur atom of the thioether fom1ing the equatorial plane. The 

axial positions of the structure are occupied by the central coordinated sulphur 

of the thioether and the carbon monoxide ligand. As is seen in other d4 

electronic systems the alkyne is positioned parallel to the tungsten-carbon 

monoxide axis. Th.is configuration optimises both the re-acceptor and a-donor 
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properties of the alkyne119. Further details of bond lengths and angles for 

complex (19) can be found in Table AL8 in Appendix l. 

The 1H NMR spectrum of complex (19) is consistent with the molecular 

structure shown in Figure 4.6 showing a singlet at 8 = 2.2 ppm which can be 

assigned to the methyl group attached to the uncoordinated sulphur atom of the 

TTN ligand. Another resonance at 8 = 2.35 ppm may be assigned to the 

methylene protons again attached to the uncoordinated sulphur atom of the 

ligand. However, the 1H NMR of complex (20) in CDC!~ shows a more simple 

spectrum with resonances at 8 = 3.1 ppm and 8 = 2.2 ppm which can be 

respectively assigned to the methylene and methyl protons of the tridentately

coordinated TI"'N ligand. 

Figure 4.5 Infra red spectra in the carbonyl regions for complex (19) and 

[WJi(COXNCMeXn2-PhC2Ph)2] 
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Figure 4.6 X-ray crystal structure of [Wli(CO)fTTN -S,S'}(r(PhC2Ph)] 146 
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Similarly, the reaction 
• 

of the yellow starting complex 

[Wli(COXNCMe)(r,2-MeC2Me)i] with an equimolar amount of 

MeS(CH2) 2S(CH2)iSMe with stirring in CH2C'2 at room temperature for 72 

hours gave the complex [Wl(CO){MeS(CH2) 2S(CH2)iSMe-S.S',S"}(ri2
-

MeC2Me)]I Et2O (21 ) in high yield. Conductivity measurements showed 

complex (21) to be a l : I electrolyte in acetonitrile (Am = l 42 S cm2 mor\ 

Unlike the previously described reaction of [Wh(CO)(NCMe)(ri2- PhC2Ph)2] 

with TTN, no analogous 2-butyne complex similar to complex ( 19) was isolated 

even after shorter reaction times. Complex (21) was characterised by elemental 

analysis, infra red and 1H nmr spectroscopy (Tables 4.l-4.3). 

The infra red spectrum of complex (2 t ) in CH2Cl2 shows a single 

stretching band at 1954 cm·1, whfoh is lower than the analogous 

diphenylacetylene complex (20). The lower carbonyl stretching frequency of 

complex (21) is due to 2-butyne being a weaker rr-acceptor than 

diphenylacetylene hence resulting in more electron density at the tungsten 

centre available for back bonding to the carbonyl ligand. The 1H NMR 

spectrum of complex (21 ) in CDC'3 shows resonances at 8 = 2.4 ppm and 8 = 

3. 1 ppm which are again due to the methylene and methyl protons of the tri

coordinated TTN ligand as in the analogous diphenylacetylene complex (20). In 

both cases the signals are shifted downfield in comparison to the free ligand. 

From the spectroscopic data combined with the X-ray crystal structure of 

complex ( 19) it is poss ible to suggest similar stuctures may be adopted by 

complexes (20) and (21 ). 
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4.2.2 Reactions of the complexes fWI2(CO)(NCMe)(r(RC2RhJ (R = Ph, 

Me) with the trithioether ligand 2,5,8-trithia-o-benzenor,hane (ttob) 

The reaction of the orange complex [Wl2(CO)(NCMeXr(PhC2Ph)2] 

with an equimolar amouut of ttob with stirring in CH2Cl2 at room temperature 

for 72 hours gave the complex fWl(CO){ ttob-S.S',S"}(1/-PhC2Ph)]I (22) in 

high yield. Complex (22) is green in colour, soluble in both dichloromethane 

and acetonitrile, but only sparingly soluble in diethyl ether. Complex (22) was 

characterised by elemental anal ysis, infra red and 1H NMR spectroscopy 

(Tables 4.1-4.3). Conductivity measurements in acetonitrile showed complex 

(22) to be a J:I e lectrolyte (Am = 141 Scm2 mor1 respectively). 

The infra red spectrum of complex (22) in CH2Cl2 shows a single 

carbonyl stretching band at 1972 cm-1 suggesting the presence of one isomer in 

solution. The relatively low stretching frequency, as seen previously, again 

suggests the loss of one diphenylacetylene ligand during the reaction. The loss 

of diphenylacetylene results in more electron density at the tungsten centre and 

hence inc reased back bonding to the carbonyl ligand. The 1H NMR spectrum of 

complex (22) shows a multiplet at 8 = 2.5 ppm which can be assigned to the 

e ight methylene protons bridging the three coordinated sulphur atoms of the 

tlob ligand. A further pair of doublets at 8 = 4.4 ppm and 8 = 3.8 ppm may be 

nssigned to the benzylic protons of the ttob I igand. 

Further recrystallisation o f complex (22) from CH2Cli/Et20 gave more 

of the green powder f.Wl(CO)(ttob-S.S'.S"}(r{PhC2Ph)jl and also three very 

well formed dark green crystals. O ne of these crystals ,..-as characterised by X

ray crysta llography (Figure 4.8) and shown to be the very novel charged 

complex [WI { ttob-S.S',S "}( 11
2 -PhC2Ph)2]1; (23 ). 
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Unfortunately, insufficient material was isolated for further 
• 

spectroscopic studies and the complex was never isolated again in further 

reactions. Several attempts at a rational synthesis of complex (23) were 

unsuccessful for example the addition of a catalytic amount of iodine to the 

reaction mixture. The structure of the cationic complex l WI { ttob-S,S',S"} 

(r(PhC2Phh]I~ can be described as a distorted octahedron with both 

diphenylacetylene ligands occupying one site each. Tungsten-alkyne distances 

are very similar, 2.04(2) and 2.09(2) A respectively. The tungsten atom is 

bound to all three sulphur atoms of the ttob ligand, with tungsten-sulphur 

distances of 2.493(5), 2.589(4) and 2.606(5) A respectively. The shorter W-S 

distance is to the unique sulphur atom of the ttob ligand. The ttob ligand 

occupies the site trans-to the single iodide. Further details of bond lengths and 

angles for complex (23) can be found in Table Al.9 in Appendix 1. 

Similarly, the reaction of the yellow starting complex 

fWI2CCO)(NCMe)(ri
2 
-MeC2Me)i] with an equimolar amow1t of ttob with 

stirring in CH2Cl2 at room temperature for 72 hours gave a green coloured oil. 

Recrystallisation from CH2Cl2 gave the green complex [Wl(CO){ttob--S,S',,S"}( 

ri2-MeC2Mefll (24) in high yield. Conductivity measurements showed complex 

(24) to be a 1: 1 electrolyte in acetonitrile (J\m = 145 S cm2 mor'). The infra red 

spectrum of complex (24) in CH2Cl2 shows a sing le carbonyl stretching band at 

1970 cm·
1 

and an alkyne stretch at 1579 cm 1, as expected considerably lower 

than that of the free alkyne. The I H NMR spectrum for complex (24) in CDC!~ 

shows a multiplet at 8 = 2.4 ppm which can be assigned to the eight methylene 

protons bridging the three coordinated sulphur atoms of the ttob ligand. A 

further two doublets are observed at 8 = 4.2 ppm and 8 = 3.5 ppm which can be 
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assigned to the benzylic protons of the ttob ligand while the methyl protons of 

the remaining alkyne ligand are observed as a singlet at 8 = 3.6 ppm . 
• 

Figure 4.7 X-ray structure of the complex [Wl{ttob-S,S',S"}(1/-PhC2Phh]I, 
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4.2.3 Reactions of the di-bromo complexes [WBr2(CO)(NC.Me) 

(rt2-RC2Rh.l(R= Ph, Me) witb MeS(CH2hS(CH2hSMe (TTN) and 
• 

the cyclic trithioether ttob. 

The complex [WBri(CO)(NCMe)(rt2-PhC2Phh) was synthes ised via the 

reaction of [WBri(C0)3(NCMeh] with four equivalents of diphenylacetylene in 

CH2C12. However, crystals of suitable quality for X-ray analysis were prepared 

by recrystallisation from CH2Cl2/Et20 at room temperature after 24 hours. The 

structure has been solved by X-ray crystallography and is shown in Figure 4.9. 

The structure of [WBri(CO)(NCMe)( r/-PhC2Phh ) is isomorphous to that of the 

analogous diiodo complex previosly described 11R. The structure is best 

described as the metal being octahedral, with the alkyne ligands each 

occupying one coordination site. The bromides (W-Br 2.679(3) and 2. 722(3) A) 

are mutua lly cis-to one another and both are trcms-to an alkyne ligand. The 

carbonyl (W-C 2.09(2) A) is trans-to the aceton.itrile group (W-N 2.20(2) A) 

which completes the octahedron. Further details of bond lengths and angles for 

the complex [WBri(CO)(NCMe)(r(PhC2Phhl can be found in Table Al.JO in 

Appendix l. 

The reaction of the yellow complex [WBr2(CO)(NCMe )(rt 2-PhC2Phh ) 

with an equimolar amount of TTN , with stirring in CH2Cl2 at room temperature 

for 24 hours, gave the complex (WBr(CO){TTN-S,S'.S"l(r{PhC2Ph)]Br Et20 

(25) in high yield. Similarly, the reaction of complex fWBr2(CO)(NCMe)(112 
-

PhC2Phh J with an equimolar amount of ttob with stirring in CH 2Cl2 at room 

temperature for 24 hours gave the complex [WBr(CO){ ttob-S.S'.S"}(112
-

PhC2Ph)JBr (26) al so in good yield. Both complexes (25) and (26) are green in 

colour and are soluble in dichloromethane and acetonitrile but only sparingly 

soluble in diethy l ether. Both complexes are very oxygen sens itive both in 

solution and to a lesser extent in the solid-state. Both complexes (25 ) and (26) 
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were characterised by elemental analysis, infra red and 1H NMR spectroscopy 

(Tables 4. l-4.3 ). Conductivity measurements in acetonitrile showed both 
t 

complexes (25) and (26) to be l:l electrolytes (Arn = 156 and 160 S cm2 mol"1 

respective I y ). 

The infra red spectrum of both complexes (25) and (26) in CH2Cli each show a 

single carbonyl stretching band at 1967 cm·1 and 1966 cm·1 respectively 

suggesting the presence of one isomer in solution. The relatively low stretching 

frequencies again suggests the loss of one diphenylacetylene ligand during the 

reaction. The loss of diphenylacetylene once again results in more electron 

density at the tungsten centre and hence increased back bonding to the carbonyl 

ligand. 

The 1H NMR spectrum of complex (25) in CDCl3 shows resonances at 

8 = 2.9 ppm and 8 = 2. 1 ppm which can be respectively assigned to the 

methylene and methyl protons of the tri-coordinatcd TTN ligand. Complex (26) 

shows a doublet at 8 = 3.9 ppm and a multiplet at 8 = 2.6 ppm. The doublet can 

be assigned to the benzylic protons of the ttob ligand while the multiplet is due 

to the remaining methylene protons of the trithioether. Unfortunately, the 

samples decompose very quickly so some free thioether and other 

decomposition products are generally observed in the proton spectrum of both 

complexes. Reactions were also attempted with the complex 

[WBr2(CO)(NCMe)(ri2-MeC2Me)i) and the ligands TTN and ttob, however, 

no stable products were isolated. 
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X-ray crystal structure of [WBr2(CO)(NCMe)(r(PhC2Ph)2) 
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4.2.4 Reaction of the complex (Wl2(CO){MeS(Cll2)iS(CH2) 2SMe

S,S'}(112- PhC2Ph)I (19) with (Fel(CO)iCpl 
• 

The reaction of the green tungsten-alkyne thioether complex 

(WJi(CO){MeS(CH2hS(CH2hSMe-S,S'}(ri 2-PhC2Ph)] (19) with an equimolar 

quantity of (Fel(CO)iCp] in CH2Ch for four hours at room temperature gave the 

novel bimetallic complex [Cp(OC)2Fe[S(MeXCH2)2S(CH2h(Me)S

S,S',S"} Wl2(CO)(r(PhC2Ph)]I (27) which was fully characterised by 

characterised by elemental analysis, infra red l and H NMR spectroscopy 

(Tables 4.1-4.3). The complex is black in colour and is relatively soluble in 

chlorinated solvents such as dichloromethane and chloroform. The infra red 

spectrum of complex (27) in CH2Cl2 shows three strong carbonyl stretching 

bands at 1960, 1998 and 2045 cm·1 and a weak alkyne (C=C) stretch at 1667 

cm· 1• The presence of only three carbonyl stretching bands suggests the 

presence of only one isomer in solution. The carbonyl band at 1960 cm· ' is 

probably due to the carbonyl attatched to the tungsten while the two hjgher 

frequency bands are due to the carbonyls attatched to the iron centre. 

The 
1
H NMR spectrum of complex (27) in CDCIJ shows a singlet at o = 

5.1 ppm, which can be assigned to the five cyclopentadienyl protons attatched 

to the iron centre. A broad multiplet at 8 = 3.4 ppm may be assigned to the two 

most central methylene groups of the TTN ligand while the broad multiplets at 

8 = 3.2 ppm and o = 3.2 ppm may be assigned repectively to the methylene and 

methyl protons adjacent to the sulphur atom bound to the tungsten metal centre. 

The remaining broad multiplet at o = 2.8 ppm can be assigned to the remaining 

five protons of the thioether I igand. 
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4.2.5 Reactions of the complex.es fMol2(CO)(NCMe)(Tt
2
-RC2R)2J (R = Ph, 

Me) with the trithioether ligand MeS(CH2)iS(CH2)2SMe (TTN) 
f 

The reaction of the red/brown complex [Mob(CO)(NCMe)(ri2
-

PhC2Ph)z] with an equimolar amount of MeS(CH2)2S(Clh)zSMe with stirring in 

CH2Cl2 at room temperature for 12 hours gave the complex 

[Mol(CO)(MeS(CH2hS(CH2hSMe-S,S'.S"}( r{PhC2Ph)ll (28) in high yield. 

Similarly, the reaction of the 2-butyne complex lMol2(CO)(NCMe)(11
2

-

MeC2Me)2] with an equimolar amount of MeS(CH2) 2S(CH2) 2SMe in CH2Cl2 at 

room temperature for twelve hours gave the complex 

again in high yield. Both complexes are green in colour, and are soluble in both 

dichloromethane and acetonitrile, but are only sparingly soluble in diethyl ether. 

The complexes (28) and (29) are both more air-sensitive in solution, and in the 

solid-state than their diiodo-twigsten analogues and may only be stored for short 

periods of time under an atmosphere of dry dinitrogen. Conductivity 

measurements of both complexes in acetonitrile showed them to both be I : I 

electrolytes (Am = 149 and 152 S cm2 mor 1 respectively). Both complexes 

were fully characterised by elemental analysis, infra red and 1H NMR 

spectroscopy (Tables 4.1-4.3). 

The infra red spectra of both complexes (28) and (29) in CH2Cl2 show 

single strong carbonyl stretching bands at 1984 and 1971 cm·1 respectively. 

This, as was previously obsen1ed with the diiodo-tungsten analogues, is a 

relati vely low stre tching frequency in comparison to the appropriate (bis)alkyne 

starting complexes with carbonyl stretches at 2074 and 2059 cm·1 respectively. 

The reason for this dramatic shift in carbonyl stretching frequency upon 

coordination to the thioether ligand is, as before, due to the loss of a 

diphenylacetylene ligand during the reaction . 
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The 
1
H NMR spectrum of complex (28) in CDCh shows a broad 

multiplet at 8 = 2. 9 ppm which can be assigned to the methylene protons of the 
• 

tridentately bound thioether. Another multiplet at o = 2.2 ppm may be assigned 

to the methyl groups of the TTN ligand. The remaining broad multiplet further 

down field at o = 7.6 ppm can be assigned to the remaining ten protons of the 

diphenylacetylene. The 1H nrnr spectrum of the 2-butyne complex (29) is very 

similar in nature to that of complex (28) with two multiplets at o = 2.8 ppm and 

8 = 2.2 ppm again due to the methylene and methyl protons of the TTN ligand, 

however, there is also a singlet at o = 3.2 ppm from the methyl protons of the 

alkyne. 

4.2.6 Reactions of the complexes (Mol2(CO)(NC1\tle)(ri 2-RC2Rhl (R = Ph, 

Mc) with the cyclic trithioether 2,5,8-trithia-o-benzenophane (ttob) 

The reaction of the complex [Mo12(CO)(NCMe)(r,2-PhC2Ph):z] with a11 

equimolar amount of ttob with stirring in CH2Cl 2 at room temperature for 20 

hours gave the complex [Mol(CO){ttob-,)'.S',S"}(r( PhC2Ph)]l (30) in high 

yield. Similarly the reaction of the 2-butyne complex [Moli(CO)(NCMe)(r{ 

MeC2Me)2] with an equimolar amount of ttob in CH2C l2 at room temperature 

for 24 hours gave the analogous complex [Mol( CO){ ttob-S,S',S"H 1,2-

MeC2Me)] l (Jl) again in good yield. Both complexes are green in colour and 

are both soluble in dichloromethane and acetonitrile, but are only sparingly 

soluble in diethyl ether. The complexes (30) and (31) are again both more air

sensitive in solution and in the solid-state than their diiodo-tungsten analogues 

but can be stored for short periods of time under an atmosphere of dry 

dinitrogen in a refrigerator. Conductivity measurements of both complexes in 

acetonitrile showed them to both be I: l electrolytes (Am = 140 and 142 S cm2 
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rnor1 respectively). Both complexes were fully characterised by elemental 

analysis, infra red and 1H NMR spectroscopy (Tables 4.l-4.3). 
t 

The infra red spectra of both complexes (30) and (31) in CH2Cl 2 show a 

single strong carbonyl stretching bands at 1992 and 1983 cm-1 respectively, 

again a relatively low stretching frequency in comparison to the appropriate 

bis(alkyne) starting complexes. The 1H NMR spectrum of complex (JO) in 

CDCl3 shows two doublets of J = 11 Hz at 8 = 5.1 ppm and 8= 4.6 ppm which 

can be assigned to benzylic protons of the tridentately bound ttob ligand. The 

signal is split into a doublet due to coupling with the adjacent aromatic proton 

of the ring. Also observed is a multiplet at 8 = 3.4 ppm due to the methylene 

protons of the linkages S(CH2)iS. The remaining broad multiplet further 

downfield at 8 = 7.6 ppm can be assigned to the remaining protons of the 

diphenylacetylene and the aromatic protons of the ttob ligand. The 1H NMR 

spectrum of the 2-butyne complex (31) in CDC13 has two doublets at 8 = 5.1 

ppm and 8 = 4.8 ppm with coupling constants J = 12 Hz which can be assigned 

to the benzylic protons of the ttob ligand. A multiplet can also be observed at o 

= 2.9 ppm which is due to the remaining methylene protons of the ttob ligand. 

