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SYNTHESIS AND STUDIES ON TRANSITION METAL AND GROUP 15 

COMPLEXES INCORPORATING ACYCLIC AND MACROCYCLIC 

CHALCOGENOETHER LIGANDS 

by Andrew James Barton 

A series of transition metal complexes and main group complexes incorporating thio-, 
seleno- and telluro-ether ligands are described. 

The syntheses of the first series of Group 6 carbonyl telluroether complexes [M(C0)4(L-
L)] (M = Cr, Mo or W, L-L = MeTe(CH2)3TeMe, PhTe(CH2)3TePh or o-C6H4(TeMe)2) are 
described along with some dithioether (L-L = MeS(CH2)2SMe, MeS(CH2)3SMe) and 
diselenoether (L-L = MeSe(CH2)2SeMe, MeSe(CH2)3SeMe or o-C6H4(SeMe)2) analogues. 
Characterisation of the complexes has been achieved using multinuclear NMR ('H, '^C{'H}, 
"Se{'H}, '^Te{ 'H} and '^Mo) and IR spectroscopies, FAB mass spectrometry and elemental 
analysis. The crystal structure of [Cr(CO)4{MeSe(CH2)2SeMe}] has been determined and 
reveals a cis disubstituted distorted octahedral geometry. Trends in the bonding in complexes of 
these Group 16 ligands are discussed. 

The syntheses and characterisation of a series of Group 6 derivatives yflc-[M(C0)3L^] 
(M = Mo or W, L^ = MeC(CH2SMe)3, MeC(CH2SeMe)3 or MeC(CH2TeMe)3), prepared from 
[M(C0)3(MeCN)3], have been investigated. IR, 'H, '̂ ^Te{'H} and 
NMR spectroscopies have been used to characterise the complexes. The complexes are prone to 
decomposition in solution into the tetracarbonyls, and attempts to isolate [Cr(C0)3L^] have been 
unsuccessful. The complexes m-[Cr(CO)4{r|^-MeC(CH2SMe)3}] and cz5-[Mo(CO)4{r|^-
MeC(CH2SeMe)3} ] have been similarly characterised. 

The complexes rran5'-[OsCl2(L-L)2] (L-L = o-C6H4(TeMe)2, RTe(CH2)3TeR (R = Ph or 
Me)) have been prepared from ;raK5-[OsCl2(dmso)4] and the ditelluroethers in ethanol. The 
reaction of [OsCl2(PPh3)3] with the ditelluroethers or MeS(CH2)2SMe or MeSe(CH2)2SeMe in 
ethanol in the presence of NH4PF5 gave /ra«5-[OsCl(PPh3)(L-L)2]PF6. The complexes have been 
characterised by analysis, IR, UV-Vis and multinuclear NMR spectroscopy. The crystal 
structures of ?ra«5'-[OsCl2{PhTe(CH2)3TePh}2] and [OsCl2(dmso)2{MeSe(CH2)3SeMe}] are 
reported. The reaction of [OsCl2(dmso)4] with the distibine Ph2Sb(CH2)3SbPh2 affords trans-
[OSCI2 {Ph2Sb(CH2)3SbPh2} 2] which has also been characterised by crystallography. 

A series of new antimony(III) and bismuth(III) complexes incorporating acyclic and 
macrocyclic Group 16 ligands has been synthesised. Single crystal X-ray diffraction studies on 
several of these complexes has revealed a varied array of unusual structural motifs. The structure 
of [Bi2l6{MeC(CH2SeMe)3}] shows discrete dimeric units whereas [BiCl3([8]aneSe2)], 
[BiBr3([16]aneSe4)], [SbBr3{MeC(CH2SeMe)3}], [SbCl3{MeC(CH2SMe)3}] and 
[Sbl] {MeC(CH2SMe)3] give rise to infinite one-dimensional structures. Furthermore, infinite 
two-dimensional arrays are obtained from the single crystal X-ray diffraction studies of 
[BiCl3{MeC(CH2SeMe)3}] and [(SbBr3)2([16]aneSe4)]. Bismuth(III) complexes with Group 16 
donor ligands are rare and the antimony(III) species constitute the first examples of seleno- and 
telluro-ether complexes of antimony(III). 
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Diethyl Ether 

Acetonitrile 

Dimethylsulphoxide 

Acetone 

Tecbmiqaes 

UV/Vis 

IR 

NMR 

ES'' 

FAB 

APCI 

Ultra Violet/Visible Spectroscopy 

Infrared 

Nuclear Magnetic Resonance 

Electrospray Mass Spectrometry 

Fast Atom Bombardment 

Atmospheric Pressure Chemical lonisation 

Spectroscopy 

sh shoulder 

strong 
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m 

w 

br 

Hz 

5 

J 

m 

s 

d 

medium 

weak 

broad 

Hertz 

Chemical Shift (in parts per million, p.p.m) 

Coupling Constant 

Multiple! 

Singlet 

Doublet 

Miscellaneous 

acac 

3-NOBA 

Rongalite 

S.C.E 

tht 

nbd 

TMPA 

nmiol 

HOMO 

LUMO 

En 

Acetylacetone 

3-Nitrobenzyl-alcohol 

Sodium formaldehyde sulfoxylate 

Saturated Calomol Electrode 

tetrahydrothiophene 

norbomadiene. Bicyclo[2.2. l]hepta-2,5-diene 

,N' -Tetramethyl-1,3 -propanediamine 

millimoles 

Highest Occupied Molecular Orbital 

Lowest Unoccupied Molecular Orbital 

1,2-diaminoethane 

Nomenclature 

A standard form of nomenclature has been used in this thesis to describe 

the nomenclature of macrocyclic compounds 

RwR\[N]aneAyBz 
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Where R = substituent on donor atom, R' = subsdtuent on ring atoms, N = 

number of atoms in ring, A and B = donor atom type, = integers, denoting 

the numbers of each. 

[8]aneSe2 = 1,5-diselenacyclooctane 

[9]aneS3 ^ 1,4,7-trithiacycIononane 

[12]aneS4 = 1,4,7,10-tetrathiacyclododecane 

[12]aneSe4 = 1,3,7,9-tetraselenacyclododecane 

[14]aneS4 = 1,4,8,11 -tetrathiacyclododecane 

[14]aneSe4 = 1,4,8,11 -tetraselenacyclotetradecane 

[ISjaneSs = 1,4,7,10,13-pentathiacyclopentadecane 

[16]aneSe4 - 1,5,9,13-tetraselenacyclohexadecane 

[ISjaneSg = 1,4,7,10,13,16-hexathiacyclooctadecane 

[18]aneSe6 = 1,3,7,9,13,15-hexaselenacyIooctadecane 

[24]aneSe6 = 1,5,9,13,17,21 -hexaselenacyclotetracosane 

[24]aneSg = 1,4,7,10,13,16,19,22-octathiacyclotetracosane 
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CHAPTER 1 

Introduction 
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1.1 ESTRODUCTION 

The coordination chemistry of Group 16 donor ligands has generated 

interest within the research group at Southampton for some time. The 

complexation chemistry of thioether and selenoether ligands with low valent 

organometallic species has been well established whereas that of telluroethers is 

less well defined. The vast majority of compounds involving thio- and seleno-

ether coordination incorporate d-block elements. However, there are relatively 

few examples of complexes involving p-block elements with these ligands. This 

thesis describes the complexation of thio-, seleno- and telluro-ether ligands with 

a range of low valent transition metal centres, including Group 6 carbonyls and 

the platinum group metals. Also, the chemistry of acyclic and macrocyclic 

Group 16 ligands with heavier p-block elements including antimony(III) and 

bismuth(III) will be discussed. 

1.2 Metaf-Ligand Bonding 

1.2.1 M-S/Se/Te Bonding 

The general electronic configuration of the Group 16 elements is ns ,̂np'*, 

nd°. Hence in the case of dialkylated species such as thioethers, selenoethers and 

telluroethers there are two of these valence electrons involved in bonding 

interactions with the alkyl groups, leaving four electrons in non-bonding orbitals 

on the heteroatom. 

Figure 1.1 — Sp hybridised snlfur showing approximate tetrahedral 

geometry.' 
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In a review of thioether complexes of transition metals Murray and 

Hartley describe the orbitals on the Group 16 elements as varying from sp^ 

hybridised on oxygen, to an s and three p orbitals on tellurium, with sulfur and 

sekmhmi lymg aamndKme two ednrnKs/ of 

thioethers they consider sulfur to be sp^ hybridised resulting in two lone pairs. 

One or both of these may be involved in a coordinate bond to an electron 

acceptor (Lewis acid) (in a way similar to the Dewar-Chatt model for 

phosphines, which have a single lone pair of electrons, binding to metal centres 

which involves P—>M a-donation and M->P 7t-back-donation).^ However, for 

chalcogenoethers, if only one lone pair is involved in bonding then the other may 

either remain non-bonding resulting in stereoelectronic repulsion, or take part in 

n donation by rehybridisation to sp^ followed by K donation of the lone pair from 

ail)()rbital1x)tlie electrcHii&ccxqptor. 

Although n donation might be anticipated with early transition metals 

having empty suitable symmetry d orbitals to act as acceptors, there is very little 

evidence to support such bonding. 

As well as filled valence orbitals, all Group 16 elements have empty nd 

orbitals providing the possibility for k back-donation from metal to ligand. 

Whenever there are orbitals of correct symmetry available for bonding there is a 

possibility of such bonding occurring. The importance of this % back-donation is 

ill-defined but should decrease down the group. However, the back donation is 

certainly much less than exists in phosphine, arsine and stibine complexes. 

R 

Figure 1.2 — Metal-thioether bomdmg assuming sp^ hybridisadom at S taken 

from ret 3 

In summary. Figure 1.2 illustrates, using thioethers as the example, that if 

one lone pair of electrons of RaS is involved in o-bonding to the metal centre, the 
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second lone pair is then capable of n-donation to the metal. In addition, the S-

donor has empty d-orbitals that may be of the correct symmetry and energy to 

act as %-acceptor orbitals. 

Orpen and Connelly have suggested on the basis of structural evidence 

cr*()rbital = sutwditiKaiton I*)ia imwolvexi iiilVf-

P Tc-bonding."̂  For thioethers, as with Group 15 ligands, suitably oriented S-C c* 

orbitals are considered to be the most likely acceptors of n backbonding.^ In a 

review of structurally characterised examples of late transition metal complexes 

of [9]aneS3 Blower et al. argue that they observe increasing S-C bond lengths 

consistent with % backbonding into these a* orbitals. In the most extreme 

example, [Re([9]aneS3)2]^^, it was suggested that this effect was strong enough 

to txnsak thw: ZS-C; laoiuis, in&ksasing; fbiiniry; 

[Re([9]aneS3XSCH2CH2SCH2CH2S)]\ It is also important to include tha& this 

argument carries for Se-C o* and Te-C a* too. However, it remains unclear 

whether this theory can be extended to other systems. 

With no strong % back-donation, modest a donor abilities and any 

stereoelectronic effects arising from the non-bonding pair of electrons, Group 16 

ethers are considered rather poor ligands relative to Group 15 ligands. 

Since donor orbital size increases and electronegativity decreases down 

the group, metal-ligand a bond strengths have been shown to follow the order 

M-S > M-Se > M-Te. However, providing the match in orbital oveda^ and 

energy remains good, increasing o-donation would be expected as the group is 

descended. In low valent or zero-valent metals the orbital size and energy of the 

expanded d-orbitals is likely to be a better match for the larger element in Group 

16 i.e. tellurium. Hence, based on molecular orbital calculations and ligand 

exchange experiments on the [(C$H5)Fe(C0)2]' species, Hoffmann and co-

workers argued that M-E bond strengths increase down Group 16 in the order M-

Te»M-Se>M-S.^ 
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1.2.2 M-CO Bonding 

The CO ligand is able to form adducts with low valent metals. In 

molecular orbital terms, CO has a carbon-centred lone pair (HOMO) and 

degenerate n* levels (LUMOs). Ligands capable of accepting an appreciable 

amount of it-electron density, from the metal atoms into empty % or n* orbitals 

of their own are referred to as it-acceptor or 7t-acid ligands/ Of these, carbon 

monoxide is the most important and the most extensively studied. The way in 

which CO engages in bonding to a metal atom may be stated as follows: 

1. Overlap of a filled carbon a orbital with a a-type orbital on the 

metal atom as in Figure 1.3. Electron flow C to M in such a dative overlap 

would lead to an unacceptable concentration of electron density on the metal 

atom. The metal therefore attempts to reduce this charge by pushing electrons 

back to the ligand. This of course is possible only if the ligand has suitable 

acceptor orbitals. 

2. A second dative overlap of a filled dTt or hybrid dp% metal orbital 

with the empty, p% orbital on carbon monoxide, which can act as an acceptor of 

electron density (Figure 1.3 b). 