The alkyne methyl protons are observed as a singlet at o = 3.2 ppm from the 

methyl protons of the alkyne. 

4.2. 7 Reactions of the complexes [.Mol2(CO)(NCMe)(11 2-RC2Rhl (R = Ph, 

Mc) with the cyclic trithioethcr, 1,4,7-trithiacyclononane, (91aneS3 

The reaction of the complex [Mol2(CO )(NCMe)('r,2-PhC2Phhl with an 

equimolar amount of [9]aneS3 with stirring in CH2Cl2 at room temperature for 

20 hours gave the complex [Mol(CO){[9janeSp\',S',S"}(ri2- PhC2Ph)ll (32) in 

high yield. The complex is green in colour, soluble in chlorinated solvents and 

acetonitrile and is relatively air-sensitive in both solution and the solid-slate. 
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Complex (32) has been fully characterised by elemental analysis, infra red, 1H 

NMR and 13C NMR spectroscopy (Tables 4.1-4.3) . 
• 

The infra red spectrwn of complex (32) in CH2Cl2 shows a single 

carbonyl stretching band at 1980 cm·' suggesting the presence of one isomer in 

solution. The relatively low stretching frequency also suggests the loss of one 

diphenylacetylene ligand during the reaction. 

Complex (32) has been structurally characterised by X-ray 

crystallography (Figure 4.10). Single crystals suitable for X-ray analysis were 

grown from a cooled solution of CH2Cli/Et20 (75 : 25, -I 5°C). The structure 

shows the molybdenum atom is bonded to the trithioether, together with an 

iodide, a carbonyl and a diphenylacetylene ligand. The geometry is best 

described as octahedral with the alkyne occupying one coordination site. The 

three Mo-S distances vary significantly with the shortest, trcms-to the iodine, at 

2.449(5) A and the longest, trans-to the diphenylacetylene, at 2.607(6) A. The 

bond lengths to the iodide and carbonyl ligands are 2.758(3) and l.97(2) A 

respectively. All four monodentate ligands are trans-to the [9 JaneS3 ligand, as 

was observed previously in the similar tungsten tricarbonyl complex 

[Wl(CO)i[9]aneS3)JI . Further details of bond lengths and angles for complex 

(32) can be found in Table ALI t in Appendix l. 

The 
1
H NMR spectrum of complex (32) in CDCl:i is consistent with the 

molecular structure shown in Figure 4.10 showing a broad multiplet centred 

around 8 = 4.0 ppm which can be assigned to the CH2 groups linking the 

coordinated sulphur atoms. This is very different to the spectrum of the 

unbound ligand which shows just one resonance in CDCl3 at o = 2. 1 ppm. The 

phenyl protons of the alkyne ligand are observed at 8 = 7.6 ppm as a multiplet. 

The 
11

C{ 
1
H} NMR spectrum of complex (32) in CDCIJ shows six 

singlets for the l9JaneS~ ligand at 8 = 35.3, 37.0, 37.4, 38.4, 39,0 and 44.4 ppm 
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respectively. This suggests the possibility of two isomers in solution. The 

aromatic carbon resonances of the diphenylacetylene ligand are observed as 
t 

eight singlets at o = 127.0, 128.1, 129.3, 129.8, 131.0, 132.1, 135.l and 

137.1 ppm. This again suggests the presence of two isomers in solution with 

four signals due to each isomer. The alkyne-contact resonances are observed as 

singlets at 225.8 ppm and 226.9 ppm respectively. The relatively low field 

nature of the alkyne-contact carbons suggests the alkyne to be a 4-electron 

donor 147 to the molybdenum centre. Finally, the carbonyl carbon is observed as 

two signals at slightly lower field at 212.Sppm and 214.0 ppm respectively. 

A similar reaction of the 2-butyne complex [Mol2(CO)(NCMe)(112
-

MeC2Meh] with an equimolar quantity of [9]aneS3 in CH2Cl2 at room 

temperature for twenty hours gave the analogous 2-butyne complex 

[Mol(CO){[9]aneSrS.S',S"}(ri2-MeC2Me) J I (33). Again the complex is green 

in colour and shows similar spectral properties to complex (32). 

The infa red spectrum of complex (33) shows one carbonyl sretching 

band at 1970cm·' again suggesting the loss of one alkyne ligand during the 

reaction. The 1H NMR spectrum of complex (33) shows a broad multiplet at o = 

3.9ppm which can be assigned to the CH2 protons of the [9JaneS3 ligands. The 

ligand is not seen as a singlet, as is the free ligand, due to the assymetry of the 

complex upon coordination of the ligand. The alkyne methyl protons are 

observed as a singlet at o = 3.2ppm. Conductivity measurements show both 

complexes (32) and (33) to be I. I electrolytes in acetonitrile ( 1\
11 

= 154 and 

152 S cm2 mo r 1 respectively). 
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Figure 4.9 X-ray crystal structure of [Mol(C0){[9]aneSJ-S,S',S"}(r( 

PhC2Ph)]l (32) 
' 
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The 13C NMR spectrum of complex (33) shows two low field alkyne 

contact resonances at 8 = 225. 7 and 8 = 226.2 ppm again suggesting the 
t 

coordinated alkyne donates 4-electrons to the molybdenum centre. As is seen 

for complex (32), six singlets are observed between 8 = 34.9 ppm and 44.7 

ppm for complex (33) again suggest ing the presence of two isomers in solution. 

The methyl protons of the 2-butyne ligand are seen as a multiplet at 8 = 22.3 

ppm while the carbonyl resonances are observed at 8 = 215.3ppm and 8 = 

2 14.Sppm. The similarity of spectroscopic data for complexes (32) and (33) 

allows the structure shown in Figure 4.11 to be proposed as a possible structure 

for complex (33). 

Figure 4.11 Possible structure for [Mol(C0){[9]aneS3-S,S',S"}(r( 

MeC2Me)]( 
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4.2.8 Synthesis of the alkyoe complex [Mol2(CO){Ph2P(S)CH2P(S)Ph2} 

(PhC2Ph)I. 
' 

The starting molybdenum bis(alkyne) complex [Mol2(CO)(NCMe) 

(r/-PhC2Phh) reacts with the phosphine disulphide ligand Ph2P(S)CH2P(S)Ph2, 

' 
dppmS2, in CH2Cl2 over ten hours to give the mono(alkyne) disulphide complex 

[Mo12(CO){Ph2P(S)CH2P(S)PhrS.S'}(r(PhC2Ph)](34) in good yield. The 

complex is golden in colour and is a non-electrolyte in acetonitrile solution. The 

complex (34) is fairly air-stable in the solid state, but far less stable in solution. 

The complex was characterised by elemental analysis, infra red and 1H NMR 

spectroscopy (see Tables 4.1-4.3). The infra red spectrum shows a single 

carbonyl stretch at 1973 cm·' and a strong P=S stretch at 560 cm·'. This is in 

comparison to the P=S stretch of the free dppmS2 ligand which is observed at 

626 cm· 1. The decrease in u(P=S) indicates coordination of the ligand to the 

metal. 

The 'H NMR spectrum of (34) shows a triplet at 8 = 4.2 ppm in CDC I 3 

compared to that of the free ligand which shows a triplet at o = 3.9 ppm. The 

slight downfield shift again indicates coordination of the ligand. The phenyl 

resonances of the ligand were slightly down field of the phenyl protons of the 

alkyne but were all part of the same broad multiplet between o = 7.3 and 8.0 

ppm. 

Similar reactions were attempted with both tungsten and molybdenum 

complexes IMli(CO)(NCMe)(r/-RC2Rh] (M = W, Mo; R= Ph, Me) under 

varying conditions with dppmS2 and other dithioethers RS(CH2)nSR (n = 2, 3) 

but no stable complexes were observed or isolated with starting materials re

obtained in most cases. 
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4.2.9 Conclusions. 

The synthesis of numerous mono(alkyne) thioether complexes has been 

carried out and several structurally characterised. Further reactivity of the new 

complexes may be possible and requires further investigation. For example, the 

complex [WI2(CO){MeS(CH2) 2S(CH2)iSMe-S,S'}(rt2-PhC2Ph)] has been shown 

to react with the iron complex [Fel(CO)iCpJ lo give the novel 

bimetallic complex [Cp(OC)2Fe{S(Me)(CI-J2)2S(CI-hh(Me)S-S,S',S"} Wl 2(CO) 

(r(PhC2Ph)J, other similar reactions to form bimetallic complexes could be 

attempted. 
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Table 4.1 Physical and analytical dataa for complexes (19)-(34) 

Complex Colour Yield %C %H %S 
% 

(19) [WI2(CO)(TTN-S,S)(r/-PhC2Ph)] Green 67 29.9 2.7 11.1 
(30.5) (2.9) (11.6) 

(20) [WI(CO)(TTN-S,S',S")(1i2-PhC2Ph)]I Et2O Green 64 30.1 2.5 11.3 
(30.5) (2.9) ( 11.6) 

(21) [WI(CO)(TTN-S.s',S")(172-MeC2Me)]I Et2O Green 53 23 .6 3.1 12.0 
(23.8) (3.7) (12. 7) 

(22) [WI(CO)(ttob-S,8',S'')(172-PhC2Ph)]l Lime 55 36.4 2.7 11.5 
Green (36.0) (2.9) (10. 7) 

(23) [WI(ttob-S,S',S'')(172-PhC2Ph)2]l3 Dark <2 --- --- ---
Green 

(24) [WI(CO)(ttob-S,S',S'')(172-MeC2Me)]I Lime 40 26.3 2.4 12.9 
Green (26.3) (2.9) (12.4) 

(25)[WBr(CO)(TTN-S,S',S'')(172-PhC2Ph)]Br Green 44 38.2 4.0 11.6 
Et2O (38.1) (4. 1) (12.2) 
(26)[WBr(CO)(ttob-S,S',S'')(172-PhC2Ph)]Br Green 47 39.8 3.1 11.8 

(40 2) (3.3) (11.9) 
(27)[Cp(OC),.Fe{TTN-S,S',S'} Black 30 29.6 2.8 9.1 
-Wii{CO)(112-PhC7Ph)ll (29.8) (2.6) (8.5) 
(28) [Mol(CO)(TTN-S, S'.s'')(-r/-PhC2Ph) ]I Green 38 36.9 4.4 11.5 

(37.8) (4. I) (12. 1) 
(29) [MoI(CO)(TTN-S,S',S'')(172-MeC2Me)]I Green 49 27.4 3.9 13.8 
Et2O (26.9) (4.2) (14.4) 
(30) [MoI(CO)(ttob-S,S',S'')(112-PhC2Ph)]I Green 60 41.4 3.0 11. 7 

(39.9) (3.2) (11.8) 
(31) [MoI(CO)(ttob-S,S',S'')(172-MeC2Me)]I Green 42 29.0 3. I 14.0 

(29.7) (3.2) (14.0) 
(32) [MoI(CO) { [9]aneS3-S,S',S"} (172-PhC2Ph)]I Green 48 34.0 3.4 13 .8 

(34.3) (3.0) (13_1) 
(33) [Mol(CO){[9]aneS3-S,S',S"}(172-MeC2Me)]I Green 70 21.0 3.2 15.9 

(21.6) (3.0) (15. 7) 
(34) [MoI2(CO) {Ph2P(S)CH2P(S)Ph2-S,S'} (172- Gold 56 47.3 3.1 6.4 
PhC2Ph) (47.8) (3.2) (6.4) 

8 Calculated values in parentheses 
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Table 4.2 Infra red carbonyl stretch dataH for complexes (19)-(34) • 

I 
Complex 

I 
v (CO) cm-1* 

I 
( 19) 1968 

(20) 1974 

(21) 1954 

(22) 1972 

(24) 1970 

(25) 1967 

(26) 1966 

(27) 1960, 1998,2045 

(28) 1984 

(29) 1971 

(30) 1992 

(31) 1983 

(32) 1980 

(33) 1970 

(34 ) 1985 

hAII spectra were recorded as thin films in CH2Cl2 between NaCl plates. 
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Table 4.3 1H mnr datac for complexes (19)-(34). All spectra run in CDC13 at 

25°C and referenced to tetramethylsilane. 

I Comelex I 1
H 8 {eem) J {Hz} 

(19) 7.3-7.5 (bm, l0H, Ph); 3.2 [bm, 4H, CH2SCH2(coord.)]; 

3.1 [s,3H,CH3(coord.)]; 2.6 [m, 2H,CH2SCH3(coord)] 

2.35 f m, 2H,CH2SCHJ(uncoord.)] ; 2.2 [s,3H,CHJ(uncoord.)l 

(20) 7.3-7.5 (bm, 1 OH, Ph); 3. 1 [bm, 8H, CH2S(coord.)]; 

3.5 (t, 6H, CH3CH2); 2.2 f m, 6H,CH3S(coord.)l ; 1.2 (q, CH2O) 

(21) 3.4pp [S,6H, MeC2] 3.4 [bm, 8H, CH2S(coord.)]; 

3.5 (a , 4H, CH2O); 2.4 f m, 6H, CH3S(coord.)l ; 1.2 (t, 6H, CH3CH2) 

(22) 7.3-7.7ppm (bm, 14H, Ph) 4.4, 3.8 (2d, 4H, CH2S); 

2.5 (m, 8H, SCH2CH2S) 

(24) 7.5-7.3(brm,4H, C6H4) ; 3.6 (S, 6H, MeC2) 4.2, 3.5 (2d, 4H, PhCH2S); 

2.4 (m,8H, SCH2CH2S) 

(25) 7.3-7.5ppm (bm, 10H, Ph); 2.9 (bm, 8H, CH2S); 

3.5 (q, 4H, CH2O); 2. 1 (s, 6H, CH3S);l.2 (t,6H, CH3CH2) 

(26) 7.3-7.7ppm (bm, 14H, Ph); 4.1 , 3.9 (2d, 4H, PhCH2S); 

2.6 (m, 8H, SCH2CH2S) 

(27) 7.3-7.5 (bm, I0H, Ph); 5. 1 (S, 5H, Cp); 3.4 (bm, 4H, CH2SCH2); 

3.2 (bm, 2H, CH2CH3); 3.1 (bm, 3H, SCH3); 2.8 (bm, 5H, CH2SCH3) 

(28) 7.3-7.5 (bm, l0H, Ph); 3.5 (q, 4H, CH2O); 2.9 (bm, 8H, CH2S); 

2.2 (m, 6H, CH3S); 1.2 (t,6H, CH3CH2) 

(29) 3.5 (t, 6H, CH3CH2); 3.2 (S, 6H, C2Me); 2.8 (bm, 8H, CH2S); 

2.2 (m, 6H, CH3S) ); 1.2 (q, CH2O) 

(30) 7.3-7.5 (bm, 1 OH, Ph); 4.6, 4.1 (2d,4H, PhCH2S, JH-H = I 1) 

3.4 (m, 8H, SCH2CH2S) 

(31) 7.3-7.5 (bm, 4H, , C6H4); 4.8, 4.4 (2d, 4H, PhCH2S, J = 12) 

3.2 (S, 6H, C2Me); 2.9 (m, 12H, SCH2CH2S) 

(32) 7.3-7.5 (bm, JOH, Ph); 4.0 (bm, 8H, SCH2CH2S) 

(33) 4.0 (bm, 8H, SCH2CH2S) 3.2 (S, 6H, C2Me) 

(34) 7.3-8.0 (bm, 3OH, Ph); 4.2 (t, 2H, CH2) 

D 
cs = singlet, d = doublet, m = multiplet, bm = broad multiplet. 
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CHAPTER 5: 
REACTIONS OF THE CUBANE TYPE CLUSTER, 

Fe4CP4S6 WITH THE COMPLEXES 

[Ml2(C0)3(NCMe)J, [Ml2(C0)3(dppe)], 
[Ml2(C0)3(dppr)J AND [Ml2(C0)3(NCMe) 
(172-RC2R)J (M = Mo, W; R = Ph, Me) 
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CHAPTER 5: REACTIONS OF TUE CU BANE TYPE CLUSTER, Fe4Cp4S6 

WITH II\1l2(CO)iNCl\1e)2l, IMI2(CO)idppe)I, IMli(CO)idpppr)I 
• 

5.1 INTRODUCTION 

5.1.1 Iron-sulphur Clusters 

In the past two decades many different iron-sulphur clusters have been 

reported from both naturally occurring and synthetic origins. Of the structurally 

I . d I h . 14!{- l ')R I . F' 5 J Cl c 1aractense c usters t ere are ten marn types as s 10wn rn 1gure . . uster 

types 1, 3 and 4 are known to occur in proteins. ll can be seen that the different 

clusters may exist in a wide range of oxidation states depending on the ligands 

attatched to the iron atoms. Often the different types of clusters may be grouped 

into quite complex reaction schemes as is shown in Scheme 5.1 below. 

[ FeC14 ] 2-

1 4NaSEt, MeCN 

[Fe(SEt) 4 )2 -

1 s . l MeCN 11-4S, 
[Fe2S2(SEt ) 4 l 2 - [Fe3S4(SEt )4 ] 3-

800 C l /iFeCl2 l 4RSH 
MeCN /MeCN MeCN 

[ Fe4S4 (SEt) 4 ) 2- [ Fe3S4 (SR) 4]3-

60° c, MeCN 
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r-5S, 
MeCN 

[Fe 6Sg (SEt) 2 14 -

MeCN l2RSH 

4 -
[Fe6S9 (SR) 2] 



Figure 5.1 Diagrams showing the main types of Fe-S clusters 
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5.1.2 Heterometallic M Fe3S4 cu bane-like clusters 

Heterometallic type clusters play a very important role as models for 

biological active' sites such as mo lybdenum nitrogenase. Of these heterometallic 

type clusters the ones containing a MoFe3S4 core unit are some o f the most 

important and widely characterised. The first clusters containing the MoFe3S4 core 

(Figure 5.2) were prepared by Holm et a/199 in 1978 and consisted of two MoFe3S4 

groups bridged by a sulphur atom. 

Figure 5.2 Diagram showing simple MoFe3S4 core 

Fe--S 
's 1"M 

sA-JeJ 
Fe--S 

[MFe3S4]2+/3+!4+ 

In 1986, Holm et a/2011 synthesised a whole range of molybdenum cubane 

clusters as shown in Figure 5.1 . These c lusters inc lude [MoFe3SiS-p

C6H4Cl Mal2cat)P-, [Mofe3SiSEtMdmpe)J-, [MoFe3S4Clia12cat)(THF)]2- and 

[Mofe3S4CI.J( dmpe)J- (al2cat = 3,6-diallylcatecho late). Similarly, in 1991 

Coucouvanis and co-workers20 1 reported the reaction of _lac-I Mo(COh(NCMe)3 l 

with the linear c luster fE t4Nb(Fe3S4(EtS),/ 02·203 to give the cubane-type c luster 

[Et4N]:i[Fe3S4(EtShMo(COh]- During the reaction the c luster changes configuration 
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from a linear compound to a cubane type structure with one corner of the cube 

occupied by the molybdenum atom as shown in Figure 5.3. 

Figure 5.3 Reaction of lEt4NhlFe3SiEtS)4] with.fac-(Mo(COh(NCMe)3] to 

g ive cubane-type cluster [Et4N1J[Fe3SiEtS)3Mo(CO)_iJ 

/SEt 

oc~/\ /;Fe 

S Fe 

~SEt 
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5.1.3 Reaction of the "basket" type cluster {Fe4Cp4S6 1 with 

Jae-I Mo(CO)iNCMe)3 ) 
t 

C llt\PTER 5. 

Jordanov and co-workers204 have shown the reactivity of the cluster 

lFe4C p4S6Jw
5 with the low-valent molybdenum complexes lMo(COM,i4-nor)] (nor 

= norbornadiene) and [MoBr(CO)i(NCMe)i(n-allyl)J to give the complexes 

[Mo(C0)4(Fe4S6Cp4)] and [MoBr(COh(NCMe)(Fe4S6Cp4) ] respectively ( Figure 

5.4). In both cases the complexes contain a Fe4S4 u11it, howeve r, the molybdenum 

atom is not part of the cube, but is bound via the two "handle" sulphur atoms of the 

"basket" . Physical studies of the two complexes suggested the integrity o f the 

cluster remained unchanged and the molybdenum atoms were indeed bound via the 

S-S group or the cluste r as opposed to the µ 3 sulphurs of the cage. 

Figure 5.4 Structures of the complexes lMo(CO>.t(Fe4S6Cp4 ) ] and 
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5.1 .4 Mossbauer Spectroscopy 

Mossbauer or nuclear gamma resonance spectroscopy (NGR) is one of the 
• 

many analytical techniques used to study iron-sulphur c lusters. As the alternative 

name suggests the technique involves the study of a suitable nucleus using gamma 

radiation. Some of the nuclei which can be studied using Mossbauer are listed in 

Table 5. l below. However, the most extensively studied isotope is 57 Fe which is 

found in 2.2% natural abundance (56Fe, the most abundant isotope, is Mossbauer 

silent). 

Table 5.1 Most common isotopes for Mossbauer spectroscopy 

Isotope Natural Spin States Ey Source Half 
Abundance (gd) (ex) (KeV) Isotope life 

% 

57Fe 2.2 1/2 3/2 14.4 57co 270d 

I 19sn 0 .63 1/2 3/2 23.8 l 19ms n 240d 

12 l sb 2. J 5/2 7/2 37.2 121 msb 77y 

1271 100 5/2 7/2 57.6 127mTe 105d 

1291 0.6 7/2 5/2 27.7 129mTe 33d 

99Ru 12.8 3/2 5/2 89.4 99Rh l6d 

I 9Jr 6 1.5 1/2 3/2 73.0 193mos JOh 

197Au 100 3/2 1/2 77.3 l 97mrt 18h 

0 

l lOn 



• 5.1.4.1 The Mossbauer experiment 

In 1957, Mossbauer discovered that a nuc leus held with in a solid lattice can 
t 

absorb and emit gamma rays without recoil. Jt is essential that the nuclear recoil 

energy is less than the difference between the two nuclear energy leve ls in order for 

the Mossbauer efTect to be observed. Mossbauer spectroscopy is therefore limited lo 

certa in nuclei with suitable energies o f nuclear gamma rays, normally those with 

low-lyi ng excited states. Of the many Mossbauer active nucle i, 57F e has the most 

favourable properties and hence is the most common Mossbauer nuc le i. The 57Fe 

M ossbauer experiment invoves the use of a 57Co source which decays to an excited 

state of 57fo which further decays to the ground state hence e mitting a 14.4 keY 

gamma ray which is used as the source radiation (Figure 5.5) 

Figure 5.5 Decay of 57Co to give 14.4 keY gamma ray 

"Co ----.----

_..__T-_-T __ 136 ke V 

91/. 91% 

"Fe 

gamma ray 

The source radiation is the n passed through the iron-containing absorber (sample), 

where it is partially absorbed and then lo a suitable detector. In order to scan a 

I I I 
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spectrum the source is mounted on a vibrator and the spectrum scanned via the 

Doppler effect. Hence, Mossbauer spectroscopy uses the unusual energy units of 
t 

mm s-1. The spectrum is normally accumulated over a period of many hours or days 

until a satisfactory signal to noise ratio is obtained. A schematic of a typical 

Mossbauer spectrometer is shown in Figure 5.6. 

The energy levels within an iron nucle us are altered by the relative 

enviroment of that nucleus. Mossbauer spectroscopy allows the probing of a sample 

for the different nuclear enviroments within that sample. A typical Mossbauer 

spectrum as shown in Figure 5. 7 is characterised by the number, shape, position 

and relative intensity of the absorption bands. 

Figure 5.6 Schematic showing simplified Mossbauer spectrometer. 
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Figure 5.7 Typical Mossbauer doublet showing important parameters 

quadrupole splitting 
◄ ~ 

-I -0.5 0 0.5 l 1.5 2 

ISOMER SHIFT/MM s-1 

5. t .4.2 The Mossbauer spectrum and parameters 

A Mossbauer spectrum contains two major parameters which are "fi tted" to 

the raw absorption data using a computer program. These parameters are the isomer 

shift, oand the quadrupole splitting, Li. 

The isomer shill is the position of the centre of the spectrum on the energy 

(velocity) scale compared to that of a standard eg. iron foil. The isomer shift is a 

result of the monopole interaction between the nucleus and the electronic charge 

surrounding the nucleus (Figure 5.8). 

The quadrupole splitting is due lo the nuclear angular momentum, /, of the 

nucleus resulting in a non-spherical charge di stribution around the nucleus and 

hence a quadrupole moment. ln the case of 57Fe the excited state I = 312, is split 

into two sub levels by an electric fi eld gradient to give 111/ = +/- 1/2 and m1 = +/-

312. This leads to the splitting of one line into two lines within the Mossbauer 
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spectrum (Figure 5.8). Quadrupole splitting gives information about the symmetry 

of the bonding e nvironment surrounding the nucleus . 
• 

Figure 5.8 Diagram showing a) isomer shift oand b) quadrupole splitting, L.1 

m, 
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I 
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velocity velocity 
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5.2 Results and Discussion 

The following sections describe the reactions of the c ubane-type cluster 

= Mo,W) and the reactions o f the resulting complexes with a number of thiolates. It 

can be seen that the cluste r [Fe4C p4S6J (Figure 5.9) can be described as a "basket" 

type cluster w ith the two top sulphur atoms forming the "handles". It is possible the 

cluster rn~y coordinate via these two "handle" sulphur atoms to the metal centres of 
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the complexes lMli(COh(NCMe)i] (M = Mo,W). Some preliminary studies of the 

work described in this chapter were originally carried out by K. Mitchell206 but all 

complexes have been prepared and fully characteri sed during this thesis. The iron-

. . 205 
sulphur cluster was prepared vw the literature method . 

5.2. J Reaction of the complex (Wlz(COh(NCMe)il with the cu bane-type 

cluster 1Fe-1Cr-1S6J 

The reaction of the tungsten complex [Wli(CO)iNCMe)2J reacts with one 

equivalent of the cluster lFe4Cp4S6] at room temperature in CH2Cl2 to give the new 

tungsten complex [Wli(COh(Fe4Cp4ScS,S')J (35) in relatively good yield. The 

complex (35) is a black crystalline solid which is sparingly soluble in CH2Cl2, but 

relatively insoluble in most other common solvents. The complex is oxygen 

sensitive in both solution and the solid-stale and is best handled and stored in a 

nitrogen bag or glove box for all but very short periods of time. The complex was 

characterised by elemental analysis C, 1-1, N, S (Table 5.1 ), infra red, 11-1 NMR and 

Mdssbauer spectroscopy (Tables 5.2- 5.4). 

The infra red spectrum of complex (35) was recorded as a KBr pellet and 

shows three distinct strong carbonyl stretches al 1873, 1934 and 20 IO cm ·1 

respectively suggesting the retention of three carbonyl ligands during the reaction. 

The higher frequency stretch al 20 IO cm-1 may be attributed lo the capping 

carbonyl position suggesting a capped octahedral geometry for the complex. The 

solution infra red in Cl 12Cl2 also shows three carbonyl stretches suggesting the 

presence of one isomer in solution. 

A weak stretching band is also observed at 450 cm·' ,,vhich can be attributed 

to the µ 3-sulphur atoms of the iron-sulphur cluster which are attached to the 

tungsten centre. This can be compared to the Pi-sulphur stretch observed for the 

free cluster at 439cm·1, which is no longer seen upon coordination of the cluster lo 

the tungsten centre. 
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Figure 5.9 Diagram showing structure of the cluster (Fe4Cp4S6) 
r 

s 

s-

The 1H NMR spectrum of free lFe4Cp4S6J in CDCl3 shows two signals of 

equal intensity at o = 4.5 and 5.0 ppm respectively. However, upon coordination of 

the resulting iron-sulphur cluster complex is very insoluble and little is seen in the 

1 H N MR spectrum. 

The Mossbauer spectrum of complex (35) shows an overlapping set of 

doublets suggesting two iron environments within the cluster-complex. The doublet 

with the largest quadrupole split may be attributed to the iron atoms at the lop of the 
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cluster closest to the tungsten metal centre. While the doublet with the smalle r 

quadrupole split can be assigned to the other two iron atoms at the base of the 

c luste r. 

5.2.2 Reaction of the complex (Mol2(CO)iNCMe)21 with the cu bane-type 

cluster (Fe4Cp4S6l 

A s imilar, but much faster reaction of the molybdenum complex 

lMoli(COh(NCMe)i] with one equivalent of the cluster lFe4C p4S6j at room 

tempe rature in C H2Cl2 gives the new seven-coordinate complex [Mo li(CO)3 

(Fe4C p4S6-S,S)] (36) in relatively good yield. The complex (36) is a b lack 

crysta lline solid which is sparingly soluble in C H2Cl2, but relatively insoluble in 

most other common organic solvents. The molybde num complex is more a ir

sens itive than the tungsten analogue in both solution and the solid-state and again is 

best handled and stored in a nitrogen bag or glove box. The complex was 

characterised by e lementa l a nalysis C, H, N, S (Table 5. 1 ), infra red , 1H NMR a nd 

Mossbauer spectroscopy (Tables 5.2- 5.4). 

The infra red spectrum of complex (36) was recorded as a KB r pell et and 

shows three distinct strong carbonyl stretching bands at 1886, 1945 and 20 14 cm-1 

respective ly again suggesting the retention o f three carbonyl ligands as seen with 

the a na logous tungsten complex, suggesting that complexes (35) and (36 ) have a 

s imila r solid-state structure. 

The h igh freque ncy carbonyl band at 20 14 cm·1 is aga in indicati ve of a 

carbonyl ligand in the capping position. The solution infra red spectrum in CH2C l2 

a lso shows three carbonyl stretches suggesting the presence of one isomer in 

solution. A weak stretching band is a lso observed at 450 cnr 1 whic h can be 

a ttributed to the ~trsulphur atoms of the iron-sul phur c luster which are attached to 

the molybdenum centre. As before no µ 2-sul phur stretch is observed suggesting 

coordination to molybdemun v,a the two sulphur atoms at the top of the cluster. 
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The 1H NMR spectrum of complex (36) again shows no cyclopentadienyl 

signals, probably due to the increased insolubility of the complex upon coordination 
• 

of the iron cluster. T he Mossbauer spectrum shows an overlapping set of doublets 

suggesting two iron environments within the cluster-complex. The doublet with the 

largest quadrupole splitting may again be attributed to the iron atoms at the top of 

the cluster closest to the tungsten meta l centre. While the doublet with the smaller 

quadrupole splitting can be assigned to the other two iron atoms at the base o f the 

cluste r. 

T he combined spectroscopic evidence for complexes (35) and (36) suggests 

they are similar in composition and structure. The following capped octahedral 

geometry shown in Figure 5.11 is suggested as the like ly structure for complexes 

(35) and (36) in the solid-state. Unfortunately no crystals of suitable qual ity for X

ray analysis were prepared despite exhausti ve attempts over a two year period. 

5.2.3 Reaction of the complex [Wli(C0h(Fe4Cp4S6 -S,S')I (35) with the 

sodium thiolates NaSAr (Ar = Ph or C6 112Me3-2,4,6{tmt}) 

T he tungsten complex lWl 2(COh(Fe4C p4S6-S}i')] (35) reacts with one 

equivalent of NaSAr (Ar = Ph or C6 H2Me3-2,4,6) at room temperature in Cl-12C l2 to 

give the new seven-coordinate complexes LWl(SPh)(COh(Fe4Cp4S6-S,S')J (37) and 

[Wl(tmt)(COMFeiC5H5) 4S6-S,S')J (38) in re latively good yield . Both complexes 

(37) and (38) are black crystalline solids which are more soluble in Cl-12Cl 2 than 

the ir diiodo cluster precursors. Both complexes are oxygen sensiti ve in both 

solution and the solid-state and are best handled and stored in an inert atmosphere. 

The complexes (37) and (38) were c haracterised by ele mental a nalysis C, H, N, S 

(Table 5.1 ), infra red, 1H NMR and Mossbauer spectroscopy (Tables 5.2- 5.4 ). 

T he infra red spectra o r both complexes were recorded as KBr pellets and 

in both cases show three distinct strong carbonyl stretches suggesting the retention 

of three carbonyl ligands duri ng the reaction. Weak stretches are also observed al 
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448 cm-1 and 451 cm-1 for both complexes which can be attributed to the µ 3-sulphur 

atoms of the iron-sulphur cluster which are attached to the tungsten. 
~ 

The 1H NMR spectrum of complex (37) in CDC1 3 shows two multiplets are 

also observed at 7.2 and 7.5 ppm corresponding to the two ortho and the three meta 

and para protons respectively of the thiolate. The 1H NMR spectrum of complex 

(38) in CDCl3 also shows two shitled multiplets at 8 = 2.2 ppm and 2.3 ppm 

corresponding respectively to the six protons of the orrho-methyl groups and the 

three protons of the para-methyl group of the ligand are observed. A multiplet is 

also observed at 8 = 6.9 ppm corresponding to the me/a-phenyl protons of the tmt 

ligand. 

Figure 5.11 Proposed structure of complexes lM12(CO)J(Fe4Cp4S6-,S,S')J 
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The Mossbauer spectra of both complexes (37) and (38) show an 

overlapping set of doublets suggesting two iron environments within the cluster-
• 

complex. Both complexes exhibit similar isomer and quadrupole shifts for both 

doublets. In both cases the doublet with the largest quadrupole split is likely to be 

due to the iron atoms at the top of the cluster closest to the tungsten metal centre. 

While the doublet with the smaller quadrupole split can be assigned to the other 

two iron atoms at the base of the cluster. 

Similar reactions of the tungsten complex [Wli(COh(Fe4Cp4S6-S,S')J (35) 

with two equivalents of NaSAr (Ar = Ph or C6H2Me3-2,4,6) at room temperature in 

CH2Cl2 gave the new seven-coordinate complexes [W(SPh)i(COMFe4(CJl5) 4S6 -

S,S')] (39) and lW(tmth(COh(Fe4Cp4S6 -S,S')] (40) in relatively good yield. Both 

complexes (39) and (40) are black crystalline solids which are sparingly soluble in 

CH2Cl2 aga in more than the ir diiodo-cluster precursors. 

The infra red spectra of both complexes (39) and ( 40) were recorded as KBr 

pellets and in both cases show three distinct strong carbonyl stretches suggesting the 

retention of three carbonyl ligands during the reaction. Similarly lo complexes (37) 

and (38), weak stretching bands are also observed which can be attributed to the 

###3-sulphur atoms for both complexes at around 450 cm-1 suggesting coordination 

to tungsten 1•ia the two sulphur atoms at the top of the cluster. 

The 11-1 NMR spectra of both complexes (39) and (40) in CDCl3 are very 

similar to those of complexes (37) and (38) again showing no Cp signals probably 

due to the insolubility of the complexes. The Mossbauer spectra of both complexes 

(39) and (40) show an overlapping se t of doublets with similar o and 6. values to 

those of complexes (37) and (38) again suggesting two iron environments within the 

cluster-complex. 
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5.2.4 Reaction of the complex 1Mol2(COh(Fe4Cp4S6 -S,S')I (36) with the 

sodium thiolates NaSAr (Ar= Ph or C6112Me3-2,4,6{tmt}) 
• 

The molybdenum complex lMoli(COh(Fe4Cp4Sc,-S,S')] (36) reacts with 

one equivalent of NaSAr (Ar = Ph or C6 H2Me3-2,4,6) al room temperature in 

S.S')j (41) and lMol(tmt)(CO)JlFe4Cp4S6 -S,S')J (42) fairly good yield. Both 

complexes (41) and (42) are black crystalline solids which are sparingly soluble in 

CH2Cl2 more so than their diiodo-cluster precursors. Both complexes are oxygen

sensitive in both solution and the solid-slate and are best handled and stored in an 

inert atmosphere. The complexes (41) and (42) were characterised by elemental 

analysis C, H, N, S (Table 5.1 ), infra red, 11-l NMR and Mossbauer spectroscopy 

(Tables 5.2- 5.4). 

The infra red spectra of both complexes (41) and (42) were recorded as KBr 

pellets and in both cases show three distinct strong carbonyl stretches suggesting the 

retention of three carbonyl ligands during the reaction. Weak stretching bands are 

also observed al around 450 cm·1 for both complexes which can be attributed to the 

µ 3-sulphur atoms of the iron-suJphur cluster which are attached lo the molybdenum. 

The 1H NMR spectrum of complex (41) in CDCl3 shows two shilled 

multiplets al 8 = 7.2 and 7.5 ppm corresponding lo the two ort/10 and the three 

meta and para protons respectively of the thiolate. The 1H NMR spectrum of 

complex (42) in CDCl3 shows two shifted multiplets at 8 = 2.2 ppm and 2.3 ppm 

corresponding respectively to the six protons or the ort/10-methyl groups and the 

three protons of the para-methyl group of the ligand are observed. A multiplet is 

also observed at 8 = 6.9 ppm corresponding lo the me/u-phenyl protons of the tml 

ligand. 