(2>M<CZ+) + M]000tc==O 

(a) 

C==0: — M :C=3% 

% ^ ^ Kb 
(b) 

Figure 13 — (a) The formation of the metal <— carbon o bond using an 

unshared pair of electrons on the C atom, (b) The formation of the metal —> 

carbon it bond. The other orbitals on the CO are omitted for clarity. 
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This bonding mechanism is synergic, since the drift of metal electrons, 

i%;ferred to au; Ibaudk-tMMwiuiĝ  iaih) (]() (ydbitals, v/Ul Ikaid lb) rnaJce liws (]() aus a 

whole negative, hence to increase its basicity via the or orbital of carbon; at the 

same time the drift of electrons to the metal in the a bond tends to make the CO 

positive, thus enhancing the acceptor strength of the % orbitals. Thus up to a 

point the effects of cr-bond formation strengthen the % bonding, and vice versa 

i.e. synergic bonding. 

1.3 Ligand Synthesis 

13.1 Synthesis of Dithio- and Diselenoether Ligands 

The acyclic dithioether ligands described in this thesis were prepared by 

reaction of a dithiol, HS(CH2)nSH, with sodium ethoxide and subsequent 

addition of an alkyl halide.^ 

^ NaOEt^ Mel ^ 
HS SH SfJa IVteS SIVte 

NaOEt Mel 

HS SH NbS SNa IWeS SlWe 

Figure 1.4 — Reaction scheme for the synthesis of MeS(CH2)mSMe (n = 2,3) 

The preparation of open chain selenoethers was undertaken using 

methodology developed by Levason and co-workers.^ Hence, the bidentate 

selenoethers were prepared by reaction of MeLi and Seg in THF, which generates 

MeSeLi, and subsequent in-situ reaction with the dichloroalkanes afforded the 

products in high yield (Figure 1.5).'° 
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MeLi + Seg 
THF 

MeSeLi 

2MeSeLi CI CI "^MeSe SeMe + 2LiX 

Figure 1.5 — Reaction scheme (or the synthesis of MeSe(CH2)3MeSe 

]Pn%%Kadon of ly^md en&uk Ihe fbnnadon of o-

C6H4(SMe)Cl as a precursor. The addition of o-dichlorobenzene to NaSMe, 

prepared from Na/NHs reduction of MeaSa in THF, followed by in vacuo 

fractionation affords this precursor. The ligand is obtained in high yield from 

lithiation of this prescursor by "BuLi, followed by addition of Me2S2 and 

fractionation in vacuo (Figure 1.6). 

NaSMe nBuLi 

MeSSMe 

Figure 1.6 - Reaction scheme for the synthesis of o-C6H4(SMe)2 

The synthesis of the selenoether equivalent, o-C6H4(SeMe)2, is generated 

following the reaction scheme shown in Figure 1.7.'^ The poly-o-

phenylenediselenide, o-{SeC6H4Se}n, obtained from o-C6H4Br2 and NaaSea in 

DMF, is cleaved by 'Rongalite' (HOCHzSOzNa.ZH^O) to the anion o-Ce^Sez^' 

and this is alkylated with Mel. 
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Na2S€2 

DMF 

Mel 

—'n 

Rongalite 

Fignre 1.7 — Reaction scheme (or the synthesis of o-CtH4(SeMe)2 

13.2 Synthesis of DiteUuroethers 

RTeLi and X(CH2)3X (X — CI or Br) at room temperature gave RaTea and 

olefin as major products as detected by NMR spectra of the products, but 

addition of the 1,3-dihalopropane to frozen RTeLi gave high yields of 

RTe(CH2)3TeR (R = Ph, 85%; R == Me, 73 %).'^ Once isolated the ligands are 

quite stable under nitrogen.'^''"^ 

1 3 3 Synthesis of Tripod Ligands 

The tripodal selenoether MeC(CH2SeMe)3 was obtained 

straightforwardly from reaction of MeC(CH2Br)3 and MeSe" as shown in Figure 

1.8. This is an example of the route into the synthesis of Group 16 

trichalcogenoethers. This reaction path can be altered accordingly to create the 

thio- and telluro-ether analogues.^''^ An excess of MeE is required to avoid 

incomplete substitution of bromine. 
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Me 

-C 
TFTF a — \ 

MeSeLi 4 MeCCCHzBr)] ^ T \ 
***' I 2 SIS....]y,e 

Se 
\ 

Me 

Figure 1.8 - Reaction scheme for the symAesis of MeC(CH2SeMe)3 

1.4 Mnltidentate Ligamd Chemistry 

1.4.1 Chelate E8ect^^ 

The term chelate effect refers to the enhanced stability of a complex 

system containing chelate rings as compared to the stability of a system that is as 

similar as possible but contains monodentate ligands. Consider the following 

equilibrium stability constants: 

M^+(aq) + 6NH3(aq) = [M(NH3)6]̂ (̂aq) log P = 8.61 

M^ (̂aq) + 3en(aq) =[M(en)3]^^(aq) log p = 18.28 

The system [M(en)3]^^ in which three chelate rings are formed is nearly 10̂ ® 

times more stable than that in which no such ring is formed. Although the effect 

is not always so pronounced, such a chelate effect is a very general one. 

To understand this effect, we must invoke the thermodynamic 

relationships: 

AG° = -RT In p 

AG° = AH° - TAS° 

Thus, as Ihe stability constant, P, increases, AG° becomes more negative. A 

more negative AG° can result from making AH° more negative or from making 

AS° more positive. It is the entropy term that usually makes the decisive 

contribution since the chelate effect is observed when AH° is either positive or 
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negative, but only when AS° is positive. The main cause of the large, positive 

entropy change is the net increase in the number of unbound molecules. Thus, 

although six NH3 ligands replace six H2O molecules, giving no net change in the 

number of independent molecules, it takes only 3 en molecules to displace 6 H2O 

molecules. 

Another more pictorial way to look at the problem is to visualise a 

chelate ligand with one end attached to the metal ion.'*' The other end is held in 

close proximity, and the probability of it, too, becoming attached to the metal 

atom is greater than if this other end were instead another independent molecule, 

which would have access to a much larger volume of the solution. 

The latter view provides an explanation for the decreasing magnitude of 

the chelate effect with increasing ring size. When the ring that must be formed 

becomes sufficiently large (seven membered or more), it becomes more probable 

that the other end of the chelate molecule will contact another metal ion than that 

it will come around to the first one and complete the ring. 

1.5 Pyramidal Inversion 

Pyramidal inversion had been suggested as early as 1924'' and confirmed 

eoqperimenbiU r̂ iGbr rutroŷ sn zUxxms stmie ytxirs /IhKd zuad (ao-TvcHicers 

first investigated the pyramidal inversion process at sulfur donors in metal 

complexes in 1966.^ Extensive 'H NMR studies undertaken on the Pt(II) 

complex [PtCl2{MeS(CH2)2SMe}] showed that the inversion process could be 

monitored by NMR spectroscopy.^' In general, the inversion process consists of 

two energetically equivalent configurations (A and C) which interconvert via a 

planar transition state (B) (Figure 1.9).^ 
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\ Y 
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E 

A B C 

Figure 1.9 — Proposed inversion mechanism 

1.6 Macrocyclic Chemistry 

Macrocycles are usually defined as cyclic molecules composed of nine or 

more atoms, at least three of which are heteroatoms?^ The properties of a 

macrocyclic ligand are determined by a number of factors including the size of 

the macrocyclic cavity (ring-size), the number and type of donor atom (e.g. O, N, 

S, Se, P) and the degree of unsaturation and/or substitution of the ring. Many 

systems have been studied to date although crown ethers and azacrowns, 

containing hard oxygen and nitrogen donors respectively, and thioethers, which 

incorporate soft sulfur donors, dominate studies. Numerous mixed donor 

macrocyclic systems containing these heteroatoms have also been reported. 

1.6.1 The MacrocycUc Effect. 

One of the reasons for the development of macrocyclic chemistry is due 

to the inherent stability of metal complexes of macrocyclic ligands.̂ '* 

In addition to those benefits imparted by the chelate effect, the 

macrocyclic effects bestows further stability upon closure of a ring system 

around a metal ion.^'^ The chelate effect, in which a complex coordinated by 

mulitdentate ligands with n donor atoms is more stable than one with n 

monodentate ligands, can be attributed to formation of the former being 

entropically more favourable than the latter. However, the origins of the 

macrocyclic effect are not so clearly defined. Usually, the effect is a mixture of 

both enthalpic and entropic factors which result in the preferential binding of a 

closed ring system rather than an open chain analogue to a metal ion. In 
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summary, the main features to note are those of kinetic and thermodynamic 

stability. 

Kinetic Stability: 

The uptake of a macrocycle or an open chain analogue by a metal ion is 

expressed as follows 

kf 
M + L ^ ML 

kd 

The kf and k j terms refer to the second order formation constant and first order 

dissociation constant respectively. The stability constant K, defined as the ratio 

of kf / hd, is a reflection of the stability of the complex. This is almost always 

larger for a macrocyclic complex versus an acyclic analogue, an indication of the 

enhanced stability of the former. The reasoning of this phenomenon may be 

explained as follows. 

Although, the rates of formation kf are usually lower for macrocyclic 

complexes versus acyclic systems; it is the substantially higher dissociation 

values of ky for acyclic systems compared with those observed for macrocyclic 

systems, which result in larger values for K for the latter. This reflects the view 

that the stepwise removal of a cyclic ligand from the coordination sphere of a 

metal tends to be more difficult than for an acyclic analogue. The coordinated 

macrocycle may require significant rearrangement and distortion of bond lengths 

and angles (probably resulting in a high energy activation transition state) before 

dissociation can occur. However, dissociation for the acyclic analogue occurs at 

a terminal donor most probably via an "unzipping" mechanism as shown in 

Figure 1.10. 
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Figure 1.10 — Possible Dissociation Mechanism for acyclic ligands 

Thermodynamic Stability: 

In considering the thermodynamics of the uptake of a macrocycle at the 

expense of a open chain analogue it is convenient to discuss the concept using 

the Gibbs Free Energy equation AG — AH - TAS. In the following example, AG 

for the reaction at 298 K is -33,67 kJ mol'V^ This arises from the enthalpic AH, 

and the entropic TAS term. 

frwM-[NiL(H20)2]̂ ^ + [MjaneN^ # frwK-[Ni([14]N4XH20)2]^^ + L 

( l = h2n(ch2)2nh(ch2)3nh(ch2)2nh2) 

The Enthalpic Contribution 

The variability of the enthalpy term reflects a number of influences. An 

important concern is any difference in the nature of bonds between metal ion and 

the respective ligands, together with the match or otherwise of the macrocyclic 

cavity for the metal ion. The different solvation energies of the open chain 

ligand and macrocycle may play an important role in determining the overall 

enthalpic contribution. For example, in the above reaction AH = -20.5kJ mol '. 

It has been argued that solvation occurs more readily for the open chain analogue 

than the macrocyclic ligand, which is more rigid and compact in its 

uncoordinated fbrm.^ Consequently, macrocyclic coordination leads to a 

favourable term in the above reaction. Care must be taken in using this 
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argument, since the enthalpy of solvation of the open chain analogue upon 

dissociation, will depend on the ability of the solvent to form an interaction with 

the ligand donor atom and the ligand functionalities. 

The Entropic Contribution 

The value of the entropic term TAS in the above reaction is 13.2 kJ mol \ 

This can be attributed to a higher entropy for the open chain analogue in its free 

form versus that entropy for the free macrocycle in its uncoordinated form. This, 

in part, is due to the open chain analogue exhibiting a greater number of 

rotational and vibrational degrees of freedom in the free form than in the 

coordinated form. For the macrocycle which is compact and rigid in its free 

form, coordination to a metal ion only leads to a small reduction in the number 

of internal degrees of freedom. Therefore, there is a net gain in entropy upon 

release of the acyclic ligand into solution. 

1.6.2 Synthesis of Macrocyclic Selenoethers 

A considerable amount of effort and time was devoted to the synthesis of 

macrocyclic selenoether ligands prior to studies into new coordination chemistry 

of these ligands. The following section summarises the methodology employed 

during the non-trivial reaction procedures required in the synthesis of selenoether 

macrocycles. 

riw: syiidiesis (Fjiguie I.l 1) Tvas laccKxmpIisbad bgr 

the reaction of slightly greater than two molar equivalents of KSeCN with one 

molar equivalent of Br(CH2)3Br in dry DMF.^ 

d m f 
2KSeCN 4 Br Br — NCSe SeCN 

Figure 1.11 — Reaction scheme for the formation of NCSe(CH2)3SeCN 27 
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rhe readion to produce the ling sys&ans (Fypus 1.12) vnK 

performed at low temperatures, initially at 195 K increasing to 223 K via an 

A4ê ]CWsoHd shudi Ibadh Vlddhion of }^CSe(ClIjbSeC]^ and scKUuni 

produces a two electron reduction at the site of each selenium atom, to produce a 

soiidicni siliĝ bt exKxess cMfBi((]H2)3Br ui TIHCF 

is added dropwise over 5 h. This gradually produces a precipitate of NaBr. 