The Mossbauer spectra or both complexes ( 4 l) and ( 42) show an 

overlapping set or doublets suggesting two iron environments within the clusler

complex. Both complexes exhibit similar isomer and quadrupole shifts for both 
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doublets. In both cases the doublet with the largest quadrupole split is like ly to be 

due to the iron atoms at the lop o f the cluster c losest to the molybdenum metal 

• 
centre. While the doublet with the smaller quadrupole split can be assigned to the 

other two iron atoms at the base of the cluster. 

Similar reactions of the molybdenum complex [Moli(COh(Fe4Cp4S6-S.S')J 

(36) with two equivalents of NaSAr (Ar = Ph or C6H2Me3-2,4,6) at room 

gave the new seven-coordinate complexes 

[Mo(SPh)i(CO)JlFe4Cp4S6-S.S')J ( 43) and [Mo(Stmt)z(CO)JCFe4Cp4S6-S,S')J ( 44) in 

relatively good yield. Both complexes ( 43) and ( 44) are black crysta lline solids 

whic h are sparingly soluble in C H2Cl2 again more so than their diiodo-cluste r 

precursors. 

The infra red spectra of both complexes ( 43) and ( 44) were recorded as KBr 

pellets and in both cases show three distinct strong carbonyl stretching bands 

suggesting the retention of three carbonyl ligands during the reaction. Similarly to 

the molybde num complexes ( 41 ) and ( 42), weak stretches are a lso observed which 

can be attributed to the µ 3-sulphur atoms for both complexes at around 450 cm-1 

suggesting coordination to molybdenum via the two sulphur atoms at the top of 

the cluste r. 

The IJ I NMR spectra of both complexes (43) and (44) in CDCl3 a re very 

similar to those of complexes (41 ) and (42) showing no C p signals. The 

Mossbauer spectra of both complexes ( 43) and ( 44) show an overlapping set of 

double ts with similar i.s and q.s values to those of complexes (41 ) and (42 ) again 

suggesting two iron environments within the cluster-complex. The Mossbauer 

spectrum of the complex (38) is shown below in figure 5.12. and a schematic o f 

the reactions or both thiolates with complexes (35) a nd (36) shown in Figure 5.13. 
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Figure 5.12 Mossbauer spectrum of the complex ( 42) 
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Figure 5. 13 Schematic o f the reactions of -SPh and tmt with complexes (35) and 

(36) 
• 

M = Mo er W 

x-= 

SPh tm t 
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5.2.5 Reactions of the complex (Wlz(COh(NCMe)zl with one equivalent of 

dppe or 1PPPf followed by an in situ reaction of the cluster (Fe_.Cp4S6J 

The reaction of the tungsten starting complex lWli(COh(NCMe)i] with one 

equivalent of dppe at room temperature in CH2Cl2 gave the complex 

[Wli(COh(dppe-/',P ')] which was reacted, in situ, with one equivalent or 

[Fe4Cp4Sc.J to give the 2: I charged complex [W(CO)j( dppe-P,/'')(Fe4Cp4S6-S,S')J21 

(45). Similarly the reaction of [Wli(COh(NCMeh] with one equivalent of dpppr 

followed by one equivalent of [Fe4Cp4S6J gave the analogous 2: I charged complex 

[W(COMdpppr-P,P')(Fe4Cp4S6-S},' '))21 (46).The complexes were black crystalline 

solids which were sparingly soluble in CH2Cl2 but more soluble in acetonitrile. The 

complexes (45) and (46) were characterised by elemental analysis C, H, N, S 

(Table 5.1 ), infra red and 11-1 NMR spectroscopy (Tables 5.2- 5.3). Conductivity 

measurements of both complexes in NCMe showed them to be 2: 1 electrolytes (t\ 

m= 175 and 179 S cm2 mol -1 respectively). 

The infra red spectra of both complexes (45) and (46) were recorded in 

CH2Cl2 and display the expected three strong carbonyl stretches al (2034, 1963 and 

1909 cnr1) and (2039, 1969 and 1919 cm-1) respectively (Figure 5.14). As ,vith 

previous complexes upon coordination to the cluster, the stretch at 439 cm-1 

disappears upon coordination suggesting the tungsten is attached via the two top 

sulphur atoms of the cluster. 

The 1H NMR spectrum of complex (45) again has no signals which may be 

assigned to Cp protons. However, the phenyl protons of the dppe are observed as a 

broad multiplet at 8 = 7.6 ppm slightly shifted from those of the free ligand. 

Similarly the CH2 protons of the dppe ligand are observed as multiplet at 8 = 2. 7 

ppm. A very similar 11 I NMR spectrum is observed for complex ( 46) wi th a 

multiplet at o = 7.6 ppm due to the phenyl protons of the diphosphine accompanied 

by two further multiplets at o = 2.9 ppm and 8 = 2. I ppm which may be assigned to 

the Cl-1 2 protons of the dpppr ligand. 
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Figure 5.14 Infra red carbonyl regions of complexes ( 45) and ( 46) recorded in 
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5.2.6 Reaction of the complex [Moli(COh(NCMe)zJ with one equivalent of 

dppe or dpppr followed by an in situ reaction of the cluster [Fc4Cp4S6 ) 

The reaction of the molybdenum starting complex [Moli(COh(NCMe)i] 

with one equivalent of dppe at room temperature in CH2Cl2 gave the complex 

[Moli(COh(dppe-P,P')] which was reacted, in situ, with one equivalent or 

[Fe4Cp4S6] to give the 2: 1 charged complex [Mo(COMdppe-P,P'Xfe4Cp4S6-S,S')]21 

(47). Similarly the reaction of LMoli(COh(NCMe)i] with one equivalent of dpppr 

followed by one equivalent of [Fe4Cp4S6J gave the analogous 2: 1 charged complex 

[Mo(COh(dpppr-P,P')(Fe4Cp4Sc;-S',S')]21 (48).The complexes were black 

crystalline solids which were sparingly soluble in CH2Cl2 but more soluble in 

acetonitrile. The complexes ( 47) and ( 48) were characterised by elemental analysis 

C, H, N, S (Table 5.1), infra red and 11-l NMR spectroscopy (Tables 5.2- 5.3). 

Conductivity measurements of both complexes in NCMe showed them to be 2: I 

electrolytes (/\m= 177 and 181 S cm 2 mol·1 respectively). 

The infra red spectra of both complexes ( 47) and ( 48) were recorded m 

CH2Cl2 and display the expected three strong carbonyl stretches at (2041, 1976 and 

I 9 I 9 cnr1) and (2042, 1964 and 1908 cm·1) respectively. As previously seen upon 

coordination to the cluster, the stretch at 439 cnr1 disappears upon coordination 

suggesting the tungsten is at1ached via the two top sulphur atoms of the cluster. 

The 1H NMR spectrum of complex (47) again shows no vi.sible Cp protons. 

The phenyl protons of the dppe are observed as a broad multiplet at o = 7.5 ppm 

slightly shifted from those of the free ligand (8 = 7.8 ppm) and the CH2 protons of 

the dppe ligand are observed as multiplet at o = 2.75 ppm. A very similar lJ·l NMR 

spectrum is observed for complex ( 48) with no Cp resonances. However, seen as a 

multiplet at 8 = 7.5 ppm are the phenyl protons of the di phosphine accompanied by 

two further multiplets at o = 2.9 ppm and o = 2. 1 ppm which may be assigned to 

the CH2 protons of the dpppr ligand. 
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5.2.7 Reactions of the alkyne complexes IWl2(CO)(NCMe)(ri2-RC2R)2) with 

[Fe4Cp4S6 ) (R = Me, Ph) 
• 

The reaction of the tungsten bis(alkyne) complexes [Wli(CO)(NCMe)(ri 2-

MeC2Me)i] and LWli(CO)(NCMe)(ri2-PhC2Ph)2] with one equivalent of the cluster 

l Fe4Cp4S6J at room temperature in CH2Cl2 gave the new alkyne-cluster complexes 

LWl(CO)(Fe4C p4S6-S,S')(ri2-MeC2Me)iJI ( 49) and lWl(CO)(Fe4Cp4S6-S},')(112-

PhC2Ph)2JI (50) in relatively high yields. Both complexes (49) and (50) are black 

micro-crystalline solids which are soluble in Cl-12Cl 2 and NCMe, but relatively 

insoluble in diethyl ether and hexane. Both complexes are fairly oxygen-sensitive in 

both solution and the solid-state and are best handled in a nitrogen atmosphere 

even for short periods of time. The complexes ( 49) and (50) were characterised by 

elemental analysis C, H, N, S (Table 5. t ), infra red and 1H NMR spectroscopy 

(Tables 5.2 and 5.3). 

The infra red spectra of complexes (49) and (50) were recorded as a KBr 

pellets and both exhibit strong carbonyl resonances at 2040 and 2070 cm-1 

respectively. The relatively high frequency of the carbonyl stretches, s imilar to 

those of the starting materials, suggests the re tention of both a lkyne ligands during 

the reaction. For both complexes a weak stretch is also observed at 455 cm·1 which 

can be attributed to the ~13-su lphur atoms of the iron-sulphur cluster which are 

attached to the tungsten centre. This can be compared to the µrsulphur stretch 

observed for the free cluster at 439cm-1 which is no longer seen upon coordination 

of the c luster to the tungsten centre. Conduc ti vity measurements of both complexes 

in acetonitrile showed both to be 1: 1 electrolytes ( 139 and 142 S cm 2 mot -1 

respectively). 

The 11-1 NMR spectra of both complexes (49) and (50) in CDCl.1, as 

with the previously described complexes, show no Cp protons of the cluster. In the 

case of complex ( 49) there is a resonance at 6 "' 3.0 ppm which may be assigned to 

the methyl protons of the alkyne and in complex (50) the phenyl protons of the 
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alkyne are observed as a multiplet at o = 7.5 ppm. All integrals are in agreement 

with the proposed formulation of complexes ( 49) and (50). 
t 

It is interesting to note that the reaction of lWii(CO)(NCMe)(112-MeC2Me)i] 

with an equimolar amount of 2,2'-bipy in the presence of Na[BPh4) 

gives the crystallographically characterised complex [Wl(C0)(2,2'-bipy)(112-

MeC2Me)2J[BPh4]206. The molecule adopts a distorted octahedral geometry with the 

2-butyne ligands cis and parallel to one another. The carbonyl group is trans to the 

iodide with the remaining two coordination sites occupied by the nitrogen atoms of 

the bipyridyl ligand. The complexes ( 49) and (50) have very similar spectral 

properties, in particular the high carbonyl stretching band, to the complex 

[WI(C0)(2,2'-bipy)(112-MeC2Me)i](BPh4] it is possible therefore to suggest similar 

structures for complexes ( 49) and ( 50). 

5.3 CONCLUSIONS 

In conclusion we have carried out the reaction of the seven-coordinate 

complexes lMli(COMNCMe)i] [Ml 2(C0)3(dppe)], [Ml 2(C0h(dpppr)] and 

[Mlz(CO)(NCMe)(rJ2-RC2R)2J (M = Mo, W; R = Ph, Me) with the cluster 

[Fe4Cp4S6]. The complexes obtained all contain an intact [Fe4Cp4S6] cluster which 

is bound to the W or Mo metal via the two "handle" sulphurs or the so-called 

"basket". These complexes provide very simple models for the active site of the 

metalloenzyme nitrogenase. 
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Table 5. 1 Physical and analytical data" for complexes (35) - (50) 

Complex Colour Yie ld %C ¾ H %S 
% 

(35) [Wlz(COh(Fe4Cp4S6-S.S')J Black 65 22.60 1.68 16.00 
(23.06) ( 1.67) (16.06) 

(36) [Moli(COh(Fe4Cp4Sr,-S,S')] Black 60 23.88 1.8 1 16.86 
(24.14) ( 1.88) (17.33) 

(37) l Wl(SPh)(CO),(Fe4Cp4S6-S,S')j Black 48 29.65 2.42 18.27 
(29. 50) (2. 14) ( 19.02) 

(38) l WI( tml)(CO),(Fe4Cp4S,;-S.S')j Black 5 1 J 1.J I 2.65 16.80 
(3 l.45) (2.56) ( 18.36) 

(39) [W(SPh)i(COh(Fe4Cp4S6-S,S')] Black 6 1 35.95 3.06 23 .0 1 
(36.17) (2.60) (22.07) 

(40) [W(lml)i(COMFe4Cp4S6-S',S')J Black 58 40.56 J .84 17.62 
(39.5 1) (3.40) (20.58) 

( 41) [Mol(SPh)(COMfe4Cp4S6-S,S')J Black 56 31.19 1.85 2 1.11 
(J 1.89) (2.J 1) (20.SS) 

( 42) [Mol(trnt)(CO)iFe4Cp,1S6-S,S')] Black 45 33 .78 2.59 18.71 
(33 .89) (2.75) (1 9.79) 

( 43) [Mo(SPh )i(CO).i(Fe,1C p,1S6-S.S')) Rlack SJ 39. 13 2.69 25.87 
(39. 13) (2.81) (23.67) 

(44) lMo(tmth(COh(Fe4Cp4Sr,-S,S')j Black 50 42.47 3.83 22.24 
(42.50) (J .65) (22.12) 

( 45) [W(COh( dppe-PJ'')(Fe4Cp4Sr,-S,S')]21 Black 65 36.10 2.8S 11 ,62 
(36. 97) (2. 79) ( 12.08) 

( 46) l W(COh( dpppr-/.,, P')(Fe4Cp4S6-S,,\'') j21 Black 67 36.86 2.74 10.80 
(37.29) (2.86) ( 11 .92) 

( 47) (Mo(CO)_.( dppe-/'. J> ')(Fe,iCp4S6-S,S') }21 Black 56 39. 13 2.98 12.56 
(39.13) (2.95) ( 12.79) 

( 48) [Mo(CO)1( dpppr-l'. f'')(Fe4Cp4S,;-S.S')l21 Alack 78 39.32 2.53 13.27 
(39.45) (3 .02) ( 12.6 1) 

( 48) [Mo(COh( dpppr-/>. !'')( Fe4Cp4Sr,-S.S') J2I Black 78 ]9.32 2.53 13.27 
(39.45) (3 .02) ( 12.6 I) 

(49) l Wl(CO)( Fe 1Cp,1Sr,-S, ,\'')( ri 2-MeC2Me)ijl Black 50 38.76 2.05 12.07 
(39.2 1) (2. 74 ) (13.08) 

(50) l Wl(CO)(fe4Cp4Sr,-S),')( ri 2-PhC2Ph h JI Black 67 26.97 2.40 14.29 
(27.87) (2.58) ( 15.39) 
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Table 5.2 

D 

Compound 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 

( 41) 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(SO) 

Infra red datah for complexes (35) to (50) 

I v C=O cm·1 

I 

v µ3-S cm·1 

1873(s), 1934(s), 2010(s) 448(w) 

1886(s), 1945(s), 20 14(s) 447(w) 

19 19(s), 1988(s), 2056(s ) 448(w) 

1880(s ), 1936(s), 2000(s) 45 l (w) 

1830(s), 1850(s), 1981(s) 450(w) 

1833(s), 1849(s), 1985(s ) 452(w) 

182 1(s), 1858(s), l988(s) 450(w) 

1829(s), 1858(s), 1989(s) 449(w) 

l 832(s), I 869(s), I 995(s) 448(w) 

l830(s), 186 l(s), I 992(s) 450(w) 

2034(s), 1963(s), 1909(s) 449(w) 

2039(s), l969(s), 1919(s) 447(w) 

204 l(s), 1976(s), 19 19(s) 448(w) 

2042(s), l964(s), 1908(s) 448(w) 

2040(s) 455(w) 

2070(s ) 455(w) 

hAII data recorded as KBr Pellets; s = strong, w =weak. 
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I 

v C=C cm·' 

I 
-----

-----

-----

-----

-----

-----

-----

-----

-----

-----

-----

-----

-----

-----

1650(w) 

I 635(w) 
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Mossbauer datad for selected complexes at 77K and zero magnetic 

fie ld . 

. 
Compound 6 (mms-1) /::i (mms-1) 

Isomer Shift Quadrupole Split 

(36) 0.40 J.34 

0.42 0.98 

(37) 0.41 1.39 

0.41 0 .98 

(38) 0.41 1.34 

0.41 0.98 

(39) 0.41 1.39 

0.4 1 0.98 

(40) 0.40 1.38 

0.42 1.05 

(41) 0.41 1.37 

0.41 1.03 

(42) 0.4 l 1.43 

0.41 0.97 

(43) 0.40 1.44 

0.41 0.97 

(44) 0.40 l.35 

0.40 0.98 

(45) 0.40 1.35 

0.4 I 0.96 

dMossbauer samples were prepared as mulls with Boron nitride 
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CHAPTER 6: 
Experimental for chapters two to five. 



CHAPTER SIX: EXPERIMENTAL FOR CHAPTERS TWO TO FIVE. 

6.1 INTRODUCTION 

All the reactions described were carried out under an atmosphere of dry 

dinitrogen using standard Schlenk line techniques, with the exception of some ligand 

syntheses. Dichloromethane was dried by refluxing over phosphoru~ pentoxide, while 

diethyl ether and thf were dried over sodium wire. The starting materials 

[Mlz(CO)lNCMe)i] and [Mli(CO)(NCMe)(RC2R)2] (M = Mo, W; R = Me, Ph) were 

prepared according to literature methods50, 118. All other chemicals were obtained 

commercially, unless otherwise stated, and used without further purification. 

Proton NMR spectra were recorded on a Bruker AC/250 (University of Wales, 

Bangor) or a Jeol GSX 270 (NFL, Norwich) spectrometer and referenced to 

tetramethylsilane. 13C NMR were carried out on a Jeol GSX 270 spectrometer at the 

NFL, Norwich, with the help of Dr. Shirley Fairhurst. lnra red spectra were recorded on a 

Perkin-Elmer 1600 series FTIR spectrophotometer. 

Elemental analyses (C,H,N and S) were determined on a Carlo Erba Elemental 

Analyser MOD 1108 (using helium as a carrier gas) at the University of Wales, Bangor. 

Conductivities were measured using a Portland Electronics conductivity bridge. 
M• 

Crystal data was obtained with MoKa radiation using the MAResearch Image 

Plate System. Data analyses were carried out using the XDS program207. The structures 

were solved using direct methods with the Shelx86 program2os and the structure refined 

using Shelxl 209. All calculations were carried out on a Silicon Graphics Workstation at 

the University of Re~ding. 

Mossbauer spectroscopy was carried out by Dr. David Evans at the NFL, 

Norwich. Solid samples were examined at 77K using an ES-Technology MS 105 

spectrometer with a 925MBq 57Co source in in a rhodium matrix. Samples were 

referenced to a 25 micron iron foil at 298K. 
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6.2 EXPERIMENTAL FOR CHAPTER TWO 

6.2.1 Preparation of ligands NaSPh and Na21S(CB2)"S] (n = 2 or 3) 

The ligand Na2[S(CH2)2S] was prepared as follows: To 1,2-ethanedithiol ( 1. 78 

cm3
, 21.23 mmol) stirring in THF (200 cm3

) under a stream of dry nitrogen was added 

sodium metal (0.98 g, 42.46 mmol). The mixture was stirred for 72 hrs. The solvent was 

removed in vacuo to give the white crystalline solid Na2[S(CH2) 2S] (yield = 2.6 g, 18.80 

mmol) which was used without further purification. 

A similar reaction using 1, 3-propanedithiol ( 1.86 cm3
, 18.48 mmol) gave th,e 

white crystalline solid Na2[S(CH2)3S] (2.6 g, 16.80 mmol) and again the product was 

used without further purification. 

The ligand NaSPh was prepared as follows: Sodium metal (3.0 g, 130 mmol) was 

dissolved in dry methanol ( 150 cm3
) and to the continuously stirring solution under a 

stream of dry nitrogen was added thiphenol (14.3g, 130 mmol). The solution was stirred 

for 2 hours. The solvent was removed in vacuo to give the white crystalline solid NaSPh 

(yield = 15,84 g, 120 mmol) which was used without further purification. 

6.2.2 Preparation of [WI2(CO)3(PEt3hJ (1) 

To a stirred suspens ion of (W[i(CO)3(NCMe)2] (0.27 g, 0.44 mmol) in dry, 

degassed Et2O (50cm3
) under a stream of dry nitrogen was added l .OM tri ethylphosphine 

in THF (0.88 cm3
, 0.88 mmol). The resulting yellow solution was stirred for 5 mins, 

filtered and the solvent remove in vacuo 10 give a yellow solid. The yellow solid was 

recrystallised from CH2Cl2 and hexane at 0 ''C to give yellow-orange crystals of 

[Wl2(CO)3(PEt3) 2] ( I) (yield = 0.27 g, 78 %). 
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6.2.3 Pre1>aration of [W{S(CH2)iS}(CO)i(PEiJ)2 ) (2) 

To a stirred suspension of [Wii(CO)J(NCMe)2) (0.27 g, 0.44 mmol) in dry, 

degassed Et2O (50cm3
) under a stream of dry nitrogen was added I .OM triethyl phosphine 

in THF (0.88 cm3
, 0.88 rnmol). The resulting yellow solution was stirred for 5 minutes 

and filtered. Nai[S(CH2) 2S] (0.06 g, 0.44 rnrnol) was added in sitfl and the solution 

stirred for eighteen hrs to give a wine-red solution which was filtered twice over cellite. 

The solvent was removed in vacuo to give a dark red oil, which was recrystallised from 

Et2O at O °C affording dark red crystals of [W{S(CH2) 2S}(CO)i(PEt3) 2] (2) (yield = 0.21 

g, 85 %), which were suitable for x~ray crystallography. 

6.2.4 Preparation of [W{S(CH2) 3S}(CO)i(PEt3) 2) (3) 

To a stirred suspension of [Wl2(CO)J(NCMe)2] (0.22 g, 0.37 mmol) in dry, 

degassed Et2O (50cm3
) under a stream of dry nitrogen was added I .OM triethylphosphine 

in THF (0.74 cm
3

, 0.74 mmol). The resulting yellow solution was stirred for 5 minutes 

and filtered. Naz[S(CH2)3S] (0.06 g, 0.37 mmol) was added in situ and the solution 

stirred for eighteen hrs to give a wine-red solution which was filtered twice over cellite. 

The solvent was reduced to a minimum and cooled to 0 °C affording dark red crystals of 
(..>,• 

[W(S(CH2) 3S)(CO)2(PEt3) 2] (3) (yield = 0.17 g, 80 %), which were suitable for X-ray 

crystallography. 

A similar method using two eqivalents NaSPh (0.13 g, 0.98 mmol) afforded green 

crystals of [W(SPh)2(CO)2(PEt3) 2] ( 4) (yield = 0.20 g, 60 %), which were suitable for X

ray crystallography. 

6.2.5 Preparation of [Mo{S(CH2)iS}(CO)i(PEt3)il (5) 

To a stirred suspension of [Molz(CO)J(NCMe)2] (0.25 g, 0.48 mmol) in dry, 

degassed Et2O (50cm3
) under a stream of dry nitrogen was added I.OM triethylphosphine 
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in THF (0.95 cm3
, 0.95 mmol). The resulting solution was stirred for thirty seconds and 

filtered. Na2[S(CH2) 2S) (0.07 g, 0.48 mmol) was added in situ and the solution stirred for 

two hrs to give a wine-red solution which was filtered twice over cellite. The solvent was 

reduced to a minimum and cooled to 0 °C affording dark red crystals of 

[Mo{S(CH2) 2S}(CO)i(PEt3)i) (5) (yield = 0.21 g, 91 %), which were suitable for X-ray 

crystallography. 

6.2.6 Preparation of [Wl(acac)(CO)i(PEh)i] (6) 

3 3 To acetylacetone (0. 18 cm, 1.76 mmol) m dry Et2O (5 cm) was added 

NaH (0.04 g, 1.76 mmol) and the mixture stirred for five mins. The solvent was removed 

in vacuo and the resulting sodium salt resolvated in CH2C{i (10 cm3
) and EtOH (10 cm\ 

To a stirred suspension of [Wii(CO)3(NCMe)2] (l.07 g, 1.77 mmol) in dry, degassed 

Et2O (50cm3
) under a stream of dry nitrogen was added I.OM triethylphosphine in THF 

(3.53 cm3, 3.53 mmol). The resul.ting yellow solution was stirred for 5 mins and filtered. 

To the filtered solution was added the previously prepared solution of Na[acac] and the 

mixture stirred for a further eighteen hrs: after which the solvents were removed in 

vacuo. The product was resolvated in Et2O (20 cm3
) and CH2C)z (JO cm3

) and filtered 

twice to remove any Nal. The solvent was reduc~~ to a minimum and cooled to 0 "C 

affording red-orange crystals of [Wl(acac)(CO)z(PEt3) 2) (6) (yield = 0.918 g, 85 %), 

which were suitable for X-ray crystallography. 

A similar method using [Molz(CO)3(NCMe)2] (0.27 g, 0.52 mmol) afforded red

orange crystals of [Mol(-acac)(CO)i(PEt3) 2) (7) (yield = 0.27 g, 73 %) which were 

suitable for X-ray crystallography. 
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6.3 EXPERIMENTAL FOR CHAPTER THREE 

6.3.1 Preparation of the ligands RS(CH2) 2SR (R = Ph and 4-FC6 H4) 

The ligand PhS(CH2) 2SPh (s-Diphenylthiolethane) was synthesised as described 

below: Thiophenol (12.58 cm3, 123 mmol)in methylated-spirits (100 cm3) was heated 

above a steam bath for 1 hour with potassium hydroxide (6.9 g, 123 mmol) (dissolved in 

a minimum of water) and t ,2-dibromoethane (5.18 cm3, 60 mmol). The solvent was 

removed on a rotary evaporator to give acream sol id on cooling. This was recrystall.ised 

from hot methylated-spirits (825 ctn3) to give crystals of PhS(CH2) 2SPh (yield = 7.4 g, 

24%) on cooling. The crystals obtained had a melting point of 68 - 70°C. A similar 

procedure using 4-fluorothiophenol (5.60 cm3) gave 4-FC6H4S(CHi)2SC6H4F-4 (yield = 

4.3 g, 29%). 

6.3.2 Preparation of [WBrz(CO)3{PhS(CH2) 2SPh}] (8) 

To a stirred solution of [WBri(CO)iNCMe)2] (0.21 g, 0.4 12 mmol) in CH2Cl2 

(15 cm3) under a stream of dry nitrogen was added PhS(CH2) 2SPh (0. J 1 g, 0.45 t mmol). 

The resulting solution was stirred for 2 hrs before filtering over a fine frit and the solvent 
N < 

was removed in vacuo to produce a orange brown powder. The powder was dissolved in 

a minimum of CH2Cl2 and cooled to -1 s0c to give orange crystals of 

[WBri(CO\ {PhS(CH2) 2SPh}] (8) (0.12 g, 0.185 mmol, 45%) one of which was suitable 

for X-ray crystallography. 

A similar ~e,action of [MoBri(CO)iNCMe)2] (0.19 g, 0.452 mmol) with 

PhS(CH2) 2SPh (0. 12 g, 0.458 mmol) followed by recrystallisation from CH2Cl2 gave the 

brown complex [MoBri(CO)3{PhS(CH2)2SPh}] (9) (0. 1 l g, 0.181 mmol, 40%). 
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6.3.3 Preperation of [WBri(CO)3{4-FC6H4S(CB2) 2SC6H4 F-4}) (10) 

To a stirred solution of [WBri(CO)lNCMe)i] (0.25 g, 0.490 mmol) in CH2Cl2 

(20 cm3) under a stream of dry nitrogen was added 4-FC6H4S(CH2)2SC6H4F-4 (0. 15 g, 

0.513 mmol). The resulting solution was stirred for 23 hrs before filtering over a fine frit 

and the so lvent was removed in vacuo to produce a orange brown powder. The powder 

was dissolved in a minimum of CH2Cl2 and cooled to -1 s0 c to give the orange complex 

[WBri(CO)3 { 4-FC6H4S(CH2)2SC6H4F-4} J (10) (0.15 g, 0.216 mmol, 44%). 

A similar reaction of [MoBrz(CO)/NCMe)i] (0.19 g, 0.452 mmol) with 4-

FC6H4S(CH2)iSC6H4F-4 (0. 13 g, 0.453 mmol) in CH2Cl2 for 4 hrs followed by 

recrysta llisation from CH2Cl2 gave the brown complex LMoBrz(CO)3{4-

FC6H4S(CH2)2SC6H4F-4}] (11) (0. 13 g, 0.208 mmol, 46%). 

6.3.4 Preparation of IWBr(COh{PhS(CH2)zSPh-S} {PhS(CH2) 2SPh-S,S'}jBr (12) 

To a stirred solution of [WBri(COMNCMe)2] (0.2 1 g, 0.412 mmol) in C.f-12Cl2 

( 15 cm3) under a stream of dry nitrogen was added PhS(CH.2) 2SPh (0.2 1 g, 0.828 rnmol). 

The resulting solution was stirred for 17 hrs before filtering over a fine frit and the 

solvent was removed in vacuo to produce a orange brown powder. The powder was 

dissolved in a minimum of CH2Cl2 and cooled to -1 5°C to give the brown complex 

[WBr(CO)3 {PhS(CH.2) 2SPh-S}{ PhS(CH2) 2SPh-,\S''} ]Br ( 12) (0. 15 g, 0. 166 mmol, 4 1 % ). 

A similar reaction of [WBrz(CO)iNCMe)2] (0. 19 g, 0.373 mmol) with 4-

FC6H4S(CH2)2SC6H.1F-4 (0.2 l g, 0. 74 7 mmol ) fo llowed by recrystallisation from CH.2C l2 

gave the brown complex [WBr(COh {4-FCl·l.1S(CH2) 2SC6H.if-4-S} 

{4-FC6H4S(CH2) 2SC6l-l4F-4-S,S'} ]Br ( 13) (0. 17 g, 0. 175 rnmol, 47%). 

139 



6.3.5 Preparation of [WBri(CO)3 {Ph2P(S)CHi(S)PPh2}] (14) 

To a stirred solution of [WBri(COMNCMe)2] (0.07 g, 0.137 mmol) in CH2Cl2 

( 15 cm3) under a stream of dry nitrogen was added Ph2P(S)CHz(S)PPh2 (0.07 g, 0.1 45 

mmol). The resulting solution was stirred for 4 hrs before filtering over a fine frit and the 

solvent was removed in vacuo to produce a green sticky oil. The oil was washed with 

hexane and then dissolved in a minimum of CH2Cl2 and cooled to -15°C to give the 

green complex [WBri(CO)3{Ph2P(S)CH2(S)PPh2} J (14) (0.08 g, 0.086 mmol, 60%). 

A similar reaction of [WBri(CO)iNCMe)i] (0.07 g, 0.137 mmol ) with 

Ph2P(S)CHz(S)PPh2 (0.14 g, 0.290 mmol) in CH2Cl2 ( 15 cm3) for 12 hrs followed by 

washing with hexane and recrystallisation from CH2Cl2 gave the green complex 

[WBr(CO)3 {Ph2P(S)CHz(S)PPh2-S} {Pb2P(S)CHz(S)PPh2-S.S'J ]Br ( 15) (0.08 g, 0.062 

mmol, 45%). 

6.3.6 Preparation of lMoBr2(CO)2{MeS(CH2) 2S(CH2) 2SMe-S,S',S"}) (16) 

To a stirred solution of [MoBrz(COh(NCMe)2] (0.30 g, 0.722 mmol) in CH2C l2 

( 15 cm3) under a stream of dry nitrogen was added MeS(CHz)2S(CH2)2SMe (TTN) (0. 13 

g, 0.730 mmol). The resulting solution was stirred for 5 hrs before filtering over cellite 

and the solvent was removed in vacuo to produce a red oily sol id. The oil was washed 

with hexane and then dissolved in a minimum ofCl-12Cl2 and cooled to -15°C to give the 

red-brown complex [MoBrz(CO)z{MeS(CH2) 2S(CH2) 2SMe-S.S',S"J ] ( 16) (0.20 g, 0.397 

mmol, 55%). 

A similar reaction of [WBr2(COMNCMe)2j (0.29 g, 0.569 mmol) with 

MeS(CH2) 2S(CH2) 2SMe (TfN) (0.1 1 g, 0.575 mmol ) in CH2Cl2 ( 15 cm-') for 12 hrs 

followed by washing with hexane and recrystalli sation from CH2Cl2 gave the green 

complex [WBrz(CO)3{MeS(CH2) 2S(CH2)2SMe-,\S'}] (17) (0. l 9 g, 0.307 mmol, 54%). 
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6.3.7 Preperation of [MoBrz(CO)2{ttob-S,S',S"}] (18) 

To a stirred solution of [MoBrz(CO)lNCMe)2] (0.41 g, 0.986 mmol) in CH2Cl2 

( 15 cm3) under a stream of dry nitrogen was added ttob (0.26 g, 1.000 mmol). The 

resulting solution was stirred for 4 hrs before filtering over cellite and the solvent was 

removed in vacuo to produce a brown solid. The solid was washed with hexane and 

then dissolved in a minimum of CH2Cl2 and cooled to -1 soc to give the brown complex 

[MoBrz(CO)2 {ttob-S,S',S"}] (18) (0.34 g, 0.592 mmol, 60%). 

6.4 EXPERIMENTAL FOR CHAPTER FOUR 

6.4.1 Preparation of [Wl2(CO){MeS(CH2)iS(CH2) 2SMe-S,S1(Tl2
- PhC2Ph)] (19), 

[WI(CO){MeS(CH2)iS(CH2) 2SMe-S,S',S"}(T12-PhC2Ph)]I (20) and 

[WI(CO){MeS(CH2)iS(CH2) 2SMe-S,S'}(11 2-MeC2Me)]I Et2O(21) 

To a stirred solution of [WI2(CO)(NCMe)(T12-PhC2Ph)2] (0.28 g, 0.32 mmol) m 

dry degassed CH2Cl2 (45cm3) was added MeS(CH2) 2S(CH2) 2SMe (0.06 g, 0.33 mmol) 

and the solution stirred for 72 hrs. The resulting solution was filtered over cellite and the 

solvent removed in vacuo to give the green complex [Wiz(CO){MeS(CH2) 2S(CH2) 2SMe

S,S'}(1'12-PhC2Ph)] (19) (yield = 0.18 g, 67%). Recrystallisation of complex (19) from 

CH2Cl/ Et2O at O °C gave green crystals of suitable quality for X-ray crystallography. 

A similar reaction of [W12(CO)(NCMe)(1'12-PhC2Ph)2] (0.28 g, 0.32 mmol ) with 

MeS(CH2hS(CH2) 2SMe (0.06 g, 0.33 mmol), followed by a further reflux of the solution 

m CH2Cl2 ( 45 cm3) for 6 hrs gave the charged complex 

[WI(CO){MeS(CH2) 2S(CH2) 2SMe-S,S',S"}(r{PhC2Ph)]I (20). Further recrystallisation 
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of complex (20) from CH2Clz!Et20 at O °C gave the green crystalline solid 

[WI(CO){MeS(CH2)iS(CH2) 2SMe-S,S ',S"}(ri 2
- PhC2Ph)]I (20) (yield= 0.17g, 64%). 

Similarly, to a stirred solution of [Wii(CO)(NCMe)(r,2- MeC2Me)2] (0.25 g, 0.4 l 

mmol) in dry degassed CH2Cl2 (45 cm1) was added MeS(CI-h)2S(CH2) 2SMe (0.08 g, 

0.41 mmol) and the solution stirred for 72 hrs. The resulting solution was filtered over 

cellite and the solvent removed in vacuo to give the ~ green complex 

6.4.2 Preparation of IWl(CO){ttob -S,S',S"}(ri2-PhC2Ph)JI (22), [Wl{ttobS,S',S"} 

(1/-PhC2Ph)i)l3 (23) and [WI(CO){ttob-S,S',S"}(ri 2-MeC2Me)JI (24) 

To the. complex [WI2(CO)(NCMe)(r,2-PhC2Ph)2] (0.30 g, 0.35 mmol) was added 

ttob (0.09 g,0.35 mmol) with stirring in CH2C'2 (50 cm3) at room temperature for 72 hrs. 