The synthesis of macrocycles is reliant upon certain conditions to 

promote cyclisation over the statistically preferred polymerisation. In the above 

synthesis, the important points to consider are whether cyclisation is promoted 

by the sodium ions acting as templates, or ring closure proceeds via a high 

dilution mechanism, or finally whether the reaction proceeds by a combination 

of both factors. Since the total volume of the reaction after the completion of the 

dihaloalkane addition in dry THF is no more than 500 cm^ (reduced by ca. 200 

cm^ by slow evaporation of the ammonia), it is more likely that the mechanism 

of cyclisation will be due to the first effect. Additionally, the low temperature 

might also be expected to inhibit the polymer formation by slowing the reaction 

kinetics and act to limit the solubility of the precursors. 

The rate of addition of dihaloalkane is also an important consideration. 

At high rates of addition, the selectivity for cyclisation versus polymerisation 

should be less than for lower rates of addition of dihaloalkane. 

The mixture containing the cyclic selenoethers was purified by column 

chromatography on silica with an eluting mixture of 1:19 ethyl acetate:hexane. 

The first ligand to be eluted from the column is [8]aneSe2 (Rf = 0.6). The second 

is (Ilf = ().:)) aiid thw; diird fMnadkict is [24k|arK;S(% (TRf == 0.1). Figpure 

1.12 illustrates the reaction scheme. 

Further to the examples discussed above there are other macrocyclic 

selenium containing ligands described in literature. Pinto and co-workers 

generated the [12]aneSe4 and [ISJaneSee macrocycles by the reaction of sodium 

propane-1,3-bis(selenolate) with dibromomethane in liquid ammonia.^ The 

analogous reaction of sodium ethane-l,2-bis(selenoate) with 1,3-

dibromopropane afforded [14]aneSe4. 
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Figure 1.12 — Reaction scheme for the synthesis of [SjameSez, [16]aneSe4 and 

[24]anese6 27 

1.7 The Elements of Group 15 

Group 15 constitutes the third column of the p-block of the periodic table 

and comprises the elements nitrogen, phosphorus, arsenic, antimony and bismuth 

and they are often referred to as pnictogens. Despite being in the same group, 

however, the properties of the elements vary to a considerable degree as the 

group is descended. Thus, whereas nitrogen and phosphorus are typical non-

metals, arsenic and antimony are more usually described as metalloids and 

bismuth has many properties associated with metallic behaviour. Nitrogen, 

which has the obvious distinction of being gaseous under normal conditions, is 

not included, as there is little resemblance between the characteristics it displays 

and the other Group 15 elements except for the stoichiometrics of some simple 

ionic compounds (e.g. NH3, PH3, NCI3, Bids). Table 1.1 shows a selection of 

physical properties of Group 15 elements. 
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Table 1.1 — Physical Properties of the Group 15 elements. 29 

Element Electronic Melting Point Electronegativity Covalent 

Comfignration C Q (AUred-Rochow) radios' (A) 

P [Ne]3ŝ 3p^ 44.1 2.06 1.1 

As [Ar]3d °̂4ŝ 4p^ 813 2.2 1.21 

Sb [Kr]4d̂ °5ŝ 5p̂  630.5 1.82 1.41 

Bi [Xe]4f''̂ 5d °̂6ŝ 6p^ 27L3 1.67 1.52 

a. For trivalent state. 

The common oxidation states for arsenic, antimony and bismuth are +3 

(III) and +5 (V) with the +3 oxidation state being the most common. The 

reluctance of the heavier p-block elements to achieve the group oxidation state 

(in this case +5) is a general feature in the chemistry of the p-block elements and 

is usually referred to as the 'inert pair effect', with the clear implication that 

there is an inert pair of electrons (the s pair) which are not easily involved in 

bonding. The large fourth and fifth ionization energies for bismuth provide some 

support for this assertion. In the case of arsenic and antimony other parameters 

play a role with a regard to stability of the +3 oxidation state apart from 

relativistic effects. In fact this energetic stabilization of the s pair is only part of 

the picture and in some ways the term 'inert pair effect' is a misnomer. Also 

important is the fact that bonds get weaker as the group is descended such that 

for liwe tueavier elemeids the eiwaqgetic ()ost ()f innnolving; the s ]pair is inc* 

compensated by the formation of two extra but rather weak bonds.̂ '̂̂ ° 

Antimony(V) and bismuth (V) compounds are not considered in this work. 

The Group 15 compounds in the +3 oxidation state can act as Lewis 

bases and this is well documented and is exemplified by the ability of triorganyl 

iderivativeK^ for eauaniple EWPltb to ac* as Î garwis to tnuisidcMi naetals. ]ii(X)otrast 

to the vxary kuqge nimibe:r cdF pJiospdiine cxxmpleoKes, far fenver suwdi 

complexes are known for the heavier elements, with the number of well 
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icbuanactefisad eaamjikes dkopjiuig (IraiiMitkiairy aa iQie gpnoiq) is dksscoidkxl. TTbis 

observation illustrates a more general point relating to the decrease in basicity as 

the group is descended. A good explanation is that the increasingly poor 

hybridisation of the valence s and p orbitals resulting from their increasingly 

disparate radial extensions results in the bonding occurring primarily through p 

orbitals, with the lone pair residing in an orbital of largely s character. Since s 

(MiihziLslbawfe pwDCMxaridirecficHial piopeMiex; CK)ni;HuredTwitli!&ip typwB hgrbridk̂  it is 

partly for this reason that bonds become progressively weaker as the group is 

descended (in addition to the general trend towards weaker bonds for larger 

atoms) thereby accounting for the reduced basicity. 

Perhaps less well appreciated is the Lewis acidity of the elements in the 

+3 oxidation state, since the presence of one pair of electrons generally leads to 

the expectation of Lewis basic behaviour, as discussed above. Whatever basicity 

such compounds may exhibit, a considerable degree of Lewis acidity is also 

eviderA exspecialty vwtwere the (Grroiq) 1:5 eieiiient is tx)n(led1:o sigrLUGwamtly iiwore 

electronegative atoms or groups. Thus, antimony and bismuth trihalides, SbXa 

and BiXs, for example, are sufficiently Lewis acidic to exhibit quite an extensive 

coordination chemistry with ligands such as phosphines (PR3), phosphine oxides 

(OPR3), ethers (OR2), and halide ions The origin of this Lewis acidity 

together can be rationalised on the basis of a bonding model in which Sb-X or 

Bi-X a* orbitals are the primary acceptor orbitals through which the ligands 

bond. Hence, the conventional description which employs vacant d orbitals is 

dismissed as the d-orbitals in question are too high in energy to play any 

significant role in conferring Lewis acidity upon the heavy p-block elements.^ 

The E-X a* bonding model relies upon X being more electronegative than E. 

The bonding <j orbital will be polarised towards X, since this is the lower energy 

atomic orbital, whereas the antibonding a* orbital will be polarised more 

towards the less electronegative element E (Figure 1.13). If this a* orbital is 

sufficiently low in energy, it can act as an acceptor orbital on E through which a 

Lewis base, B, can bond. Furthermore, as the B-E interaction becomes stronger 



(and the L-E bond shorter) the population of the a* orbital increases, which will 

lead to a lengthening and weakening of the E-X bond. 

ji 

Energy 

% 

X 

Figure 1.13 — A two-orbital interaction diagram for an E X bond (E = 

Group 15 element; X = halogen) 

There are two variables to account for when considering the nature of E-

X interactions. The effect of changing the halide for a set of compounds can be 

seen by looking at the examples of [BiPhX2(thf)] (X - CI, Br or I) (Figure 1.14). 

Qs?. •> ^ 9 -
x - y 

X 

v - x - y 

b ' 
X = CLBr,I Figure 1.14 - View of the structure of [BiPhX2(thf)]^^ 

On going from chloride to iodide, the difference between the primary and 

secondary Bi-X bond lengths (A) decreases (for the two trans related halides, the 

shorter bond is defined 'primary' and the longer bond is defined 'secondary').^^ 

This feature of primary and secondary E-X bonds becoming more equal in length 
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()n pHnDgpnassin*; to theliean/ier hzLLkles is, ui fad, cpiik; generaJL̂ ^̂  Furdieniware, it 

is observed when comparing a range of structures, for given E and X, that 

primary and secondary E-X bond distances are correlated such that as the 

secondary distance gets shorter the primary distance gets longer?^ 

The above example focuses on the effect on primary and secondary bond 

distances of changing the halide for a given Group 15 element E. The 

isomorphous triiodide structures EI3 (E = As, Sb or Bi) illustrate the effect of 

changing the Group 15 element. In Aslg, the arsenic atom is displaced towards 

three mutually cis iodines, giving three shorter As-I bonds, and three tram 

tx)iuis, TvliHzh aire lc»ig;er (/I == L̂), v/hwareas ui Ilila, the Ibismufh is iii a 

regular octahedral environment with all six Bi-I distances equal (A = 0 A). In 

Sbis the situation is intermediate with A = 0.45 A. 

Thus, overall there are two important trends. First, there is a tendency for 

secondary bonding to be more pronounced for the heavier halides, and, second, 

secondary bonding is also seen to be more significant for the heavier Group 15 

elements; in the case of bismuth triiodide, the distinction between primary and 

secondary bonding has been lost. 

Ill (X)rw;i(leringr ivtrp Iieanfier (%k%aieiit IS (xxmpd(%xes stwould shwDw iiiore 

pronounced secondary bonding, two factors become important. First, on 

descending the group, the electronegativity of E will decrease, which will be 

refledkxl ui a raising ()ftlie eiKangy()ftlie vaieaicelE oitxhal. riuswillisssult iui 

greater difference between the energies of the atomic orbitals of E and X leading 

to ])0{Mner crverlap amwd zi ctMnnssptHicUiy; Icywnar energip cr* lorbital, amui liqghwar 

energy 0 orbital. Second, the increasing size of the heavier element E means 

laigperiinclrrHore diffuse (xdbibiki, vvhicli wnll also resiUt in poorer oiwarkg), 

importantly, the same consequences for the energies of the o orbital and o* 

orbital. The lower the energy of the a* orbital, the more available for bonding 

this orbital becomes, resulting in a corresponding increase in the likely extent of 

secondary bonding interactions. 
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InEw ĉcMiotuigitTtiHsisfGsct lof chwuigpiyf)[ for a givtai EXTII) a&cwî  txydi 

the acceptor properties of E(III) and the donor capability of X must be 

considered. The heavier halides are better electron donors and thus have a 

greater tendency toward bridging. In addition, as halide orbitals become larger 

and more diffuse down Group 17, overlap with the E(III) orbitals is reduced and 

thitstbwscT* tslkyRwaned in eneaqgy. <CiTK:HiltK)wevT%\, %;tbie raising; in eiuaqgy cdTtbe 

halide atomic orbitals relative to those of the E(III) atom. This reduces the 

energy separation of E and X, raising the a* orbital energy (thus decreasing its 

availability for interaction with a Lewis base) and reducing the polarisation of 

this orbital toward the E atom. Overall, the availability of the o* orbital is 

tempered by the reduced E-X orbital energy separation. 

As indicated by Carmalt and Norman, the E-X <y* bonding models is not 

without ambiguity. Indeed, a recent computational study upon secondary 

interactions in heavy main group elements proposed an alternative, van der 

Waals type mechanism.^^ Further work is necessary to establish a rigorous 

theoretical understanding and ultimately a qualitatively scale of secondary 

bonding. However, the current E-X cj* model is qualitatively successful in 

accounting for E(III) Lewis acidity, secondary bonding interactions and E-X 

bond distances, and is a useful tool in rationalising the solid state structures 

obtained in this and previous studies. 

1.8 Tramsidon Metal Complexes 

The transition elements may be defined as those as elements (and in any 

of their commonly occurring oxidation states) have partly filled d or f shells. 

The large number of transition elements is subdivided into three main groups: (i) 

the main transition elements or d-block elements, (ii) the lanthanide elements 

and (iii) the actinide elements. The work discussed within this thesis concerns 

only the d-block elements which have partially filled d shells only. 

Substituted Group 6 carbonyls (chromium, molybdenum and tungsten) 

have been studied in great detail with a wide variety of ligand types, and are thus 
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very suitable systems in which to explore the properties of new ligands.^ The 

chemistry of ditelluroether ligands with low valent metal and organometallic 

species remains a largely unexplored area of chemistry {c.f. complexes with 

Group 8-11 metals).'*'"^^ Hence, there is an opportunity to study these new 

complexes in parallel with thio- and seleno-ether analogues, which have already 

received considerable attention. 

Likewise, the chemistry of tridentate telluroether and selenoether ligands 

with a variety of metal centres including both homoleptic and halocomplexes 

ami and 

homoleptic Cu(I) and Ag(I) have been explored and once again Group 6 

carbonyl complexes have received very little attention. An aim of this work was 

to redress this imbalance. 

Whilst a wide range of bidentate and polydentate phosphine and arsine 

complexes of Os(II), Os(III) and Os(IV) are readily made obtaining complexes 

with Group 16 donors (S, Se or Te) has proved considerably more difficult. New 

synthetic routes are needed to access the chemistry of Os(II) with dithio- and 

diseleno-ether ligands and there is also the added interest of extending the list of 

ditelluroether complexes with platinum group metals (platinum, palladium, 

iridium, ruthenium and rhodium) to osmium. 

1.9 Charactensadom Techniques 

The complexes formed in this study were all characterised using a 

combination of techniques. Microanalyses were collected for all solids isolated. 

Multinuclear NMR spectroscopy ('H, 

and ^^Mo) has been used extensively to characterise many of the compounds 

described in this research. The other means of characterisation were infrared 

(IR) spectroscopy, mass spectrometry and single crystal X-ray diffraction. The 

following is a brief overview of these techniques. 
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1.9.1 Multmuclear NMR Spectroscopy 

Multinuclear NMR spectroscopy ('H, ^^Se{'H}, 

'̂ ^Te{^H} and ^^Mo) have been used routinely to characterise the compounds 

described in this thesis and to probe the interaction of the ligand with the metal 

centres. 

Se NMR Spectroscopy^ 

Selenium has six naturally occuring isotopes. The '^Se nucleus has a spin 

of I = Y2, a natural abundance of 7.6 % and a receptivity relative to 'H of 5.3 x 

10"̂  making it suitable for study by NMR spectroscopy. It has been studied 

extensively and a comprehensive range of 5 ('^Se) values has been established 

for both ligands (phosphine selenides, diselenides, selenoethers etc) and metal 

complexes alike. Shifts are typically referenced to neat MezSe which is assigned 

6 When an M-Se a bond is formed on coordination the Se centre is usually 

deshielded and the resulting shift is usually to high frequency, consistent with a 

shift of electron density away from the Se donor to the metal centre. The size of 

shifts are also dependent, in the case of bidentate selenoether, upon the size of 

the chelate ring. For example, the coordination shifts for five membered rings 

are always larger than for six membered chelate analogues.'*' 

^ ^ e NMR spectroscopy^ 

Tellurium has seven naturally occurring isotopes of which it is '^Te, 

with spin I = natural abundance 7.0 % and a relative receptivity to 'H of 2.21 

X 10"̂  which is used in NMR spectroscopic studies. Detracting from this is the 

negative magnetogyric ratio (y = -8.453 x 10̂  rad T"' s"̂ ) which may lead to 

signal diminuation via the Nuclear Overhauser Effect (NOE). For most nuclei 

this ratio is positive and has the effect of enhancing the signal by an amount 

defined by: 

NOEmax = 1 + / 2%|] 

Xi = magnetogyric ratio of observed species 
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Xs = magnetogyric ratio of irradiated species 

When the negative magnetogyric ratio is placed in this equation a 

negative effect is observed, i.e. signal diminuation. Resonances for '̂ ^Te are 

referenced to the resonance of neat MezTe. The same high frequency shifts 

discussed for other nuclei are observed with electron-rich substituents. With 

coordination, a high frequency shift is observed as the tellurium nucleus is 

deshielded. 

NMR Spectroscopy 

Molybdenum has two NMR active nuclei, ^̂ Mo and ^Mo, both of which 

are quadrupolar with spin I = 5/2. ^^Mo has a natural abundance of 15.72 % with 

a low relatively receptivity of 5.07 x 10"* but its small quadrupole moment 

(0.015 X 10"̂ ^ m^) makes it the easier of the two nuclei to study. [̂ ^Mo has a 

larger quadrupole moment (0.15 x 10"̂ ^ m^) and natural abundance of 9.46 %]. 

Extensive research on Mo-carbonyl complexes has been undertaken using ^^Mo 

NMR spectroscopy. 

1.9.2 Mass Spectrometry 

Mass spectrometry is useful because it can provide information about the 

relative molecular mass of a compound. Once this is known it can be compared 

with that calculated for the expected products based on the relative atomic 

masses of the constituent elements and the composition of the molecule. Mass 

spectrometry provides a basis for separating the different ions of the molecule of 

interest due to their mass-to-charge ratio (m/z) and this can be achieved in a 

number of ways. The ionisation methods encountered for complexes and ligands 

during work for this thesis are described below. 

Fast Atom Bombardment 

There are occasions when heating a sample and bombarding it with 

accelerated electrons (as in electron impact ionisation) provides too much energy 

and the molecules are not just ionised but also start to break up into smaller 
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fragments. This is especially true for molecules containing relatively weak 

bonds or easily fragmented groups such as organometallic compounds; in these 

cases the technique of fast atom bombardment (FAB) is often preferred. In this 

method the compound of interest is dissolved in a suitable non-volatile 'matrix' 

material before being bombarded by charged atoms or argon or xenon. This 

method results in a higher chance of observing the parent or molecular ion with 

less fragmentation; however, it may also give rise to peaks due to the matrix 

material. 

Electrospray 

In the most general sense, electrospray is a method of generating a very 

fine liquid aerosol through electrostatic charging, rather than the more familiar 

gas methods. In electrospray, the plume of droplets is generated by electrically 

charging a volume of liquid to a (very) high voltage. The liquid becomes 

unstable as it is forced to hold more and more charge. Soon the liquid reaches a 

critical point, at which it can hold no more electrical charge and it blows apart 

into a cloud of tiny, although still highly charged "daughter" droplets. These 

tiny droplets (<10 p,m in diameter) then fly about searching for a potential 

surface opposite in charge to their own to land on, the counter-electrode. 

Electrospray ionisation is the process of generating a gas phase ion from an 

otherwise neutral chemical species. It is called "soft" since the molecule being 

ionised does not fall apart or break-up during the process. 

1.9.3 Infra-red Spectroscopy 

Infra-red spectroscopy was used extensively in this work to provide 

evidence for the identity of the products and the presence of carbonyl ligands. 

For Chapter 2 and Chapter 3, describing the Group 6 carbonyl complexes, IR 

spectroscopy provided a useful way of monitoring the progress of the reactions 

and determining the geometry about the metal centre (from group theory). The 

bismuth(III) and antimony chloride complexes were found to show several 

features assigned as v(E-Cl) in the range 230 - 300 cm'\ 
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1.10 Aims of the Study 

The aim of this research study was to synthesise and characterise a 

variety of metal complexes with bidentate, tridentate and macrocyclic ligands 

incorporating thioether, selenoether and telluroether donor atoms. The 

complexes have been characterised by a wide range of spectroscopic methods 

including, in several cases, single crystal X-ray diffraction. Comparisons have 

been made between different ligand donors, metal ions and between acyclic and 

macrocyclic ligand systems. The aims for each chapter are outlined below. 

Chapter 2: To prepare and characterise a series of bidentate Group 16 

ligand derivatives of M(0) carbonyls (M = Cr, Mo or W) and to probe the 

coordinating abilities of ditelluroether ligands versus the established trends for 

thio- and seleno-ether ligands in these species. 

Chapter 3: To generate the Arst examples of 

[M(C0)3{MeC(CH2EMe)3}] (M = Mo or W; E = Se or Te). 

Chapter 4: To extend the previous studies of ditelluroethers with 

platinum group metals Pt or Ru or Rh,'^ to osmium; and to draw 

comparisons with sulfur and selenium analogues. 

Chapters 5 and 6: To synthesise and structurally characterise a range of new 

antimony(III) and bismuth(III) halide complexes with tridentate and macrocyclic 

Group 16 ligands. The main emphasis of this piece of work is to investigate 

structural motifs obtained under the reaction conditions used. 
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CHAPTER 2 

Group 6 Carbonyl Complexes of 

ThiO", Seleno- and Telluro-ether 

Ligands 
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2.1 irnrrfwdthctlcmf 

The aim of the work in this chapter was to investigate the coordination 

chemistry of three ditelluroether ligands (Figure 2.1) with Group 6 carbonyls. 

The ]VI(0) cautxDiryl *>Din|)oiu*ds form (A4 = A/k) or 

W). The study tvaus carried out in parallel with studies of thio- and seleno-

analogues, to place the trends within Group 16 in context. 

MeTe TeMe PhTe tePh 

Figure 2.1 — The bidentate teUuroether Ugaads 

The coordination chemistry of the Group 6 metal carbonyl complexes has 

been investigated using multinuclear ('H, "Se{'H}, ^^Te{'H} and 

^^Mo) NMR and IR spectroscopies, FAB mass spectrometry and in one case, 

suy^bcryaalx^n^dhlrkdion. 

2.1.1 Group 6 Metal Carbonyl Chemistry 

Substituted Group 6 carbonyls have been studied in great detail with a 

wide variety of ligand types,' and are thus very suitable systems in which to 

explore the properties of new ligands. The continued growth in interest of the 

chemistry of Group 6 metal carbonyls is a consequence of many factors, 

including the readily availability of [M(C0)6] (M = Cr, Mo, W), but in particular 

because of the remarkable variety of chemistry displayed. A number of 

investigations were carried out during the 1960's concerning Group 6 

tetracarbonyls in reactions with Lewis acids.̂  Many of the investigations gave 

illustrations of reactions of [M(C0)4(L-L)] (M = Cr, Mo or W; L-L = bidentate 
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lyraiwi) Tvlrere tbc inesuit \vas llwe ecmcliKHi/e reqikwceiDwsot cdF()ne1]ideiitate lygaiwi 

for another, leaving the carbonyl groups around the metal intact.̂ " '̂̂  

2.1.2 DiteUuroether Ligamd Completes 

III the 1() )M%ars soiwce ii isuigp; odF ichfdkding (irksUinnDetbwar lygaiwis Tanas 

r e p o r t e d , t h o r o u g h investigations of their coordination chemistry with a 

variety of metals in medium oxidation states have been carried out, including: 

palladium(n), platinum(n)/^^* pladnum(IV),'^ iridium(in)/^''^'^ Aodium(in), 

ruthenium(II)'^ and cobalt(III) halides,^' homoleptic copper(I) and silver(I) 

systems,^^ and t i n ( r V ) halides.^ In contrast, their chemistry with low valent 

metal and organometallic species remains largely unexplored. However, 

complexes with manganese and rhenium carbonyl halides have been reported 

recently by our research group.^ 

2.13 Thio- and Sekno-ether Complexes of Cr, Mo and W 

The coordination chemistry of Group 6 carbonyl complexes with acyclic 

Group 16 ligands is well established.*'̂ ® Derivatives of sulfur ligands 

predominate, with fewer examples of selenium complexes. Examples of 

monosubstituted thioether complexes include [Cr(CO)5(SR2)] (R = C2H5, CH3, 

C2H3 and (CHsXCHzCI)),̂ ^ [Cr(CO)5(SBu2)],^'^ [M(C0)5(SR'R^)] (M = Cr, 

Mo, W; R̂  = C 2 H 5 , R^ = C2H5, CHzPh),^^^ [Mo(CO)5(SR2)] (R = Me, Ph),^ 

[M(CO)5{MeS(CH2S)nMe}] (M = Cr, W; n = 2, 3),̂ ^ [Mo(CO)5L] (L = S'Buz, 

tht),^"^ [w(c0)5{s(ch2ch)ph}],^ [w(co)5(*busch2s'bu)]^^ 

and[w(co)5(c4h6s)].^ 

In contrast to ditelluroethers the corresponding dithioether and 

diselenoether complexes have received considerable a t t e n t i o n . T h e variety 

of complexes studied include [M(CO)4{RS(CH2)2SR}] (M = Cr, Mo, W; R = 

Me, Et, [Cr(CO)4{'BuSCH=CHS*Bu}],̂ ^ [Cr(CO)4{L-L}] (L-L = 

PhCH2S(CH2)2SCH2Ph, MeSCCHz^SMe, 'BuS(CH2)2S*Bu),'̂ '"'̂ '̂̂  and 

[M(C0)5{RS(CH2)2SR}] (M = Cr, Mo; R = Et, 'Bu).'* '̂̂  
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Tlie fMnbiuu-y aim oi tbis clKqpter was toiuMkaMzdce a sgnsbsniatic stud̂ f on 

carbonyl derivatives of Cr(0), Mo(0) and W(0) with a series of ditelluroethers. 

JChuricyr liie time CKfliw: reseeunch zinmgpe oi laicrMm aiid nev/ cornqpleawes 

dithioether and diselenoether ligands have been prepared for comparison 

purposes since we required vibrational data recorded under the same conditions 

for all the complexes, and literature multinuclear n m r data are very limited. 

The sulfur and selenium containing ligands are shown in Figure 2.2. The 

characterisation of ditelluroether complexes with Group 6 carbonyls is of interest 

in its own right, but it also offers an opportunity to compare ligand properties of 

dithioethers, diselenoethers and ditelluroethers. For this purpose we used v(CO) 

stretching vibrations and the relative magnitude of the ^Se- and NMR 

shifts. In principle, the 5(C0) shifts in liie NMR spectra and for the 

tungsten complexes the coupling constants on the 

resonances, should also provide useful information. 