The resulting green solution was filtered over cellite and the solvent removed in vacuo to 

give the green crystalline complex [Wl(CO){ttob -S,S',S"} (11 2-PhC2Ph)]l (22) ( yield 

= 0.17 g, 58%). Further recrystallisation of complex (22) from CH2Clz/Et20 for two 

weeks gave more of the green complex (22) and also three very well formed dark green 

crystals. These crystals were characterised by X-ray crystallography and shown to be the 

novel charged complex [Wl{ttob-S,S',S"}(r/-PhCf.fh)2]13 (23) (Yield = < 1%). Several 

further attempts at a rational synthesis of complex (23) were unsucessful. Similarly the 

reaction of [Wlz(CO)(NCMe)(ri2-MeC2Me)i] (0.30 g, 0.49 mmol) with ttob (0.13 g, 

0.49mmol) with stirring in CI-{zC12 (50 cm3) at room temperature for 72 hrs gave a green 

sticky oil. Further recrystallisation from CH2Clz!Et20 at O °C gave the lime-green 

complex [WI(CO){ttob-S,S',S"}(r,2-MeC2Me)]l (24) (yield = 0.15 g, 40%) 

142 



6.4.3 Preparation of [WBr(CO){TTN-S,S',S"}(rt2-PhC2Ph)]Br Et2O (25) 
t 

and[WBr(CO){ttob-S,S',S1'}(1,2-PhC2Ph)]Br (26) 

The complex [WBri(CO)(NCMe )(r,2-PhC2Ph)2] was synthesised via the reaction 

of [WBri(CO)J(NCMe )2] with four equivalents of diphenylacetylene as described in the 

literature. Recrystallisation from CH2Cli/EtiO (ratio = 90: 10) gave yellow crystals of 

suitable quality for X-ray analysis. To a stirred solution of [WBri(CO)(NCMe)(r( 

PhC2Ph)2] (0.51 g, 0.66 mmol) in CH2Cl2 (50 cm3) was added MeS(CH2) 2S(CH2) 2SMe 

(0.12 g, 0.66 mmol). The resulting solution was stirred for 24 hrs filtered and the solvent 

removed to give the green complex [WBr(CO){MeS(CH2) 2S(CH2) 2SMe-S,S',S"}(ri2 
-

PhC2Ph)]Br Et2O (25) (yield= 0.21 g, 44%). Similarly, the reaction of 

[WBri(CO)(NCMe)(ri2-PhC2Ph)2] (0.42g, 0.55 mmol) with ttob (0.14 g, 0.55 mmol) 

stirring in CH2Cl2 (50 cm3) at room temperature for 24 hrs, followed by filtration and 

evacuation of solvent, gives the green complex (WBr(CO){ttob-S,S',S"}(ri
2
-PhC2Ph)]Br 

(26) (yield= 0.21 g, 47%). 

6.4.4 Preparation of [Cp(OC)2Fe{S(Me)(CH2) 2S(CH2)i(Me)S-S,S',S''}Wl2(CO) 

(ri 2-PhC2Ph)]l (27) 

2 S,S'}(ri -PhC2Ph)] (19) (0.54 g, 0.63 mmol) was added [FeI(CO)2Cp] (0.20 g, 0.63 

mmol). The resulting solution was stirred for four hrs at room temperature and the 

solvent removed in vacuo. The resulting black solidwas recrystallised from CH2Cl2 

(15cm3) to give the bimetallic complex [Cp(OC)2Fe{S(Me)(CH2) 2S(CH2)2CMe)S

S,S',S"} WI2(CO) (112-PhC2Ph)]I (27) (yield = 0.22 g, 30%). 
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6.4.5 Preparation of [Mol(CO){MeS(CH2)zS(CH2)zSMe-S,S',S'1(1,2-PhC2Ph)]I 

Et20 (28) and [Mol(CO){MeS(CH2)zS(CH2) 2SMe-S,S1,S11}(11 2MeC2Me)]I 
• 

Et2O (29) 

To a stirring solution in CH2Cl2 (50 cm3) of [Mo12(CO)(NCMe)(,i2-PhC2Ph)2] 

(0.46 g, 0.59 mmol) was added MeS(CH2)2S(CH2) 2SMe (0. 11 g, 0.59 mmol). The 

solution was stirred at room temperature for 12 hrs and the solvent removed in vacuo to 

give the complex [Mol(CO){MeS(CH2) 2S(CH2) 2SMe-S,S',S11}(1,2-PhC2Ph)]I (28) (yield = 

0.18 g, 38%). 

Similarly, MeS(CH2) 2S(CH2) 2SMe (0.21 g, 1.16 mmol) was added to a stirring 

solution of [Moiz(CO)(NCMe)(112-MeC2Me)2] (0.61 g, 1.16 mmol) in CH2Ch (50 cm3) 

at room temperature for 12 hrs. Removal of the solvent in vacuo gave the complex 

49%). Both complexes (28) and (29) were recrystallised from CH2Cl2 / Et20 solutions 

before final drying in vacuo and analysis. 

6.4.6 Preparation of (Mol(CO){ttob -S,S',S"}(i,2
- PhC2Ph)]I (30) and 

[Mol(CO){ttob-S,S' ,S"}(i, 2-MeC2Me)JJ (31) 

To a stirred solution of [Molz(CO)(NCMe)(r,2-PhC2Ph)2] (0.43 g, 0.55 mmol) in 

CH2Cl2 (50 cm3) at room temperature was added ttob (0. 14 g, 0.55 mmol). The resulting 

solution was stirred for 20 hrs before filtration over cellite and removal of the solvent in 

vacuo gave the green complex [Mol(CO){ttob-S,S',S"}(r( PhC2Ph)]I (30) (0.27 g, 60%). 

Similarly addition of ttob (0. 17 g, 0.65 mmol) to a stirred solution of 

[MoI2(CO)(NCMe)(i,2-MeC2Me)2] (0.34g, 0.65 mmol) in CH2Cl2 (50cm3) at room 

temperature for 24 hrs gave the green complex [MoI(CO){ttob-S,S',S"}(r(MeC2Me)]I 

(31) (0. 19 g, 42%). Both complexes (30) and (31) were recrystallised from CH2Cl2 

solutions before final drying in vacuo and analysis. 
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solvent in vacuo gaye the green complex [Mol(CO){[9]aneS3-S.S',S"}(ri2- PhC2Ph)]I (32) 

(0. 18 g, 48%). Recrystallisation of complex (32) from CH2CI/Et2O at O Oc gave green 

crystals of suitable quality for X-ray crystallography. 

Similarly, addition of [9]aneS3 (0. 10 g, 0.57 mmol) to a stirred solution of 

[MoI2(CO)(NCMe)(r(MeC2Meh] (0.30 g, 0.57 mmol ) in CH2Cl2 (50 cmJ) at room 

temperature for 24 hrs gave the green complex [Mol(CO){[9]aneS3-S,S',S"}(r( 

MeC2Me)]I (33) (0.24 g, 70%). Further purification of complex (33) was carried out via 

recrysta llisation from a minimum of CH2C12 at O Oc. 

6.4.8 Preparation of [MoI2(CO){Ph2P(S)CH2P(S)Phi-S.S'}(r/- PhC2Ph)J (34) 

To a stirred solution of [Mo12(CO)(NCMe)(ri2-PhC2Ph)2] (0.40 g, 0.52 mmol) in 

CH2Cl2 (50 cm3) at room temperature was added Ph2P(S)CH2P(S)Ph2, dppmS2 (0.23 g, 

0.52 mmol). The resulting solution was stirred for ten hrs, fi ltered over cellite and the 

solvent removed in vacuo to give [Mol2(CO){Ph2P(S)CH2P(S)Phi-S,S'}(r(PhC2Ph)] (34) 

(0.29 g, 56%). Further purification of complex (34) was carried out via recrystalli sation 

from a minimum of CH2Cl2 at O 0 c. 

6.5 EXPERIMENT AL FOR CHAPTER FIVE 

6.5.l Preparation of fWI 2(COMFe"Cp"S6-S,S')I (35) and 

[Molz(COh(Fe"C p4S6-S,S')j (36) 

To a stirred solution of [W12(COMNCMe)2] (0.30 g, 0.50 mmol) in dty degassed 

CH2Cl2 (45cm·') was added [Fe4Cp4ScJ (0.34 g, 0.50 mmol) and the solution stined for 2 

hrs. The resulting solutiorl was reduced to ha lf the original vo lume and fi ltered over a 

fine frit. The resulting black solid was recrystall ised from a minimum of CH2Cl2 and 

dried in vacuo for several hours to give [Wli(COMFe4Cp4Sc,\,S')] (35) (0.39 g, 65%). 
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Similarly, to [MoI2(CO)iNCMe)2] (0.30 g, 0.58 mmol) in dry degassed CH2C12 
t 

(45cm3) was added [Fe4Cp4S6] (0.39 g, 0.58 rnmol) and the solution stirred for 30 secs. 

The resulting solution was reduced to half the original volume and filtered over a fine 

frit. The resulting black solid was recrystallised from a minimum of CH2C12 and dried in 

vacuo for several hours to give [Mofi(CO)iFe4Cp4S6-S,S')] (36) (0.39 g, 60%). 

6.5.2 Preparation of [WI(SPh)(COh(Fe4Cp4S6-S,S')] (37) and 

[W(SPhh(CO)iFe4Cp4S6-S,S')J (39) 

To a stirred solution of [Wli(COMFe4Cp4S6-S,S')] (35) (0.20 g, 0. 17 mmol) in 

dry degassed CH2C l2 (45cm3) was added [NaSPh] (0.022 g, 0. 17 11111101) and the solution 

stirred for 2 hrs. The resulting solution was filtered over a fine frit and the solvent 

removed in vacuo. T he resulting black solid was recrysta llised fro m a minimum of 

CJ--l2C l2 at O °Cand dri ed in vacuo for several hours to give [Wl(SPh)(CO)/Fe4Cp4S6-

S',S'')] (37) (0.09 g, 48%). 

A similar reaction of [Wli(COMFe4Cp4Sc,\S')] (35) (0.20 g, 0. 17 mmol) with 

[NaSPh] (0.044 g, 0.34 mmol ) over three hrs gave the complex 

6.5.3 Preparation of [Wl(tmt)(COh(Fe4Cp4S6-S,S')J (38) and 

[W(tmt)z{CO)3(Fe4Cp4S6-S,S')I (40) 

To a stirred solution o f [Wlz(COh(Fe4Cp4S6 -S,S')] (35) (0.2 l g, 0.18 mmol) in 

dry degassed CH2Cl2 (45cm3) was added [Natmt] (0.03 1 g, 0.18 1111110 1) and the so lution 

stirred for 2 hrs. The resulting solution was filtered over a fi ne fri t and the solvent 

removed in vacuo. T he resulting black solid \vas recrysta llised fro m a minimum of 

,\S')] (37) (0. 11 g, 51 %). 
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A similar r~action of [Wii(CO)iFe4Cp4S6-S,S')] (35) (0.20 g, 0.17 mmol) with 

[Natmt] (0.059 g, 0.34 mmol) over three hrs gave the complex [W(tmt)i(CO)iFe4Cp4S6-

S,S')] ( 40) (0. 12 g, 58%). The same reaction methods also gave the analogous 

molybdenwn-cluster complexes [Mol(SPh)(CO)lFe4Cp4S6-S,S')] (41 ) (51%), 

[Mol(tmt)(CO)iFe4Cp4S6-S,S')] (42) (45%), [Mo(SPhMCO)iFe4Cp4S6-S,S')] (43) (53%) 

and [Mo(tmt)i(CO)iFe4Cp4S6-S,S')] (44) (50%) . 

6.5.4 Preparation of [W(CO)idppe-P,P')(Fe4Cp4S6-S,S')) 21 (45) and 

[W(CO)idpppr-P,P')(Fe4Cp4S6-S,S')] 21 (46) 

To stirred solutions of [WI2(CO)/NCMe)2] (0.30 g, 0.50 mmol) in dry degassed 

CH2C12 (45cm3) were added either dppe (0.20 g, 0.50 mmol) or dpppr (0.21 g, 

0.50mmol) and the solutions stirred for five mins. To these was then added [Fe4Cp4S6] 

(0.34 g, 0.50 mmol) and the solutions stirred for a further 2 hrs. The resulting solutions 

were filtered over cel lite and the solvent removed in vacuo. The resulting black solids 

were recrystallised from a minimum of CH2Cl/Et20 and dried in vacuo for several hours 

to give [W(CO)idppe-P,P')(Fe4Cp4S6-S,S')]2l (45) (0.52 g, 65%) and [W(CO)idppe

P,J--' ')(Fe4Cp4S6-S,S')]2l (46) (0.54 g, 67%) respectively. 

Similarly, to a stirred solution of [Moli(COMNCMe)2] (0.30 g, 0.58 mmol) in 

dry degassed CH2Cl2 (45cm3) was added dppe (0.23 g, 0.58 mmol) or dpppr (0.2 1 g, 0.58 

mmol) and the so lutions stirred for five mins. To these was then added [Fe4Cp4S6] (0.39 

g, 0.58 mmol) and the solutions stirred for a further 1 hr. The resulting solutions were 

fi ltered over a cellite and the solvent removed in vacuo. The resulting black solids were 

recrystallised from a minimum of CH2Cl/Et20 and dried in vacuo for several hours to 

g ive [Mo(CO)i dppe-P,P')(Fe4Cp4S6-S,S')]2I (47) (0.49 g, 56%) and [Mo(CO)J(dppe

f',P')(Fe4Cp4S6-S,S')]21 (48) (0.69 g, 78%) respectively. 
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6.5.5 Preparation of [Wl(CO)(Fe4Cp4S6-S,S'){ri2-MeC2Me)J (49) and 

[WI(CO)(Fe4Cp4S6-S,S')(ri 2-PhC2.Ph)J (50) 

To a stirred solution of [Wii(CO)(NCMe)(112-MeC2Me)]l (0.30 g, 0.35 mmol) in 

dry degassed CH2Cl2 (45cm3) was added [Fe4Cp4S6] (0.24 g, 0.35 mmol) and the solution 

stirred for 20 hrs. The resulting solution was filtered over cellite and the solvent removed 

in vacuo. The resulting black solid was recrystallised from a minimut"rl of CH2ClifEt20 

and dried in vacuo for several hours to give [Wl(CO)(Fe4Cp4S6-S,S')(112-MeC2Me)] (49) 

(0.22 g, 50%) 

Similarly, To a stirred solution of [Wii(CO)(NCMe)(ri2-PhC2Ph)] (0.30 g, 0.49 

mmol) in dry degassed CH2Cl2 (45cm3) was added [Fe4Cp4S6] (0.32 g, 0.49 mmol) and 

the solution stirred for 24 hrs. The resulting solution was filtered over cellite and the 

solvent removed in vacuo. The resulting black solid was recrystallised from a minimum 

of CH2CI/Et20 and dried in vacuo for several hours to give [W1(CO)(Fe4Cp4S6-S,S')(112-

PhC2Ph)]I (50) (0.48 g, 67%) 
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Cl-I.APTER 7. 

Chapter three describes the synthesis and characterisation of eleven new 

molybdenum and tungsten di-brorno thioether and disulphide complexes. One of 
t 

these complexes [WBri(C0)3 {PhS(CH2) 2SPh}] (8) was crystallographically 

characterised and its structure is very similar to the previously described structure of 

the analogous di-iodo complex57. The complex is a distorted capped octahedron with 

a carbonyl ligand in the unique capping position. The molybdenum di-carbonyl 

complex [MoBri(CO)i(ttob-S,S',S")] (18) was also synthesised and provides a 

molybdenum atom attached to three sulphur atoms as is seen in the active site of the 

enzyme nitrogenase. No analogous tungsten complex is observed probably due to the 

greater W-C bond strength of the carbonyl ligands in comparison with those of 

molybdenum. 

Chapter four describes the reactions of the bis(alkyne) complexes 

[MXi(CO)(NCMe)(ri2-RC2R)2] (M = Mo,W; X = I,Br; R = Me, Ph) with neutral 

sulphur donor ligands. Sixteen complexes are described, three of which, complexes 

(19), (23) and (32) have been structurally characterised by X-ray crystallography. The 

complex [Wii(CO){MeS(CH2) 2S(CH2) 2SMe-S,S'}(ri2-PhC2Ph)] (19) contains an 

acyclic trithioether ligand bound in a bidentate fashion. The structure of complex (19) 

is best described as a distorted octahedron 146. Complex (19) has been shown to react 

with [FeI(C0)2Cp] via the free sulphur atom of the trithioether ligand to give the 

bimetallic complex (27). The complex [Mol(C0){ [9]aneSp),S',S"}(ri2-PhC2Ph)]I 

(32) contains a cyclic trithioether bound in a tridentate fashion by all three sulphur 

atoms. The structure of complex (32), as with (19) is best descri bed as a distorted 

octahedron. The presence of a molybdenum atom bound to three sulphur atoms is a 

good simple model for the active site of the enzyme nitrogenase. The cationic 

complex [WI{ttob-S,S ',S"}(ri2-PhC2Ph)i]I3 (23) was isolated, once, in very small 

amounts and was structurally characterised as a distorted octahedron. The complex 

(23) is a very good model for nitrogenase, even with tungsten as the metal. However 

the complex was never isolated again in many repeated reactions and no attempted 

rational syntheses of complex (23) were successful. 
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CHAPTER 7. 

Chapter five describes the seven-coordinate cluster complexes 

[MJi(CO)iFe4Cp4ScS,S')] (35) and (36) (M = Mo, W), [MI(SAr)(CO)lFe4Cp4S6-

• 
S,S')] (37), (38), ( 41) and ( 42); [M(SAr)i(CO)iFe4Cp4S6-S,S')] (39), ( 40), ( 43) and 

(44) (Ar = Ph and C6H2Me3-2,4,6); [M(CO)idppe-P,P')(Fe4Cp4S6-S,S')]2I (45) and 

( 47); [M(CO)l dpppr-P ,P')(Fe4Cp4S6-S,S')]2I ( 46) and ( 48); and the bis(alkyne )

cluster complexes [MJ(CO)(Fe4Cp4S6-S,S')(1,2-RC2R)2]1 ( 49) and (50) (R = Me, Ph). 

In total sixteen complexes were synthesised and characterised, however no suitable 

crystals were grown for X-ray crystallography. The complexes (37), (38), ( 41 ) and 

( 42) all provide good simple models of the active site of nitrogenase in particular the 

molybdenum complexes ( 41) and ( 42). The inclusion of an iron-sulphur cluster in the 

complexes makes them more realistic as simple models of the enzymes active site. 

The spectroscopic data, detailed in chapter five suggests a seven-coordinate structure 

with an intact cluster for complexes (35) to (44). It is most likely, the c luster is bound 

bidentately to the metal atom via the two top so called "handle" sulphur atoms. 

Similarly, with the bis(alkyne) complexes ( 49) and (50) the cluster is most likely 

bound to the tungsten atoms in the same fashion. Complexes ( 49) and ( 50) are again 

good simple models for the active site of nitrogenase, in many ways more realistic 

than the complexes previously described, as they include the alkyne ligand which 

would be the substrate, undergoing reduction, in the enzyme itself. 

7.2 SCOPE FOR FURTHER WORK 

The main objective of this work has been achieved, in the synthesis and 

characterisation of fifty new molybdenurn(ll) and tungsten(II) complexes, containing 

several different types of sulphur donor ligand. There are many possibilities for 

further reactions involving any of the complexes described within this thesis. The aim 

of further reactions would be to synthesise and characterise new complexes, of 

molybdenum or tungsten, which more closely mimic the active site of the enzyme 

nitrogenase. 
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CHAPTER 7. 