MeSe SeMe MeS SMe 

MeSe SeMe MeS SMe 

Figure 2.2 — The bldemtate thio- amd selemo-ether ligands 
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2.2 RESULTS AND DISCUSSION 

2.2.1 Group 6 Metal Carbomyl Complexes 

The ligands MeTe(CH2)3TeMe, PhTe(CH2)3TePh and o-C6H4(TeMe)2 

were synthesised using the literature procedures.'^''"' The synthesis of the 

complexes with the three ditelluroethers and a range of dithioether and 

diselenoether analogues were straightforward, utilising reaction of the ligand 

with [Cr(CO)4(nbd)], [Mo(CO)4(nbd)] or [W(CO)4(TMPA)]. The molybdenum 

and tungsten tetracarbonyl starting reagents were prepared by established 

m e t h o d s , w h i l s t [Cr(CO)4(nbd)] was prepared by an amalgamation between 

two published m e t h o d s . I t was the preparation of 

[Cr(C0)4 {MeSe(CH2)2SeMe} ] by Abel that prompted the use of [M(CO)4(nbd)] 

(M = Cr or Mo) as a useful starting material for the preparation of coordinated 

chalcogen complexes.'*^ Abel found that only traces of 

[M(CO)4{MeSe(CH2)2SeMe}] were obtained by the direct reaction of the 

requisite metal hexacarbonyl; but the displacement of the bidentate diene ligand 

&om [Cr(CO)4(nbd)] gave a 65 % yield of the desired product. 

toluene, No 
[Mo(CO)4(nbd)] + L-L [Mo(CO) 4(L-L)] 

room temp., 16 h 

toluene, N? 
[Cr(C0)4(nbd)] + L-L [Cr(CO) 4(L-L)] 

50° C, 16 h 

[W(CO)4(tmpa)] + L-L [w(CO) 4(L-L)] 
70° C, 16 h 

Figure 2.3 — Syntheses of the Group 6 Metal carbonyl complexes 

Where M = Mo, the ligand was added to a dry degassed toluene solution 

of [Mo(CO)4(nbd)] and the reaction monitored by IR solution spectroscopy. On 

formation of [Mo(CO)4(L-L)] IR spectroscopic studies showed the absence of 
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bands associated with the starting material and subsequent work-up with CHCI3 

and n-pentane afforded the products as yellow solids. 

The same methodology was applied to the synthesis of [Cr(C0)4(L-L)] 

and, in this case, the reaction was undertaken successfully at 50 °C. Subsequent 

work-up afforded the products as yellow or orange solids. 

The methodology used to successfully synthesise [W(CO)4(L-L)] 

employs the reaction of [W(C0)4(tmpa)] with the ligand at elevated temperatures 

in a solution of toluene for a period of about 16 hours. Subsequent work-up 

afforded the products as orange and yellow solids. 

The complexes are air-stable in the solid state and reasonably so in 

solution when pure. They were insoluble in hydrocarbons, but very soluble in 

chlorocarbon solvents. 

FAB mass spectrometric data for each complex showed peaks 

corresponding to [M(C0)4(L-L)]^ die parent ion, and oAen Aagments 

corresponding to sequential carbonyl loss. The FAB mass spectrum data (Figure 

2.4) are shown for [Cr(CO)4{MeSe(CH2)3SeMe}], in which the loss of CO from 

[M(C0)4(L-L)]' was observed. The data show good agreement with the 

calculated isotope distributions. These data, together with microanalyses 

confirmed the formulation of the new complexes as [M(C0)4(L-L)]. 

3N m/z 

Figure 2.4 - FAB mass spectrum of [Cr(CO)4{MeSe(CH2)3SeMe}] 
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iKe of Ht qx^koaxipy VMK fmxkmHmbU %) 

characterisation of these complexes. As mentioned, IR spectroscopic studies 

allowed the character of these complexes to be followed throughout the reaction. 

During (he synthesis of [M(CO)4(L-L)], the three CO stretches associated with 

the Group 6 metal tetracarbonyl precursor (Figure 2.5) disappeared and, on 

fcHnoiatwDn ()f die SRibsKsquent cis-tetracaKtxomqfl tbrtx: nenv 

CO bands were observed. Group theory for a tram isomer predicts one IR active 

mode (Eu) and for a cis isomer, four stretches (2A, + B] + Ba). The observation 

of only three bands in the majority of cases is due to the failure to resolve the Aj 

and B] modes at ca, 1900cm''. A similar effect has been noted in some 

dithioetber complexes.''^ Table 2.1 gives the solution IR data 6)r the complexes. 

A typical IR spectrum is shown in Figure 2.6. Consideration of v(CO) shows 

that for a given metal, the frequencies, especially that of the A; mode of the 

(}C)'s GiH Tvitb doocf frcwnS) ik)!Se and tbenlliere isiinidier gpeadkr fail 

to Te. On the conventional M-CO bonding model, this reflects greater electron 

density on the metal centre resulting in greater %-back-bonding to the CO's and 

hence a weakening of the C-O bond. The most obvious way of increasing the 

metal electron density is increased o-donation from the Group 16 donors. As 

Group 16 is descended, the electronegativity of the donor atoms fall, and 

providing the match in orbital overlap and energy remains good, increasing a-

donation would be expected. In metals in positive oxidation states, especially as 

the formal charge rises, the contraction of the metal d-orbitals has been 

suggested to lead to mismatch in orbital size and energy at tellurium,'^ but in the 

expanded d-orbitals of zero-valent metals as in the present case this is unlikely to 

be a problem. It should also be noted that the frequency for stretching modes of 

the carbonyl group are generally higher for molybdenum complexes with the 

chromium tetracarbonyl complexes having the lowest stretching frequencies of 

the series. Therefore, the frequency of tungsten carbonyl stretching modes are 

generally between those of the molybendum and chromium for a given ligand 
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This trend can be attributed to the greater electronegativity of the chromium 

compared to that of molybdenum. 

60.99 
%t 

48.49 

0.57-
2 0 0 0 1900 

Figure 2J5 - v(CO) region of IR spectrum of [Cr(CO)4(nbd)] 

58.67-
XT 

3.78- -1 r-
2050 2000 1950 , 1900 

cm"' 
1B50 

Figure 2.6 - v(CO) region of IR spectrum of [Cr(CO)4{MeS(CH2)2SMe}] 
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Table 2.1 — IR spectroscopic data (CO region) 

Complex u(CO)/cm- '̂' 
[Cr(C0)4{MeTe(CH2)3TeMe}] 2000(m) 1887(s, br) 1858(s) 

[Mo(CO)4{MeTe(CH2)3TeMe}] 2015(m) 1908(s, br) 1862(s) 

[W(CO)4{MeTe(CH2)3TeMe}] 2010(m) 1894(s, br) 1859(s) 

[Cr(C0)4{PhTe(CH2)3TePh}] 2003(m) 1903(sh) 1891(s,br)1870(s) 

[Mo(CO)4{PhTe(CH2)3TePh}] 2018(m) 1907(s, br) 1875(s) 

[W(C0)4{PhTe(CH2)3TePh}] 2013(m) 1895(s,br) 1869(s) 

[Cr(CO)4{o-C6H4(TeMe)2}] 2005(m) 1902(s, br) 1873(s) 

[Mo(CO)4{oC6H4(TeMe)2}] 2020(m) 1920(sh) 191 l(s) 1880(s) 

[W(C0)4{^6H4(TeMe)2}] 2015(m) 1900(s, br) 1875(s) 

[Cr(C0)4{MeS(CH2)2SMe}] 2016(s) 1898(s, br) 1860(s) 

[Mo(CO)4{MeS(CH2)2SMe}] 2024(s) 1910(s, br) 1863(s) 

[W(CO)4{MeS(CH2)2SMe}] 2019(m) 1897(s, br) 1859(s) 

[Mo(CO)4{oC6H4(SMe)2}] 2028(m) 1917(s,br) 1870(s) 

[Cr(CO)4{MeS(CH2)3SMe}] 2015(s) 1900(s) 1890(sh) 1854(s) 

[Mo(CO)4{MeS(CH2)3SMe}] 2023(s) 1910(s,br) 1895(sh) 1856(s) 

[W(C0)4{MeS(CH2)3SMe}] 2018(m) 1897(s) 1890(sh) 1852(s) 

[Cr(C0)4 (MeSe(CH2)2SeMe}] 201 l(s) 1900(sh) 1889(s) 1860(s) 

[Mo(CO)4{MeSe(CH2)2SeMe}] 2021(m) 1909(s, br) 1862(s) 

[W(C0)4{MeSe(CH2)2SeMe}] 2016(m) 1895(s, br) 1858(s) 

[Cr(C0)4{MeSe(CH2)3SeMe}] 2009(m) 1894(s, br) 1852(s) 

[Mo(CO)4{MeSe(CH2)3S€Me}] 2020(m) 1908(s) 1895(sh) 1855(s) 

[W(C0)4{MeSe(CH2)3SeMe}] 2015(m) 1896(s) 1885(sh) 1850(s) 

[Cr(CO)4{oC6H4(SeMe)2}] 2015(s) 1902(s, br) 1866(s) 

[Mo(CO)4{g-C6H4(SeMe)2}] 2025(m) 1914(s, br) 1870(m) 

[W(C0)4{g-C6H4(SeMe)2}] 2019(m) 1901(s, br) 1866(s) 

a. Spectra measured in CH2CI2 solution 
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2.2.2 NMR Spectroscopic Studies 

Multinuclear ('H, ^^Te{'H} and ^̂ Mo) NMR 

spectroscopic studies were undertaken to give an insight into the character of 

these species in solution. The good solubility of Group 6 metal carbonyl 

complexes with bidentate ligands is one of the main reasons for systems of this 

type being employed in inversion studies at coordinated chalcogens. Examples 

include the complexes [Cr(C0)4(L-L)], (L-L = MeSeCH2CMe2CH2SeMe,^^ 

'PrSeCHzCHzSePr'̂ ^ and PhCHzSCHzCHzSCHzPh^ )̂. 

/ C O / C O 
E I r n /E CO ,C0 

' \ ' 1 :o \ CO 

mayo dz, 

Figure 2.7 - The isomeric forms of CM-[M(CO)4(L-L)] 

For a [M(CO)4(ditelluroether)] complex two stereoisomers (invertomers) 

are expected: meso and DL (Figure 2.7), which interconvert by pyramidal 

inversion at tellurium. When inversion is slow on the NMR timescale, the two 

invertomers are readily distinguished in the 'H-NMR spectra. Previous studieŝ ® 

have established that for dithioether and diselenoether complexes, the energy 

barriers to inversion are dependent on the following factors. They are sensitive 

to the nature of the inverting chalcogen with the barrier to inversion in the order 

Se > S; and the ligand backbone also has the potential to influence energies via 

Tc-conjugation effects, ring strain and ring size leading to the ordering -(CH2)2- > 

-(CH2)3- > 0-C6H4. The Group 6 metal also affects inversion barriers in the order 

W > Cr > Mo. The only quantitative data on ditelluroethers is from 

[PtMe3l(ditelluroether)] complexes,'^ which revealed that inversion was a higher 

energy process in these complexes than in diselenoether analogues. 
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The following section outlines the 'H, ^Se{^H}, ^^Te{^H} and 

*̂ A/h)]SnVIBL:q}ectros(%qpic data recKMniedfbr allthu:(jk(Mip T/Iiiretalsfxscies uiliua 

work. 

H NMR Spectroscopic Studies 

The 'H NMR spectra of the new complexes were recorded at 300 K. 

Coordination of the ligand to the metal centre is supported by the change of 

chemical shift with respect to the free ligand. All the ditelluroether complexes 

show resonances for both invertomers. This is illustrated in Figure 2.9. This is 

consistent with relatively high inversion barriers. The 'H NMR data show that 

all the didiioethwar ccHiqplexxss are uivating; irapidUyr oii the TSnVill tiniescaJe at 

ambient temperatures, consistent with previous detailed studies.^^'^ Thus, for 

[Mo(CO)4{MeS(CH2)2SMe}] (Figure 2.8) one sharp, singlet is observed at ca. 8 

3ppm corresponding to the equivalent methyl groups, and similarly there is a 

singlet observed for the CHa protons and there is no distinguishing between DL 

and meso invertomers for the dithioether complexes. The behaviour of the 

diselenoether complexes is more complicated. Thus, the NMR spectra of 

[M(C0)4 {MeSe(CH2)2SeMe} ] (M = Cr or W) at 300 K show sharp resonances 

attributable to the and DZ, 6)rms, whereas [M(CO)4{MeSe(CH2)3SeMe}] 

(M = Cr or Mo) and [Mo(CO)4{o-C6H4(SeMe)2}] exhibit much simpler averaged 

spectra due to rapid inversion. The other four complexes, 

[Mo(CO)4{MeSe(CH2)2SeMe}], [W(CO)4{MeSe(CH2)3SeMe}] and [M(CO)4{g-

C6H4(SeMe)2}], (M = Cr or W) show broadened resonances typical of systems 

near to coalescence. These results conform with expected trends in inversion 

barriers^ outlined earlier. 
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4.0 10 
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20 10 

Figure 2.8 - H NMR spectrum of [Mo(CO)4{MeS(CH2)2SMe}] 

i 11 i 

80 m 7j ];! 18 14 
(pim) 

Figure 2.9 - 'H NMR spectrum of [Mo(CO)4{o-C6H4(TeMe)2}] showing 

resonances for m&go and 2)2 invertomers (approx. 1:1 ratio) 
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Table 2.2 — H NMR spectroscopic data 

Complex 

[cr(c0)4{mete(ch2)3teme}] 

[mo(co)4{mete(ch2)3teme}] 

[w(c0)4{mete(ch2)3teme}] 

[cr(c0)4{phte(ch2)3teph}] 

[mo(co)4{phte(ch2)3teph}] 

[w(co)4{phte(ch2)3teph}] 

[cr(co)4{o-c6h4(teme)2}] 

[mo(co)4{o-c6h4(teme)2}] 

[w(co)4{oc6a,(teme)2}] 

[cr(c0)4{mes(ch2)2sme}] 

[mo(co)4{mes(ch2)2sme}] 

[w(co)4{mes(ch2)2sme}] 

[mo(co)4{g-c6h4(sme)2}] 

[cr(co)4{mes(ch2)3sme}] 

[mo(co)4{mes(ch2)3sme}] 

[w(c0)4{mes(ch2)3sme}] 

[cr(c0)4{mese(ch2)2seme}] 

[mo(co)4{mese(ch2)2seme}] 

[w(co)4{mese(ch2)2seme}] 

[cr(c0)4{mese(ch2)3seme}] 

[mo(co)4{mese(ch2)3seme}] 

[w(c0)4{mese(ch2)3seme}] 

[cr(co)4{o-c6a,(seme)2}] 

[mo(co)4 {o-c6h4(seme)2}] 

w(co)4{^6h4(seme)2}] 

1.70(mXCH2), 2.12,2.18(Me), 2.68(mXCH2Te) 

1.93(mXCH2), 2.16,2.21(Me), 2.68(mXCH2Te) 

1.90(mXCH2), 2.23,2.28(Me), 2.73(mXCH2Te) 

I.71(mXCH2), 2.83(m), 3.0(mXCH2Te), 7.3-7.8(mXPh) 

1.9(mXCH2), 2.85(m), 2.95(mXCH2Te), 7.3-7.8(m)(Ph) 

1.9(m)(CH2), 2.9(m), 3.1(mXCH2Te), 7.4-7.8(mXPh) 

2.31,2.41(Me), 7.4(m), 7.8(mXC6H4) 

2.33,2.42(Me), 7.4(m), 7.4(mXC6H4) 

2.43,2.53(Me), 7.4(m), 7.8(m)(C6H4) 

2.35(Me), 2.65(CH2) 

2.44(Me), 2.74(CH2) 

2.62(Me), 2.78(CH2) 

2.83(Me), 7.4(m), 7.8(mXC6H4) 

2.14(mXCH2), 2.41(Me), 2.78(mXCH2S) 

2.20(mXCH2), 2.49(Me), 2.88(m)(CH2S) 

2.32(m)(CH2), 2.67(Me), 3.02(mXCH2S) 

2.14,2.23(Me), 3.1,3.3(CH2) 

2,2(v.br,Me), 3.0(v.br,CH2) 

2.37,2.55(Me), 3.3,3 J5(CH2) 

2.18(CH2), 2.30(Me), 2.8(br,CH2Se) 

2.25(CH2), 2.37(Me), 2.8(br,CH2Se) 

2.39(CH2), 2.53(Me), 3.0(br,CH2Se) 

2.60(br,Me), 7.4(m), 7.8(mXC6H4) 

2.66(Me), 7.4(m), 7.9(mXC6H4) 

2.43,2.53(Me), 7.4(m), 7.9(m)(C6H4) 

a. In CDCI3, all resonances are singlets unless otherwise indicated. 
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H) NMR Spectroscopic Studies 

Data obtained from NMR spectroscopy are shown in Table 2.3 

and Table 2.4. The NMR spectra for these derivatives were recorded at 

300 K. Their appearance depends upon whether the complex is undergoing fast 

iiivan&k)n ()r twot idiis tknie (xn thie erierggf cdFldie ISnVCBL tuiie SKXile. If Iiua 

inversion is occurring then only two 6(CO) resonances are expected due to the 

CO groups mutually tram and those trans\^-t. However, if inversion is slow, five 

5(C0) resonances are expected by symmetry, two due to CO in the /Mg&o 

and DL invertomers respectively, one due to the mutually tram CO in the DL 

form, and two due to the CO tramco in the meso form, which are distinguished 

by being syn or anti to the R-groups on the ligands. In practice (Table 2.3 and 

Table 2.4) whilst five resonances are seen in some cases, e.g. 

[Cr(CO)4{MeTe(CH2)3TeMe}], in others, e.g. [Cr(C0)4{o-C6H4(TeMe)2}], only 

fcMirare seo^TAiiichis diie h) act:i(Ien1zd CK)U]K:ick:n(x:()f1&ie 6((]()) AnoptfLj iKitlie 

two invertomers. 

For the range of selenium and sulfur ligand analogues the '^C{'H} NMR 

data show that all the dithioether complexes are inverting rapidly on the '^C 

NMR time scale, resulting ui only two 5(CO) resonances, consistent with the 

previously mentioned detailed studies.^^'^ The behaviour of the diselenoether 

complexes is more complicated. Thus, the NMR spectra of 

[M(CO)4{MeSe(CH2)3SeMe}] and [M(C0)4{Q-C6H4(SeMe)2}] (M = Cr, Mo or 

W) at 300K exhibit simple averaged spectra due to rapid inversion, whereas 

[W(CO)4 {MeSe(CH2)2SeMe} ] shows five resonances and 

[M(CO)4 {MeSe(CH2)2SeMe} ] (M = Cr or Mo) exhibit four resonances 

attributable to the meso and DL forms. 
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Table 2.3 - "C{ H} NMR spectroscopic data for ditelluroether complexes 

Complex 

[Cr(C0)4{MeTe(CH2)3TeMe}] 

[Mo(CO)4{MeTe(CH2)3TeMe}] 

[W(C0)4{MeTe(CH2)3TeMe}] 

[Cr(C0)4{PhTe(CH2)3TePh}] 

[Mo(CO)4{PhTe(CH2)3TePh}] 

[W(C0)4{PhTe(CH2)3TePh}] 

[Cr(CO)4{o.C6H4(TeMe)2}] 

[Mo(CO)4{o.C6H4(TeMe)2}] 

[W(CO)4{o.CGH4(TeMe)2}] 

228.1,227.9,224.0,223.2,221.5(C0), 25.8,25.6(CH2), 6.3, 5.9(CH2Te), -10.5, -12.5(Me) 

215.7, 211.5, 211.0,209.3(CO), 27.2(CH2), 7.6, 6.5(CH2Te), -10.4, -11.4(Me) 

206.2(170), 204.8(-), 203.9(-), 201.9(120)(c0)\ 28.1,27.8(CH2), 8.7,7.6(CH2Te), -8.0, -9.5(Me) 

227.7,227.3,224.4,222.0,220.5(CO), 137-129(Ph), 27.0,26.3(CH2), 11.8,11.6(CH2Te) 

215.6,211.2,210.8,208.6(CO), 137-130(Ph), 28.0,27.4(CH2), 13.3,12.8(sh)(CH2Te) 

205.5(-), 205.3(160), 205.0(-), 203.5(125), 203.4(-), 137-129(Ph), 28.9,27.9(CH2), 13.9,13.5(CH2Te) 

230.7,221.6,220.9,220.5(CO), 139-126(C6H4), -4.0, -4.6(Me) 

218.3, 208.8, 208.6, 208.4(CO), 139-123(C6H4), -3.5, -3.8(Me) 

208.7(-), 208.6(-), 201.6, 201.l(-), 200.5(-)(c0), 139-123(C6H4), -1.5, -1.7(Me) 

a. In CH2CI2-IO % CDCI3 containing Cr(acac)3. 

b. Values in parentheses are 'j('^^W-'^C)/Hz, (-) indicates couplings unclear or satellites not observed. 
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Table 2.4 - H} NMR spectroscopic data for dithio- and diselenoether complexes 

Complex 8 ' ^ c { ' h x 

[Cr(C0)4{MeS(CH2)2SMe}] 

[Mo(CO)4{MeS(CH2)2SMe}] 

[W(C0)4{MeS(CH2)2SMe}] 

[mo(co)4{o-c6h4(sme)2}] 

[Cr(C0)4{MeS(CH2)3SMe}] 

[Mo(CO)4{MeS(CH2)3SMe} ] 

[W(C0)4{MeS(CH2)3SMe}] 

[Cr(C0)4{MeSe(CH2)2SeMe}] 

[Mo(CO)4{MeSe(CH2)2SeMe}] 

[W(C0)4{MeSe(CH2)2SeMe}] 

[Cr(C0)4{MeSe(CH2)3SeMe}] 

[Mo(CO)4{MeSe(CH2)3SeMe}] 

[W(C0)4{MeSe(CH2)3SeMe}] 

[Cr(CO)4{o-C6H4(SeMe)2}] 

[Mo(CO)4{Q-C6H4(SeMe)2}] 

[w(c0)4{g-c6h4(seme)2}] 

227.1, 216.3(C0), 35.4(CH2), 24.6(Me) 

217.5,206.5(CO), 35.2(CH2), 25.3(Me) 

207.9(164), 201.4(135)(CO)\ 36.5(CH2), 26.8(Me) 

217.6,205.8(CO), 138-130(C6H4), 32.6(Me) 

225.8,217.0(CO), 38.6(CH2S), 25.5(Me), 24.5(CH2) 

217.0, 207.1 (CO), 39.7(CH2S), 26.5(Me), 25.0(CH2) 

207.6(156), 202.7(126)(CO), 39.9(CH2S), 28.0(Me), 24.9(CH2) 

229.0,219.2,217.8, 216.7(C0), 28.5,28.0(CH2), 14.5,13.5(Me) 

217.9, 207.9, 207.4,207.0(c0), 31.1,26.9(CH2), 14.9(sh), 14.2(Me) 

208.3(sh), 208.2(156), 203.2(.), 202.1(-), 200.8(-)(c0), 29.4, 28.0(CH2), 16.8,15.6(Me) 

227.0,219.0(CO), 29.1(CH2Se), 25.5(CH2), 14.3(Me) 

216.8,208.3(CO), 20.5(CH2Se), 26.3(CH2), 15.5(Me) 

206(v.br), 219.0(v.br)(CO), 20.0(CH2Se), 26.0(CH2), 16.4(Me) 

227.8,211.6(C0), 134-126(C6H4), 24.8(Me) 

218.0,206.7(CO), 135-130(C6H4), 22.9CMe) 

208.4(165), 201(v.br)(.), 135-130(C6H4), 24.8(Me) 

a. In CH2CI2-IO % CDCI3 containing Cr(acac)3. 

b. Values in parentheses are 'j('^^W-'^C)/Hz, (-) indicates coupling unclear or satellites not observed. 

65 



H} and ^Se{ H} NMR Spectroscopic Studies 

The '^^Te{'H} NMR data on the complexes are given in Table 2.5. As 

mentioned previously provided, pyramidal inversion is slow enough on the NMR 

timescale, both forms, DL and meso, will be seen in the NMR spectra. It is 

important to note that NMR timescales differ for each nucleus considered. All 

ditelluroether complexes show two resonances. Likewise, apart from 

[Mo(CO)4{o-C6H4(SeMe)2}] and [M(CO)4{MeSe(CH2)3SeMe}] (M = Cr or 

Mo), which show single averaged signals (fast inversion), the selenium 

containing complexes each show two resonances. ^Se{^H} NMR data 6)r the 

diselenoethers are given in Table 2.5. 

PPM 
400 

Figure 2.10 - '^e{^H} NMR spectrum for [W(CO)4{PhTe(CH2)3TePh}] 
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Table 2.5 - lSe{ H} and H} NMR Spectroscopic Data 

Complex 6^^Se{'H} or A" 

259 253 152 

[lVBo((:())4{lV[eTre((:ii2)3TreA/k:}] 169.5 162 61 

[TA/(C:C))4{IVleTre((:ii2)3Tre}/[e}] 94 93 -10 

[(:3X:%))4{Î hT7e(C]H[2)3TreF']i}] 550 548 83 

[*/[o(C:C))4{I'h]re((:ii2)3T'eP']]}] 477 476 10 

396 390 -73 

[c:r((:())4{(><:6ii,(T,dvie)2}] 864 856 488 

[h4o((:%]04{cv4:̂ I34(Te:NIe)2}] 725 723.5 382 

[\V((:())4{o-(:6tl4(Te]VIe)2}] 664 657 289 

[Cr(CO)4{MeSe(CH2)2SeMe}] 289 286 1̂ 11.5 

[Mo(CO)4{MeSe(CH2)2SeMe}] 213 206 88.5 

[W(C0)4{MeSe(CH2)2SeMe}] 183 179 60 

[Cr(C0)4{MeSe(CH2)3SeMe}] 387 384 183.5 

[Mo(CO)4 {MeSe(CH2)3SeMe}] 331 129 

[W(C0)4 {MeSe(CH2)3SeMe}] 306 303 103 

[Cr(CO)4{o-C6H4(SeMe)2}] 98 24 

[Mo(CO)4{o-C6H4(SeMe)2}] 64 -10 

[W(CO)4{o-C6H4(SeMe)2}] 37 24̂ = -43 

a. In CH2CI2-10 % CDCI3 relative to neat external Me2Se or MezTe. 

b. Average Scomplex • Sfl-ee ligand-

c. No resonance observed at 300 K, presumably due to inversion 

broadening, data obtained at 230 K. 
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In all cases, coordination to the M(C0)4 6agment produces characteristic 

frequency shifts, the magnitude of the coordination shifts (A) reflecting the 

chelate ring size present, those in 5-membered rings being markedly greater than 

those in 6-membered ones.'^ For a particular ligand, the largest high-frequency 

shiA is observed in the chromium complex, a smaller shiA occurs ibr the 

molybdenum analogue, and the smallest for the tungsten. In the cases of 

[W(C0)4{RTe(CH2)3TeR}] (R = Me or Ph), the 5(Te) rMonances are to low 

frequency of that of the free ligand. 