The complex [MoI(C0){[9]aneS3-S,S', S"}(112-PhC2Ph)]I (32), described in 
• 

Chapter four, has a molybdenum atom bound to three sulphur atoms. It may be 

possible to metathesise the iodide for an oxygen or nitrogen donor ligand. The 

presence of the strongly bound carbonyl ligand may inhibit the ability of the complex 

to react further and hence more closely model the active site. The complex [WI { ttob

s,s:S"}(112-PhC2Ph)2]13 (23) does not contain a carbonyl ligand and it is important 

that further efforts to devise a rational synthesis are made. Also more reactions of the 

out due to it's ability to bind to other metal centres, including iron, and give bimetal lic 

complexes. It may also be possible to synthesise a similar complex with molybdenum 

as the central atom. 

The complexes described in Chapter five probably are the closest to the 

environment within the active site of nitrogenase. It is important to continue the 

investigation of the reaction of iron-sulphur clusters with complexes of molybdenum 

and, for comparison, tungsten. It would be interesting to investigate the reactions of 

iron suphur clusters which are able to bind to transition-metal centres via three 

sulphur atoms as is seen in the active site of the enzyme. The complexes 

[MoI(SAr)(CO)iFe4Cp4S6-S,S')] ( 41) and ( 42) may further react with anionic oxygen 

or nitrogen donor ligands in order to give molybdenum-sulphur-oxygen or 

molybdenum-sulphur-nitrogen complexes containing the "basket" cluster. Chapter 

two has shown acetylacetonato ligands to readily to both rnolybdenum(II) and 

tungsten(II). It may be possible to introduce the acetylacetonato ligands to the 

complexes [Mii(CO)/Fe4Cp4S6-S,S ')] (35) and (36) (M = Mo, W), to give complexes 

which have two sulphurs and two oxygens attached to the metal centre. 

rt would also be interesting to carry out cyclic voltarnmetry investigations of 

the complexes prepared along with further characterisation such as FAB or plasma 

mass spectrometry. Further NMR data, at low temperatures, may also give more 
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CHAPTER 7. 

information about the numerous structurally characterised complexes described m 

Chapters two to five. 
t 

Lastly, it is hoped that the information detailed in this work will further 

advance the studies into and the understanding of the enzyme nitrogenase. 
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APPENDIX 1. 
t 



TABLES 
r 

Al.1 to Al.4 



Table 1. Crystal data and structure refinement for l, 2, 3 and 4 . 

Empirical formula 

Formula weight 

Temperature (K) 

Wavelength (A) 

Crystal system 

Space group 

Unit cell dimensions a/A 
b/A 
c/A 
0/0 

Volume 

z 

Density (calculated) Mgm·
3 

Absorption coefficient (mm-
1

) 

F(000) 

Crystal size (mm) 

0 range for data collection 

(1) 

C26 H40 S2 P2 0 2 W 

694.5 

293 (2) 

0.71073 

monoclinic 

P2 1 /a 

10.402 (9) 
16.263(14) 
10.029(8) 
112 . 69(1) 

1565 (2 ) 

2 

1 . 474 

3.945 

696 

0.25 * 0.25 * 0.30 

2.70 to 24.90 

(2) 

Cl6 H34 Mo 02 P2 S2 

480.4 

293 (2 ) 

0.71073 

tetragonal 

P42 

14.514(9) 
14.514 (9) 
11. 006 (11) 

(90) 

2319 ( 3) 

4 

1 . 376 

0.889 

1000 

0 .35 • 0.15 * 0.20 

2.32 to 25.07 

( 3) (4) 

Cl6 H34 02 P2 S2 W Cl6 H36 02 P2 S2 W 

568.34 570.36 

293 (2) 293 (2) 

0.71073 0.71073 

tetragonal tetragonal 

P4 2 P4 2 

14.343(9) 14 . 318(9) 

14.343(9) 14.318(9) 
10.900(11) 11.206(9) 

(90) (90) 

2242 (3) 2297 (3) 

4 4 

1.683 1.649 

5 . 48 6 5.355 

1128 113 6 

0.35 * 0 .2 5 * 0.25 0.20 * 0.25 * 0.25 

2.01 to 24 . 85 2. 71 to 24. 73 



Index range s 

Reflections col lected 

Indepe ndent re fle c t ion s (R{int) 

Data / restraints / parameters 

Goodness- o f-fi t on FA2 

Weighting Scheme {a,b ) * 

Final R i ndi c e s (I>2cr {I)) Rl 
wR2 

R i ndices (all d a ta ) 

Exti nct i o n coe ff icien t 

Rl 
wR2 

0< =h< =l2, 
-19< =k<=l9, 
- 11<=1<=10 

4117 

2260 (0 .0655) 

2260 / 0 / 155 

1.257 

0.0825, 42.247 

0 . 0915 
0 . 2548 

0 . 1008 
0 .2593 

0 . 042 (5 ) 

Largest dif f . peak and hole e A·
3 

1 . 937, -1.227 

* Weight ing s cheme w = 1 / (cr
2 
{F/) + {aP ) 

2 
+ bP ) , where P 

- 14<=h<=l4 
- 14<=k<=l4 

0<=1 <=11 

6423 

1868(0.0452 ) 

1868 / 0 / 215 

1 . 1 68 

0.0735, 1.7536 

0 . 0458 
0 . 1114 

0 . 0615 
0.1221 

0. 0 1 6( 2 ) 

0. 67 7, -1.613 

(F0
2 

+ 2F/) / 3 

0<=h< =l6 
-16<=k<=l6 
-12<=1<=12 

6291 

3651(0.0572 ) 

3651 / 0 / 21 5 

1.092 

0 . 0304, 26.116 

0.0497 
0.1082 

0 . 0621 
0.1136 

0.000(1) 

0 .96 8 , - 0 .835 

- 16<=h<=l 6 
- 1 6<=k <=l6 

0<=1<=13 

4 4 99 

1944 (0.0862 ) 

1925 / 0 / 209 

1.1l61 

0. 

0 . 0482 
0 .1170 

0 . 0546 
0 . 1331 

0.0142(11 ) 

1.170, -2.073 



Table 2 

Dimensions in the Me tal Coordination Spheres of 1,2,3 and 4 

(distances, A, angles, degrees) 

Bond l engths [Al and angles [deg] for 1. 

W (1) -c (61) 

W (1) -s (1) 

W(l)-P(3) 

C(6 1 )-W(l)-S(l) 

C (6 1 ) - W (1) -P (3) 

S(l)-W(l)-P(3) 

Bond lengths (Al and angles 

M(l)-C(3) 

M(l) -C(l) 

M (1) -S (5) 

M (1) -S (9) 

M(l) -P(21) 

M(l) -P(ll) 

C(3)-M,1)-C(l) 

C(3}-M(l)-S(5) 

C(l)-M(l}-S(5) 

C(3)-M(l)-S(9) 

C(l)-M(l)-S(9) 

S(5)-M(l)-S(9) 

C(3)-M(l}-P(21) 

C(l)-M (l)-P(21) 

S(5)-M(l) -P(21) 

S (9) -M (1) -P (21) 

C(3)-M(l)-P(ll) 

C(l)-M(l) -P(ll) 

S(5)-M(l)-P(ll) 

S(9)-M(l)-P(ll) 

P(21) - M(l) - P(ll) 

[deg] for 

2. 04 (3) 

2.402(5) 

2 . 563(6) 

84.8(6) 

89.8(5) 

87.5(2) 

2,3,4 

2 (M=Mo ) 

1. 966( 10) 

1. 973(10) 

2.426(3) 

2.430(3) 

2.516 (3) 

2.517(3) 

105.7(4) 

94. 0 (3} 

146.2(3) 

147.2(3) 

93. 3 (3) 

83.76(9) 

79.2(3) 

77. 0 (3) 

134.63(11) 

79.33(9) 

76. 6 ( 3) 

78. 9 ( 3) 

79.30(9) 

134.31(11) 

139.52(8) 

3(M=W) 

1.922(13) 

1.957(14) 

2.389(4) 

2.386(4) 

2.485(4) 

2.500(4) 

105.6(6) 

94. 0 (5} 

146.2(4) 

147 . 6(5) 

93. 4 (5) 

83.40(12) 

79 .7 (5) 

76.8(4) 

134.8(2) 

79.53(14) 

75 . 8 (5) 

78. 9 (4} 

79.64 (14) 

134.6(2) 

139.04(11) 

4 (M=W) 

1. 94 (2) 

1. 99 (2) 

2.404(4) 

2.409(4) 

2.452(5) 

2.497(5) 

105 . 3(7) 

90.0(5) 

147.2(4) 

149.3 (5) 

89.5(4) 

91.50(13) 

80 . 0(5) 

74. 3 (4) 

137.8(2) 

78.32(14) 

75.5(5) 

78. 5 (4) 

77. 7 (2) 

134.7(2) 

136.74(11) 



TABLES 
t 

Al.5 AND Al.6 

• 



Table 1 . Crystal data and structure refinement for land 2 

Compound 

Empirical formula 

Formula weight 

Temperature ( K) 

Wavelength (A ) 

Crystal system 

Space group 

Unit cell dimensions a(A) 
b (Al 
c(Al 
~(deg) 

Vol ume (A3
) 

z 

Density (calcula ted) Mg/m3 

Absorption coefficient mm-1 

F(00O) 

Crystal size mm 

Mo (C0):(acac ) (P Et -) .I 

Cl9 H37 I Mo 0 4 P2 

614.27 

293(2) 

0 . 71073 

monoclinic 

P21/a 

12 . 707(13) 
15 . 691(14) 
13.623(14) 
103 .4 6(1) 

2642 

4 

1. 545 

l. 805 

1232 

0 . 32 • 0 . 25 • 0.25 

0 range for data col lection (deg) 2 .36 to 25.10 

Index ranges O< =h<•I~, 
-Jtl<=k<=ltl , 
- I 6 < = l < ·= I ~) 

W(C0) ~(acac) (Pl::t _; )::I 

Cl9 H37 I W 04 P2 

702.18 

293 (2 ) 

0 .7107 3 

monoclinic 

P2 1/ n 

16 . 749(14) 
10 .4 99(11) 
16 .793(14) 
117 . 07(1) 

2 630 

4 

1 . 774 

5 . 708 

1360 

0 . 25 * 0 . 25 * 0 .35 

2 .33 to 25 . 20 

- 20< =11<=19 
O< = k <=ll 

-17<="1< ~111 



Reflections collected 825J 

Independent reflections [ R(int)) 4587 [0 . 0635) 

Weighting Scheme (a,b)* 0.165, 0.000 

Data I restraints/ parameters 4582 / 0 / 253 

Goodness-of-fit on FA2 1 . 023 

Final R indices [I>2a(I)] Rl 0 .0736 

R indices (all data) 

wR2 0.1862 

Rl 
wR2 

0.0977 
0 . 2064 

Extinction coefficient 0 . 027(2) 

Largest diff. peak and hole e.A-; 3.173 
-1.97~ 

• Weighting scheme w 1/ (cr"(F/ ) + (a P) ' + bP), where P 

6263 

3768 (0.1019) 

0 . 247, 0 . 000 

3768/ 0 / 253 

0 . 978 

0.0935 
0.2576 

0 .1 822 
0.3131 

0 . 002(1) 

2.959 
- 3. 179 

( f .. - + 2 F. "' ) / 3 



Table 3. Bond lengths (A] and angles [deg] for 1 and 2 

M(l)-C (lOO) 
M( l) -C (200) 
M(l)-0(21) 
M(l)-0(25) 
M(l) -P(l ) 
M(l)-P(2) 
M(l)-I(2) 

C(l00 )-M(l)-C(200) 
C(lOO)-M(l)-0(21) 
C(2 00)-M( l ) -0(21) 
C(lOO)-M(l)-0(25) 
C(200)-M(l)-0(25) 
0(21) -M(l)-0(2 5) 
C(lOO)-M(l)-P(l) 
C(200)-M(l)-P(l) 
0(21)-M (l)-P(l) 
0(25)-M(l)-P(l) 
C(l00)-M(l)-P(2) 
C(200)-M(l)-P(2) 
0(21)-M(l)-P(2) 
0(25)-M(l)-P(2) 
P(l)-M(l)-P(2) 
C(l00) -M(l)-I (2) 
C(200)-M(l)-I(2) 
0(21)-M(l)-I( 2 ) 
0(2 5)-M(l)-I (2) 
P (1)-M(l)-I (2) 
P(2)-M(l)-I( 2) 

(1), M= Mo 

1.950(11) 
1.994(10) 
2 .1 58(6) 
2.161(6) 
2.541(2) 
2.543(3) 
3 . 005(1) 

102 . 8(4) 
93 . 8(3) 

139 . 2(3) 
100 . 2(3) 
131. 2(4) 
80.3(2) 
79.9(3) 
7 1.0 (3) 

149 . 4(2) 
71.5(2) 
80 . 7(3) 
71.6(3) 
74 . 8 ( 2) 

155 . 1(2) 
132.43(8) 
176 . 8(3) 

78 . 5(3) 
83 . 4 ( 2) 
80 .9 (2) 

103.24 (6) 
97 . 02(6) 

(2), M = W 

1.94(3) 
1.96(3) 
2. 14 (2) 
2 . 15 (2) 
2 . 524(7) 
2.564 (7) 
3.029(3) 

100.4(10) 
101 . 3(7) 
134.4(8) 
101.0(8) 
131. 9 (9) 
81.7(6) 
75. 6 ( 6) 
72 . 4 (7) 

152.2(5) 
72. 0 (5) 
78 .1 ( 6) 
73.9(7) 
72 . 2 (4) 

153.0(.5) 
132.0 (2) 
177.1(5) 

77 . 7 (8) 
81.5(5) 
78 . 9(6) 

101 . 7(2) 
103 . 3(2) 



TABLES 
Al.7 



Table 1. Crystal data and structure refinement for 1. 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crys ta l system 

Space group 

Unit cell dimensions 

Volume 

z 

Density (calculate d) 

Absorption coef ficient 

F(0O0) 

Crystal size 

Theta range f or data collection 

I ndex range s 

Reflections collected 

Independent reflect i ons 

Weighting Scheme (a,b)* 

Data/ restraints/ parameters 

Goodness-of-fit on FA2 

Final R indices [I>2sigma(I)] 

R indices (al l data) 

Cl7 Hl4 Br2 03 S2 W 

674.07 

293 (2 ) K 

0. 71073 A 

monoclinic 

P21/c 

a 

b 

12.438(12)A 
1 3 .162(12)A p 

c 12.728(12)A 

4 

1264 

106 .11 ( 1) deg. 

0.25 * 0.25 * 0 .30 mm 

2.30 to 23.61 deg. 

0<=h<=l3, -14<=k<= l4, - 14<=1<=13 

3661 

2503 [R (int) 

0.059 , 52.08 

2503 / 0 / 212 

0.0831] 

1.079 

Rl 

Rl 

0 .0819 , wR2 

0.1124, wR2 

0 .1941 

0 . 206 3 

Largest diff. peak and hole 0.792 and -1 .071 e. AA - 3 
* Weighting scheme w = 1/ (cr2 (F/l + (aP) 2 

+ bP), where P = (F/ + 2F/ l /3 



Table 2. Atomic coordinates ( x 10A4) and equivalent isotropic 
displacement parameters (AA2 x 10A3) for 1. U(eq) is defined 
as one third of the trace of the orthogonalized Uij tensor. 

' 

X y z U(eq) 

W (1) 1931(1) 1334(1) 2716 (1) 77 ( 1) 
Br (1) -181(2) 1354 (2) 1486(2) 86 ( 1) 
Br(2) 1220(2) 2145(2) 4285(2) 94 ( 1) 
C (1) 1475(26) -13 44 (22) 2537(22) 103 (9) 
C(2) 1070(26) - 987(22) 1357(26) 107(9) 
S (1) 1287(5) - 329(6) 3415(5) 84 (2) 
C(ll) 2084 (21) -764 (19) 4760(20) 82 (7) 
C(l2) 1402(22) -778 (18) 5515(22) 84 (7) 
C(13) 2050(32) -1137 (28) 6519(30) 131(12) 
C(l4) 3098(27) -1483 (22) 6834(26) 101(9) 
C(l5) 3584 (29) -1 472 (30) 5991(31) 148(16) 
C(l6) 3139(20) -1101 (20) 4948(18) 79(7) 
S (2) 1908(6) 115 (5) 1146(6) 85 (2) 
C (21) 3220(18) -479(17) 1179(17) 64 (5) 
C(22) 3433 (23) -6 90(17) 202(21) 82 (7) 
C(23) 4439(29) -1098(24) 200(30) 118 (10) 
C(24) 5281(30) -1209(29) 1097(26) 132 (13) 
C (25) 5234 (23) -942(19) 2159(26) 96 (8) 
C(26) 4007(20) -528 (20) 2062(21) 85 (7) 
C (100) 3201(31) 1729(29) 2178(29) 126(11) 
0 (100) 3904 (15) 1981(15) 1813 (15) 102 (6) 
C(200) 1704 (20) 2829(21) 2388(21) 79(7) 
0 (200) 1543 (20) 3644 (1 5 ) 2105 (19) 125(7) 
C (300) 3193 (17) 1233(16) 3842(17) 6 1 (5) 
0 (300) 3981(15) 1176(14) 4743 (15) 102(6) 



Table 3. Bond l engths [A) and ang les [deg ) for 1. 