The relative population of meso and DL invertomers also varies with the 

metal and ligand combination. For o-C6H4(TeMe)2 complexes of Cr and Mo in 

CI I2CI2 solution, the two invertomers have similar abundances, but the tungsten 

complex the meso:DL ratio is ca. 10:7. In the complexes of MeTe(CH2)3TeMe, 

the invertomers are of approximately equal abundance for all three metals, but in 

complexes of PhTe(CH2)3TePh, the DZ, invertomer predominates (>70 %), 

possibly indicating destabilising interactions between the Ph groups and the axial 

carbonyl group in the meso form. 

As stated above the shifts are very sensitive to the ring size and the metal 

present. However, if we compare the data on complexes of the same metal with 

isostructural ligands, we see similar trends, with larger coordination shifts in the 

tellurium spectra as usually observed.'^ In many organoselenium and 

organotellurium systems the relative magnitude of the heteroatom chemical 

shifts (5(Te)/6(Se)) are ca. and this ratio is also found in several series of 

seleno- and telluro-ether complexes with platinum metal halides.'^ However, in 

the present carbonyl systems for a fixed metal and ligand type the ratios are 

significantly greater, (see Table 2.6), which indicates that the tellurium centre is 

deshielded to an unexpected degree and is consistent with greater Te —> M or-

donation. The ^Se{^H} NMR spectrum of [W(C0)4{MeSe(CH2)3SeMe}] was 

not observed at room temperature, and the data obtained at 230 K were used (see 

Table 2.5). Since ^Se{^H} NMR shifts often vary with temperature the 
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comparison is subject to larger errors than in the other cases, but nonetheless 

exhibits the expected trend. 

Table 2.6. - Relative magnitude of chemical shifts ratio (6(Te)/6(Se)) 

Cr Mo W 

o-C6H4(EMe)2 

MeE(CH2)3EMe 

2.25 2.2 2.2 

2.6 2.6 3 

^Mo NMR Spectroscopic Studies 

[Mo(CO)4{MeTe(CH2)3TeMe}] exhibits two ^^Mo resonances consistent 

with the presence of both invertomers, whilst for [Mo(CO)4{PhTe(CH2)3TePh}] 

there is a high frequency shoulder on the major '^Mo resonance. However, the 

^^Mo NMR spectra of the seven complexes (Table 2.7), each contain only a 

single resonance. The 8(Mo) shifts sequentially to high frequency with donor in 

the order Te < Se < S and with chelate ring size in the order 5 < 6. For seven of 

the complexes, the ^^Mo NMR spectra do not distinguish the invertomers, 

indicating either that inversion is fast on the molybdenum NMR time scale or 

that the individual resonances are not resolved in the line-width. Since the lines 

are relatively sharp (< 300 Hz), the former seems much more likely. This 

behaviour is in marked contrast to [Mn(CO)3X(ditelluroether)], 

[PtX2(ditelluroether)] or [PtMe3X(ditelluroether)] (X = halide), where the ^̂ Mn 

or ^̂ P̂t NMR spectra show well-separated resonances for the individual 

i n v e r t o m e r s . O n cooling the samples, the lines broaden rapidly, possibly 

due to the ^^Mo quadrupole (^^Mo, I = 5/2) and low-temperature spectra were not 

obtained, an effect previously observed for dithioether complexes.^ The 

interpretation of metal nuclei NMR chemical shifts is usually based upon the 

Ramsey equation,which in its simplest form separates the overall shielding 

parameter cr into diamagnetic (aa) and paramagnetic (op) components, hence a = 

CtJ "t- Op 
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]Fcf lieanry imclei sutdi aa lOie pKun&niagpietk: term is die (Lomiaant 

factor influencing changes in nuclear shielding. Deshielding results from small 

values of AE (the average excitation energy - essentially the weighted mean 

ligand field strength) and with a reduced d-electron delocalisation. The shielding 

of the Mo nuclei with, Te > Se > S, could thus be due to increasing ligand Geld 

splitting as Group 16 is descended, and/or better delocalisation (it-acceptance) in 

the same order. Theoretical studies by Schumann and Hoffitnann®^ concluded 

that 71 effects were negligible in Group 16 donor ligands, and thus, the trends in 

the molybdenum NMR data are most likely due to increased a-donation in the 

order S->Se—>Te. 

- 1 6 0 0 -1700 
PPM 

Figure 2.11 — NMR spectrum of [Mo(CO)4{o-C6H4(TeMe)2}] in CH2CI2 
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Table 2.7 — NMR spectroscopic data 

Complex 

[Mo(CO)4{MeTe(CH2)3TeMe}] 

[Mo(CO)4{PhTe(CH2)3TePh}] 

[Mo(CO)4{oC6H4(TeMe)2}] 

[Mo(CO)4{MeSe(CH2)2SeMe}] 

[Mo(CO)4{MeSe(CH2)3SeMe}] 

[Mo(CO)4{o-C6H,(SeMe)2}] 

[Mo(CO)4{MeS(CH2)3SMe}] 

[Mo(CO)4{o-C6H4(SMe)2}] 

[Mo(CO)4 {MeS(CH2)3SMe}] 

-1597(200) -1621(200) 

-1580(sh) -1594(300) 

-1667(140) 

-1432(160) 

-1437(200) 

-1340(200) 

-1372(85) 

-1375(260) 

-1294(50) 

a. Relative to external aqueous Na2Mo04 (Wy2 in parentheses Hz). 

I). Ŝ p€*3&aix%coi%iedin 

2.23 X-Ray Crystallography 

In order to confirm the stereochemistry at the metal centres and to 

establish bond length and bond angle distributions, single crystal structure 

analysis was undertaken on [Cr(CO)4{MeSe(CH2)2SeMe} ]. Crystals were 

obtained from vapour diffusion of M-pentane into a solution of the complex in 

C H 2 C I 2 . 

Crystal Structure of f Cr(CO)4 {MeSe(CH2)2SeMe}] 

The complex exists as discrete molecules. The structure reveals the 

expected cis disubstituted distorted octahedron about the central chromium atom, 

with Se-Cr-Se 86.59(5) °, the C-Cr-Se angles slightly greater than 90 ° and the 

C-Cr-C less than 90 °. Other substituted carbonylchromium complexes have 

shown similar deviations away from the octahedral The ligand 

adopts the DL conformation with Cr-Se 2.517(1), 2.520(2) A, and Cr-Cc^^ 

1.891(8), 1.892(7) and Cr-Cĵ ŵ-se 1.832(7), 1.8314(8) A. The structural data 
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may be compared with those in [Cr(CO)4 {DZ,-EtS(CH2)2SEt} ] Tadiere Cr-S = 

2.418(1), Cr-Ccb-s = 1.887(3), and Cr-C(ram.s = 1.831(3) A.'*̂  The differences in 

the Cr-chalcogen bond length reflects the larger size of Se. The Cr-C distances 

zuM; iK)t sigpjficaidiy difBanent (!<# [C%X[(]())4{f/kdSk̂ X]Ii2)2SeJV[e}] = 

1.891(8) zuid == 1.83:2(7)). IJnd&Mnhmately, \ve Iiave Ibexai uiuible to 

grow good quality crystals of a chromium telluroether complex to complete the 

comparisons. In the structure of [Cr(CO)4{MeSe(CH2)2SeMe}], the two Cr-

Cô ow-se bonds (1.832(7) and 1.834(8) A) are significantly shorter than the two 

Ct-Ctram-c bonds (1.891(8) and 1.892(7) A). The bond order of Cr-C increases 

when trans to selenium as a result of the increased electron density on the metal 

centre creating more 7t back bonding on the carbonyl group. 

In the structure of [Cr(CO)4{MeSe(CH2)2SeMe}] there is some evidence 

of strain in the five-membered chelate ring. Thus the angle at the chromium 

atom (85.59 °) is less than the ideal 90 ° and the angles at the bridging carbon 

atoms (113.2 °) are greater than normal tetrahedral values. 

The two tram-C-O bonds (1.172(8) and 1.159(8) A) can be considered 

not significantly different than the two cis-C-0 bonds (1.149(8) and 1.154(8) A). 

The carbonyl groups are coordinated in the usual linear fashion, the Cr-C-0 

angles being 176.1(7) and 173.9(6) ° for the cis carbonyl groups, and 172.2(6) 

and 175.5(6) ° for the carbonyl groups. The C(2)-Cr(l)-C(l) bond angle is 

175.5(6) ° indicating that the axial carbonyl groups are bent in the direction away 

from the MeSe(CH2)2SeMe ligand. The five-membered chelate ring has the 

expected puckered conformation, with the atoms C(6) and C(7) above and below 

the plane defined by the atoms Se(l), Cr, Se(2). 
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Table 2.8 - CrystaUographic data for [Cr(CO)4{MeSe(CH2)2SeMe}] 

Formula 

Formula Weight 
Colour, morphology 
Crystal Dimensions/mm 
Crystal System 
Space Group 
a / A 
6/A 
c / A 
a /° 

r / ° 

F/A^ 
z 
f(OOO) 

^cak/gcm'^ 

H(Mo-K(J/ cm^ 
Unique observed reflections 

Observed reflections 

with [/o > 
No. of parameters 

Goodness of fit 

R" 

Rw'' 

CgHioCr04Se2 
380.08 
yellow, block 
0.50 X 0.27 X 0.20 
triclmic 
PI 
8.069(5) 
11.314(8) 
7.909(4) 
91.41(6) 
115.74(4) 
69.43(5) 

601.8(8) 
2 

364 

2.097 

69.89 

2125 

1698 

136 

2.91 

0.038 

0.037 

a. j; = Z(|Fobsl,-

b. /;^ = V[ZwKlfobsl,- |fcakly)^/ZW/|Fobsl?] 
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O - ^ 

Figure 2.12 - View of [Cr(CO)4{MeSe(CH2)2SeMe}] with numbering scheme 

adopted. Ellipsoids are shown at 40% probability. 
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Table 2.9 — Selected bond lengths (A) for [Cr(CO)4{MeSe(CH2)2SeMe}] 

Cr(l) C(l) 1.891(8) 
Cr(l) C(2) 1.892(7) 
Cr(l) C(3) 1.833(7) 
Cr(l) C(4) 1.834(8) 
Se(l) Cr(l) 2.517(1) 
Se(2) Cr(l) 2.521(2) 
Se(l) C(5) 1.946(7) 
Se(l) C(6) 1.956(7) 
Se(2) C(7) 1.955(7) 
Se(2) C(8) 1.948(7) 
0(1) C(l) 1.149(8) 
0(2) C(2) 1.154(8) 
0(3) C(3) 1.159(8) 
0(4) C(4) 1.172(8) 
C(6) C(7) 1.52(1) 

Table 2.10 — Selected bond angles (degrees) for 

[Cr(CO)4{MeSe(CH2)2SeMe}] 

Cr(l) Se(l) C(5) 107.2(2) Se(2) Cr(l) C(4) 92.4(2) 
Cr(l) Se(l) C(6) 102.5(2) C(l) Cr(l) C(2) 175.9(3) 
C(5) Se(l) C(6) 97.1(3) C(l) Cr(l) C(3) 88.5(3) 
Cr(l) Se(2) C(7) 103.5(2) C(l) Cr(l) C(4) 89.6(3) 
Cr(l) Se(2) C(8) 108.4(2) C(2) Cr(l) C(3) 87.6(3) 
C(7) Se(2) C(8) 97.0(3) C(2) Cr(l) C(4) 88.9(3) 
Se(l) Ci:(l) Se(2) 86.59(5) C(3) Cr(l) C(4) 87.9(3) 
Se(l) Cr(l) C(l) 90.2(2) Cr(l) C(l) 0(1) 176.1(7) 
Se(l) Cr(l) C(2) 91.3(2) Ci(l) C(2) 0(2) 173.9(6) 
Se(l) Cr(l) C(3) 93.2(2) Cr(l) C(3) 0(3) 177.2(6) 
Se(l) Cr(l) C(4) 178.9(2) Cr(l) C(4) 0(4) 175.5(6) 
Se(2) Cr(l) C(l) 91.6(2) Se(2) C(7) C(6) 113.3(5) 
Se(2) Cr(l) C(2) 92.3(2) Se(l) C(6) C(7) 113.1(5) 
Se(2) Cr(l) C(3) 179.7(2) 
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2.3 (ZOPfCIUSICMVS 

The complexes [M(C0)4(L-L)] (M = Cr, Mo or W; L-L - various 

dithioether, diselenoether or ditelluroether ligands) have been prepared as yellow 

or orange solids in moderate to good yield. The compounds were characterised 

using IR and multinuclear ('H, ^^Te{'H} and ^̂ Mo) NMR 

spectroscopies, FAB mass spectrometry and microanalyses. 