W(l) -C ( 300) 1. 8 1 (2) 

W(l )-C (lOO) 1.96(4) 

W(l) - C( 200) 2.01 (3) 

W (1) -s (2) 2. 557 (7) 

W(l)-S( l ) 2.573(7) 

W(l)-Br(2) 2.626(3) 

W( l) - Br(l ) 2 .659(4 ) 

C(300)- W(l )-C(l00) 71. 9(12) 

C(300)-W(l )-C(200) 1 06. 0 (10) 

C(l OO) - W(l) -C(200 ) 75.4 (13) 

C(300)- W(l)-S(2) 113.0 ( 7) 

C (l00) - W(l) - S(2) 74.2 (11) 

C (200) -W (1) -S (2) 118.7 (7) 

C(300) -W(l) - S(l) 87 . 0 (7) 

C (100) - W (1) - S (1) 134.8 (11) 

C (200) - W ( 1 ) -S (1) 149.7(7) 

S (2)-W(l) -S( l) 78. 4 (2) 

C( 300)-W(l)-Br(2) 80.1 ( 6) 

C( l00)-W(l) - Br( 2) 129 . 2 (11) 

C(200)- W(l) -Br(2) 72.7 ( 7) 

S (2) -W(l) -Br (2) 156.5(2) 

S(l )-W(l) -Br(2 ) 83. 1 (2) 

C (300) - W (1) -Br (1) 164. 4 (6) 

C(lOO)-W(l)-Br(l) 1 23.6 (10) 

C(200) - W( l)-Br( l) 79 . 0 (7) 

S (2) -W (l) -Br(l) 75.6 (2 ) 

S(l)-W(l ) -Br(l ) 82. 0 (2) 

Br(2)-W( l) -Br (l) 87.58(11 ) 

C(l) -C(2) 1.52(4 ) 

C(l) -S(l) 1.80(3) 

C(2)-S(2) 1. 85(3) 

S( l)-C( ll ) 1 . 8 2( 2) 

C ( ll ) - C (l 6 ) 1. 3 4 ( 3) 

C(ll)-C(l2) 1. 4 5(3) 

C(l2) -C(13) 1.39(4) 

C(l3) -C (l4) 1. 3 3 (4 ) 

C(l4)-C(l5) 1.37(4 ) 

C(l5 ) -C (l 6 ) 1. 38 (4) 
S (2) -C(21) 1.80(2) 

C(21 ) -C(26) 1. 27 (3) 

C(21) -C(22) 1. 37 (3) 

C(22) -C(23) 1. 36 (4) 
C(23) - C(24) 1. 33 (4) 

C (24) -C (25) 1 . 41 ( 4) 

C (25) -C (26) 1 . 59 ( 3) 

C(l00) - 0(100) 1 . 15 (4) 

C(200) - 0(200) 1.13(3) 
C(3 00) - 0(300) 1.29(2) 

C (2) -C( l) -S (1) 109 ( 2) 
C (l)-C (2) -S ( 2 ) 110 ( 2 ) 
C(l) -S(l)-C( ll ) 102.8(12) 
C(l)-S(l)-W(l) 108.1 (9) 
C(ll)-S(l) -W(l) 117.0 (9) 
C( l 6) -C(ll)-C(l2) 127 (2 ) 

C (16)-C (ll )-S(l) 1 21 ( 2 ) 
C(l2) - C( ll) - S (1) 111 (2) 
C(l3 ) -C( l 2)-C(ll ) 108(3 1 



C(l4)-C(l3)-C(l2) 131 (4) 

C(l3)-C(l4)-C(l5) 112 (3) 

C(l4)-C(l5)-C(l6) 128 (3} 

C(ll}-Cp6)-C(l5) 114 (2) 

C (21) -S (2) -C (2) 101.6(13) 

C(21)-S(2)-W(l) 116.2(8) 

C(2)-S{2)-W(l) 105.3(10) 

C(26)-C(21)-C(22) 120(2) 

C(26)-C{21)-S(2) 121(2) 

C(22)-C(21)-S(2) 118 (2) 

C(23)-C(22)-C(21) 119 (3) 

C(24)-C{23) -C(22) 12 3 ( 3) 

C(23)-C(24)-C(25) 124 (3) 
C(24)-C(25)-C(26) 108(3) 

C(21}-C(26)-C(25} 125(2) 

O(100)-C(l00}-W(l) 176(3) 

O(200)-C(200)-W(l) 174(2) 

O(300)-C(300)-W(l) 171 (2) 



Table 4 . Anisotropic displacement parameters (AA2 x 1 0A3) for 1. 

The anisotropic displacement factor expon ent takes the form: 

-2 piA2 [ h A2 a1A2 Ull + ... + 2 h k a* b* u12 l 

Ull U22 U33 U23 Ul3 U12 

W (1) 78 (l) 77 ( l) 79 (1) -1 ( 1) 24 (1) -2 ( 1) 
Br(l) 82 (2) 99 (2) 77 (2) 2 ( l) 22 ( 1) 0 ( 1) 
Br(2) 99 (2) 98 (2) 86 (2) -14 ( 2) 26 (1) 11 (2) 
C (1) 113(22) 102(22) 88 (19) -11(17) 18 (16) -29(17) 
C(2) 123 (23) 91 (20) 127(25) 6 (19) 65 (20) -17(17) 
S (1) 78 (4) '.J3 (5) 76 (4) 9 (4) 15(3) - 7 ( 3) 
C (11) 83 (17) 82 (18) 79 (16) 3 (14) 18 ( 13) 30 (13) 
C(l2) 92(17) 65(16) 98 (18) 37 (14) 32 (1 5) 8 ( 13) 
C(l3) 121(30) 147(33) 121 (28) -16 (25) 25(23) -10(24) 
C(l4) 105(23) 98 (23) 93(20) -5(17) 14 (18) -16(17) 
C(l5) 102(24) 200 (42) 139 (30) 89 (30) 27(22) -1 5(23) 
C(l6) 82 (16) 115 (21) 50(12) -3 (13) 33 (11) -5 ( 14) 
S (2) 101 ( 5) 66 (4) 97 (5) -1 (4) 43 ( 4) -15 ( 3) 
C (21) 75(14) 65 ( 14) 54 (12) 1 (11) 19 (11) 7 (11) 
C (22) 113 (20) 60(15) 87 ( l 7) -25(13) 49(15) 6 (13) 
C(23) 135 (29) 98 (24) 128(27) 22 (21) 48 (24) 21 (20) 
C(24) 120(26) 1 82(37) 85 (21) 3 (23) 15 ( 19) 50(25) 
C(25) 101 (19) 66(16) 130 (25) -20(17) 4 8 ( 18) 5 (14) 
C(26) 85 ( 1 7) 89 (18) 79 (17) 7 (14) 18 ( 14) 1 (13) 
0 (100) 88(12) 116(15) 103(13) -12(12) 27 (11) - 9 ( 11) 
0(200) 170(21) 75 (13) 136(18) 0 (12) 54 (15) 3 2 (13) 
0 (300) 97 (13) 96(14) 109(14) -19 (11) 23 (11) 15 ( 10) 



Table 5 . Hy drogen coordinates ( x 1 0 A4) and isotropic 
displacement parameters (AA2 x 10A3) for 1. 

X y z 

H(lA) 2259(26) -1531(22) 2712 (22) 
H (1B) 1051(26) -1936(22) 2642(22) 
H(2A) 287(26) -797(22) 1186(26) 
H(2B) 114 1 (26) -1535(22) 871 (26) 
H (12) 656(22) -581(18) 5356(22) 
H(l3) 1688(32) -1136 (28) 7068(30) 
H(l4) 3455(27) -1703(22) 7538(26) 
H ( 15) 4299(29) - 1 748 (30) 6140(31) 
H(l6) 3532(20) -1085(20) 4424(18) 
H(22) 2896 (23) - 556(17) -454 (21) 
H(23) 4541 (29) -1309(24) -464(3ui 
H(24) 5947 (30) -1 480(29) 1023(26) 
H(25) 5815(23) -997(19) 2799(26) 
H(26) 3855(20) -306 (20) 2700(2 1 ) 

U(eq) 

123 
123 
129 
129 
100 
158 
121 
178 

95 
99 

142 
158 
115 
102 



TABLES 
t 

Al.8 TO Al.11 



C21 

S3 

I 

Identification code 
Em irical formula 

Unit cell dimensions 
·a= 

b = 
C= 

a= 

Volume 

12 K 
Monoclinic 

P2 /c-

8.458(2) A 
13.494(12) A 
22.03(3) A 

90.0. 

99.48(8) . 

90.0. 

C13 

Ph 
7.412 mm-

1544 
0.2 x 0.1 x 0.1 mm 
2.41 to 22.76 de . 

-6<=h<=8 
-10<=lc<=14 
-23<=1<=22 

Rcficctions collected 6633 
lnde dent reOcctions 2830 

int = 0.0670 
Absorption correction factors 0.875 / 1.094 

2828 /249 

0.790 

R =0.0349 wR =0.0684 
R =0.0602 wR =0.0743 
1.208 and -0.742 



Table 1. Crystal data and structure refinement for 4, 10 and 16 . 

Empirical formula 

Formula weight 

Temperature(K) 

Wavelength/A 

Crystal system, space group 

Unit cell dimensions(A, 0
) a 

b 
C 

p 

Volume (A3
) 

z, 

Calculated Density (Mgm- 3
) 

Absorption coefficient (mm-1) 

F(OOO) 

Crystal size(mm) 

0 range for data collection (
0

) 

Index ranges 

Reflections collected 

(4) 

C21 H24 0 S3 W I2 

826.23 

120(2) 

0. 71069 

monoclinic, P2 1 /c 

8.458(2) 
13.494(12) 
22.03(3) 

99.48(8) 

2480(4) 

4, 

2. 213 

7.412 

1544 

0.11 * 0.11 *0.21 

2.44 to 22.76 

-6<h<8 
-10<k<l4 

-23<1<22 

6633 

(10) 

C29 H22 Cl2 I2 Mo 03.5 S3 

842.75 

293 (2) 

0. 71073 

monoclinic, C2/c 

32.78(3) 
11.645(13) 
21.77(2) 

125 . 78(1) 

6742(12) 

8 

1.707 

2.586 

3352 

0.35 * 0.30 * 0.25 

2.89 to 25.05 

0<=h<=38, 
-12<=k<=l3, 
-25<=1<=20 

8011 

(16) 

C40.166 H36.33 Cl0.33 I4 S3 W 

1318.47 

293 (2) 

0.71073 

trigonal, P-3 

23.80(2) 
23.80(2) 
12.999(13) 

(90) 

6379 (11) 

6 

2.059 

5.815 

3702 

0.25*0.25*0.25 

2.32 to 24.95 

-28<=h<=28 
-27<=k<=27 
-15<=1<=15 

18293 



Table 3. Bond lengths [Al and angles [deg] in the metal 
coordination sphere for 1. 

W(l)-C( l00) 2.09(2) 

W(l)-C(7 ) 2 . 11 (2) 

W (1) -c (5) 2.117(18) 

W( l)-C(8) 2.16(2) 

W(l)-C(6) 2.19(2) 

W(l)-N(4) 2.20(2) 

W(l)-Br(3) 2.679(3) 

W(l)-Br(2) 2.722(3) 

C (100) -W (1) -C (7) 77. 6 (9) 

C(l00)-W(l)-C(5) 76.2(8) 

C(7)-W(l)-C(5) 92.1(7) 

C(l00) -W(l)-C(8) 113.9(8) 

C(7) -W(l) -C(8) 36.5(8) 

C(5) -W(l) -C( 8) 103.9(7) 

C(l00)-W(l)-C(6) 1 10.3(9) 

C(7) -W(l)-C(6) 107.7(8) 

C(5)-W(l)-C(6) 35. 3 (8) 

C(8)-W(l)-C(6) 97.5(8) 

C(l00)-W(l)-N(4) 159.5(7) 
C(7) - W(l) - N(4) 115 .4(8) 

C(5)-W(l) -N(4) 117.0(7) 

C(8)- W(l) -N(4) 79.4(7) 

C(6) -W ( l)-N(4) 81. 7 (8) 

C( l00)-W (l)-Br(3) 8 1.3(6) 

C(7)-W(l) - Br(3) 157.4(7) 

C (5 )-W(l)-Br(3) 90.6(4) 

C(8) - W(l) -Br(3) ~ 160 . 9(5) 

C(6) -W(l) -Br(3) 87. 0 (5) 

N(4)-W(l)-Br(3) 83. 0 (5) 

C(l00)-W(l)-Br(2) 80.5(6) 

C(7) -W( l) -Br(2) 84.0(6) 

C(5)-W(l)-Br(2) 156.7(5) 

C(8) -W(l) - Br (2) 86.7(6) 

C(6)-W(l) -Br(2) 165.2(6) 

N(4) - W(l) - Br(2) 85.1(5) 
Br(3)-W(l)-Br(2) 84.67(11) 



50% 

Table 2. Atomi c coo rdinates ( x 10A4) a n d equiv a l ent isotropic 
d ispla cement parame t ers (AA2 x 10A 3) for 1 . 
U(eq) is d&fined as one thi rd of the trace of the orth ogonal ize d 
Ui j ten sor . 

X y z U(eq) 

W (1) 6201(1) 1553(1) 1786(1) 40 (1) 
Br (2) 62 76( 1 ) 319 1 (2) 7 96(2) 61 (1 ) 
Br (3) 6706(1 ) 143(2) 1361(2) 62 (1) 
C (l00 ) 5 7 26(7) 880(2) 779(12) 4 5(5) 
0 (100) 54 56(6) 584 (16) 191 (10 ) 70 (5) 
N( 4) 6830(6) 2281(18) 2591(12) 54 (5) 
C (41 ) 7146 ( 7) 2 7 20(2) 3 037(14) 57 (6) 
C (42) 7547(9) 3160(3) 3620(2) 90(10) 
C ( 5) 5 96 1(6) 0 (16) 213 1 (10) 32 (4) 
C(6 ) 6324(7) 260(2) 2708 (11) 53 (6) 
C (51) 5593 (6) -954 (18) 1902 (11) 37 (4) 
C (52) 5329(9) -980(3) 2300(18) 80 (8) 
C (53) 4967 (10) -1790(3) 2040(2) 88 (9) 
C (54 ) 4 8 82 (11) -2520(3) 1429(19) 88 (9) 
C(55) 5157(9) -2550(3) 1 067(18) 77 (8) 
C(56) 5511 (7) -1760(2) 1305 (13) 52 (5) 
C (61) 6635(6) -47 (19) 3431(12) 44 (5) 
C(62) 6522(8) -90 (2) 4069(15) 60(6) 
C (63) 6831( 1 0) -500(3) 4795(19) 84 (8) 
C(64) 7247(9) - 820(3) 4935(18) 74 ( 7) 
C (65) 73 68 (8) -630(2) 4304 (15) 59 (6) 
C (66) 7078(9) -330(3) 3590(17) 73 ( 7) 
C (7) 5652(7) 2600(2) 1 662(14) 51 (5) 
C (8) 5986(6) 3059( 1 9) 2261(12) 42 (5) 
C(81) 5178(6) 2834 (19) 1193 (12) 42 (5) 
C (82) 5037(8) 4050(2) 922 (15) 59 (6) 
C (83) 4597(9) 4290(3) 462 (18) 79 (8) 
C(84) 4301 (9) 3300(2) 307(16) 69 ( 7) 
C (85) 44 40(8) 2120(3) 565( 1 6) 66 (7) 
C (86) 4868(8) 1870(2 ) 987(15) 61 (6) 
C (91) 6139(7) 3920(2) 2905(14) 55 (6) 
C(92) 6064(9) 5190(3) 2733 (19) 81 ( 8) 
C (93) 6219( 1 2) 6070(4) 3350(2) 107(11) 
C (94) 6433 (10) 5630(3) 4070(2) 89 (9) 
C (95) 6518( 11 ) 4470(3) 4240(2) 91 (9) 
C (96) 6375(8) 3580(2) 3633 (15) 61 (6) 
C(llA) 7500 5780(9) 2500 180 ( 3) 
C(l2A)a 7070(6) 6040(17) 2640(10) 230 (8) 
O(13A)a 6760(3) 6490(8) 1850( 5) 160 ( 3) 
C(llB) a 7260(7) 7010(17) 1990(10) 290(10) 
C( l2B)a 7050(6) 6730(18) 2330(13) 220(7) 
O(13B)a 6760(3) 6490 (8) 1850(5) 160(3) 

occupancy 



Table 1. Crystal data and structure refinement for 1. 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system, space group 

Unit cell dimensions 

Volume 

Z, Calculated density 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected/ unique 

Completeness to 2theta 24.63 

We ighting Scheme (a,b)* 

Data I restraints/ parameters 

Final R indices [l>2cr(I}] 

R indices (all data} 

Extinction coeff icient 

Largest diff. peak and hole 

C33 H29 Br2 NOW 

8221.6 

293(2) K 

0.11073A 

monoclinic, C2/c 

a 33.86(3lA 
b 10 . 993(13}A. 
c 19.42(2}A 
P= 114. 54 (1) deg 

6577 (13lA3 

8, 

5.97 

3088 

1. 614 Mgm- 3 

-1 mm 

0.25 * 0.15 * 0.15 mm 

1.97 to 24.63 deg. 

6960 I 4469 [R(int} = 0.1032] 

80.4% 

0.076, 638 . 25 

4469 / 0 / 219 

Rl 0.0934, wR2 

Rl 0.1296, wR2 

0.00068(9) 

0.2208 

0.2456 

1.223 and -2.079 e.AA - 3 

* Weighting scheme w = 1/ (cr2 (F/) + (aP) 2 
+ bP), where P = (F/ + 2F/) /3 



Table 3 . Bond lengths [A) and angles [deg) in the metal 
coordination sphere for 1. 

W(l)-C(l00) 2.09(2) 
W(l) - C(7) 2 .11 (2) 

W(l)-C(5) 2.117(18) 

W(l)-C(8) 2 .16 (2) 

W(l)-C(6) 2.19(2) 

W(l)-N(4) 2. 20 (2) 

W(l)-Br(3) 2.679(3) 

W(l)-Br(2) 2.722(3) 

C(100) -W (l)-C(7) 77.6(9) 

C(100)-W(l)-C(5) 76.2(8) 

C(7) -W (l) -C(5) 92.1(7) 

C(l00) -W (1) -C (8) 113.9(8) 

C(7)-W(l)-C(8) 36.5(8) 

C(5)-W(l ) -C(8) 1 03.9(7) 

C(l00)-W(l) - C(6) 110.3 (9) 

C(7)-W(l)-C(6) 1 07.7(8) 

C(5 ) -W(l) -C(6) 35. 3 (8) 

C(8)-W(l ) -C(6) 97.5(8) 

C( 100) -W(l)-N(4) 159.5(7) 

C(7)-W(l)-N(4) 115.4(8) 
C(5) -W(l)-N(4) 117.0(7 ) 
C(8)-W(l) -N(4) 79 . 4 (7) 

C(6)-W(l) -N(4) 81.7(8) 

C(100)-W(l) - Br(3) 81 . 3 ( 6) 

C(7)-W(l) -Br(3) 157.4(7) 

C(5)-W(l)-Br(3) 90.6(4) 

C(8)-W(l) -Br(3) "° 160.9( 5) 

C(6) -W(l) -Br(3 ) 87.0(5) 

N(4) - W(l) -Br(3) 83. 0 (5) 

C(l00) -W (l)-Br(2) 80.5(6) 

C(7)-W(l)-Br(2) 84. 0 (6) 

C(5 )-W (l)-Br(2) 156.7(5) 

C(8)-W(l) -Br(2) 86.7(6) 

C (6) - W(l) -Br(2) 165.2(6) 
N(4)-W(l)-Br(2) 85.1(5) 

Br(3) - W(l)-Br(2) 84 . 67(11) 

-----