All the ditelluroether complexes show resonances for both meso and DL 

invertomers in the NMR consistent with relatively high inversion barriers. 

Whereas, all the dithioether complexes are inverting rapidly on the NMR time 

scale. 

X-ray crystallograpic analyses of [Cr(CO)4{MeSe(CH2)2SeMe}] revealed 

the expected cis disubstituted distorted octahedron about the central chromium 

with the ligand adopting the DL conformation. 

The ^̂ Mo NMR data also support the conclusion that the telluroethers are 

the best a-donors in the series of ligands. The spectroscopic data clearly support 

the proposal of Schumann and Hoffmann^^ that telluroethers are the best donors 

among Group 16 ligands towards low valent metal centres. The findings from 

this research compare well with results from work carried out by a colleague on 

the manganese and rhenium systems [M(C0)3X(L-L)] where L-L are the same 

Group 16 bidentates employed in the Cr, Mo and W work. When considering IR 

spectra the most significant trend is with changes in the Group 16 donor atom. 

The CO bonds weaken in the order S -> Se -> Te. Therefore, supporting the 

proposal that the results are general for low valent carbonyl systems where 

mismatch of the Te orbitals with the expanded metal orbitals is less likely to be 

significant. 
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2.4 EXPERIMENTAL 

2.4.1 Ligamd and Compki Synthesis 

All preparations were performed under a dinitrogen atmosphere using 

standard Schlenk techniques. The [M(C0)6] were obtained from Aldrich and 

ccHnnaMkxi into [(]r(C}C))4(nkNl)], |TVIo((]())4(id)d)] aiwi 

[W(CO)4 {Me2N(CH2)3NM%} ] by minor modifications of literature routes/^^ 

The ligands were synthesised following the literature procedures/^ ^ '̂̂ ^^ 

a). Synthesis of [Cr(CO)4{MeTe(CH3)3TeMe}] 

[Cr(C0)4(nbd)] (0.12 g, 0.47 mmol) was dissolved in degassed toluene (15cm^) 

and the ligand (0.15 g, 0.47 mmol) added via a syringe. The reaction mixture 

was stirred at 50 °C overnight and the solution IR spectrum monitored until the 

reaction had reached completion. Toluene was removed in vacuo. The residue 

was dissolved in CHCI3 (5cm^), filtered and cold M-pentane added to yield a 

bright yellow powder. This was filtered off, washed with K-pentane and vacuum 

dried (yield 0.15 g, 76 %). Required for [C9Hi2Cr04Te2]: C = 21.9, H = 2.4 %; 

found: C = 21.7, H = 2.2 %. FAB mass spectrum (3-NOBA matrix): found m/z = 

492, 464, 436, 408, 380; calculated for [^^Cr(CO)4[Me"°Te(CH2)3^^eMe}]+ 

= 496, [Cr(CO)3{MeTe(CH2)3TeMe}]^ = 468, 

[Cr(C0)2{MeTe(CH2)3TeMe}]+ 7»/k = 440, [Cr(C0){MeTe(CH2)3TeMe}]^ = 

412, [Cr{MeTe(CH2)3TeMe}]+ - 384. 

b). Synthesis of [Cr(CO)4{o-C6H4(TeMe)2}] 

Method as for a) above, but using [Cr(CO)4(nbd)] (0.12 g, 0.47 mmol) and o-

C6H4(TeMe)2 (0.17 g, 0.47 mmol) to give an orange/yellow precipitate (yield 

0.13 g, 52 %). Required for [C,2HioCr04Te2]: C = 27.4, H = 1.9 %; found: C = 

27.8, H = 2.0 %. FAB mass spectrum (3-NOBA matrix): found m/z = 526, 440; 

calculated for [^^Cr(CO)4{o-C6H4("^eMe)2}]'̂  = 530, [Cr(CO){o-

C6H4(TeMe)2}]+ = 446. 
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c). Synthesis of [Cr(CO)4{PhTe(CH2)3TePh}] 

Method as for a) above but using [Cr(C0)4(nbd)] (0.12 g, 0.47 mmol) and 

PhTe(CH2)3TePh (0.21 g, 0.47 mmol) to give a yellow precipitate (yield 0.21 g, 

73 %). Required for [Ci9Hi6Cr04Te2]: C - 37.1, H = 2.6 %; found C = 36.5, H = 

2.7 %. FAB mass spectrum (3-NOBA matrix): found m/z = 616, 560; calculated 

for [̂ ^Cr(C0)4{Ph^ °̂Te(CH2)3̂ °̂TePh}]+ - 620, 

[Cr(C0)2{PhTe(CH2)3TePh}]+ - 564. 

d). Synthesis of [Cr(CO)4{MeS(CH2)2SMe}] 

Method as for a) above but using [Cr(C0)4(nbd)] (0.12 g, 0.47 mmol) and 

MeS(CH2)2SMe (0.06 g, 0.47 mmol) to give a yellow precipitate (yield 0.08 g, 

57 %). Required for [C8HioCr04S2]: C = 33.6, H = 3.5 %; found C = 33.7, H = 

3.5 %. FAB mass spectrum (3-NOBA matrix): found 286, 258, 230, 202; 

calculated for [̂ ^Cr(C0)4{Mê ^S(CH2)2^^SMe}]+ m/z = 286, 

[Cr(C0)3{MeS(CH2)2SMe}]^ = 258, [Cr(C0)2{MeS(CH2)2SMe}]^ = 

230, [Cr(C0){MeS(CH2)2SMe}]+ /M/z = 202. 

e). Synthesis of [Cr(CO)4{MeS(CH2)3SMe}] 

Method as for a) above but using [Cr(C0)4(nbd)] (0.12 g, 0.47 mmol) and 

MeS(CH2)3SMe (0.064 g, 0.47 mmol) to give a yellow precipitate (yield 0.08 g, 

56 %). Required for [C9Hi2Cr04S2]: C = 36.0, H = 4.0 %; found C = 35.4, H = 

3.9 %. FAB mass spectrum (3-NOBA matrix): found 300, 272, 244, 216; 

calculated for [̂ ^Cr(C0)4{Mê ^S(CH2)3^^SMe}]+ 7716 = 300, 

[Cr(C0)3{MeS(CH2)3SMe}]+ 7»/z = 272, [Cr(C0)2{MeS(CH2)3SMe}]+ = 

244, [Cr(CO){MeS(CH2)3SMe}]+ = 216. 

f). Synthesis of [Cr(CO)4{MeSe(CH2)2SeMe}] 

Method as for a) above but using [Cr(C0)4(nbd)] (0.12 g, 0.47 mmol) and 

MeSe(CH2)2SeMe (0.1 g, 0.47 mmol) to give a bright yellow precipitate (yield 

0.09 g, 50 %). Required for [CgHioCr04Se2]: C = 25.3, H = 2.6 %; found C = 

25.2, H - 2.7 %. FAB mass spectrum (3-NOBA matrix): found 382, 354, 326; 
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wdcukaai for = 380, 

[Cr(CO)3{MeSe(CH2)2SeMe}]'̂  = 352, [Cr(CO)2{MeSe(CH2)2SeMe}]+ 

= 324. 

g). Synthesis of [Cr(CO)4{MeSe(CH2)3SeMe}] 

Method as 6)r a) above but using [Cr(C0)4(nbd)] (0.12 g, 0.47 mmol) and 

MeSe(CH2)3SeMe (0.1 g, 0.47 mmol) to give a bright yellow precipitate (yield 

0.13 g, 69 %). Required 6)r [C9Hi2Cr04Se2]: C = 27.4, H = 3.1 %; found C = 

27.2, H = 2.7 %. FAB mass spectrum (3-NOBA matrix): 6)und 396, 368, 340, 

312; calculated for [̂ ^Cr(C0)4{Me'̂ Se(CH2)3'̂ SeMe}]+ = 394, 

[Cr(C0)3{MeSe(CH2)3SeMe}]+ = 366, [Cr(C0)2{MeSe(CH2)3SeMe}]+ 

= 338, [Cr(CO){MeSe(CH2)3SeMe}]+ = 310. 

h). Synthesis of [Cr(CO)4{o-C6H4(SeMe)2}] 

Method as for a) above but using [Cr(CO)4(nbd)] (0.12 g, 0.47 mmol) and g-

C6H4(SeMe)2 (0.12 g, 0.47 mmol) to give a orange precipitate (yield 0.14 g, 72 

%). Required for [C]2H]oCr04Se2]: C = 33.7, H = 2.3 %; found C = 33.4, H = 

2.5 %. FAB mass spectrum (3-NOBA matrix): found 432, 404, 376, 348; 

calculated for [̂ ^Cr(CO)4{o-C6H4('*^SeMe)2}]̂  = 430, [Cr(CO)3{o-

C6H4(SeMe)2}]+ = 402, [Cr(CO)2{o-C6H4(SeMe)2}]^ m/k = 374, [Cr(CO){o-

C6H4(SeMe)2}]'̂  = 346. 

i). Synthesis of [Mo(CO)4{MeTe(CH2)3TeMe}] 

[Mo(CO)4(nbd)] (0.12 g, 0.4 mmol) was dissolved in degassed toluene (15 cm^) 

and the ligand (0.13 g, 0.4 mmol) added via a syringe. The reaction mixture was 

stirred at room temperature overnight and the solution IR spectrum monitored 

until the reaction had reached completion. Toluene was removed in vacuo. The 

residue was dissolved in CHCI3 (5 cm^), filtered and cold «-pentane added to 

yield a pale yellow powder. This was filtered off, washed with M-pentane and 

vacuum dried (yield 0.15 g, 69 %). Required 6)r [C9Hi2Mo04Te2]: C = 20.2, H 

= 2.3 %; 6)und C = 20.4, H = 2.3 %. FAB mass spectrum (3-NOBA matrix): 
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fbimd 536, 508; calcuiatexi fcwr as/z == 

542, [Mo(CO)3{MeTe(CH2)3TeMe}]'̂  m/z = 514. 

j). Synthesis of [Mo(CO)4{o-CtH4(TeMe)2}] 

MeAod as for i) above but using [Mo(CO)4(nbd)] (0.12 g, 0.4 mmol) and o-

C6H4(TeMe)2 (0,14 g, 0.4 mmol) to give a yellow precipitate (yield 0.14 g, 60 

%). Required for [Ci2HioMo04Te2]: C = 25.3, H = 1.8 %; found C = 25.5, H = 

2.4 %. 

k). Synthesis of [Mo(CO)4{PhTe(CH2)3TePh}] 

Method as for i) above but using [Mo(CO)4(nbd)] (0.12 g, 0.4 mmol) and 

PhTe(CH2)3TePh (0.18 g, 0.4 mmol) to give a pale yellow precipitate (yield 0.2 

g, 74 %). Required for [Ci9Hi6Mo04Te2]: C - 34.6, H = 2.4 %; found C = 34.5, 

H = 2.4 %. FAB mass spectrum (3-NOBA matrix): found 660, 632, 604; 

calculated for [^Mo(CO)4{Ph"°Te(CH2)3^^°TePh}]^ = 666, 

[Mo(CO)3{PhTe(CH2)3TePh}]'̂  = 638, [Mo(CO)2{PhTe(CH2)3TePh}]+ = 

610. 

Q. Synthesis of [Mo(CO)4{MeS(CH2)2SMe}] 

Method as for i) above but using [Mo(CO)4(nbd)] (0.12 g, 0.4 mmol) and 

MeS(CH2)2SMe (0.05 g, 0.4 mmol) to give a yellow precipitate (yield 0.08 g, 63 

%). Required for [CgHioMoOiSi]: C = 29.1, H = 3.0 %; found C = 29.2, H = 3.1 

%. FAB mass spectrum (3-NOBA matrix): found 332, 304, 276; calculated for 

rMo(CO)4{Me^^S(CH2)2^^SMe}]+ /?z/z = 332, [Mo(CO)3{MeS(CH2)2SMe}]+ 

= 304, [Mo(CO)2 { M e S ( C H 2 ) 2 S M e } = 276. 

m). Synthesis of [Mo(CO)4{MeS(CH2)3SMe}] 

Method as for i) above but using [Mo(CO)4(nbd)] (0.12 g, 0.4 mmol) and 

MeS(CH2)3SMe (0.05 g, 0.4 mmol) to give a bright yellow precipitate (yield 

0.09 g, 63 %). Required for [C9H12M0O4S2]: C = 31.4, H - 3.5 %; found C -

31.2, H - 3.5 %. FAB mass spectrum (3-NOBA matrix): found 346, 318; 
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calculated for [^Mo(CO)4{Me^(CH2)3^^SMe}]^ m/z = 346, 

[Mo(CO)3{MeS(CH2)2SMe}]^ = 318. 

m). Synthesis of [Mo(CO)4{o-C6H4(SMe)2}].%CH2Cb 

Method as for i) above but using [Mo(CO)4(nbd)] (0.12 g, 0.4 mmol) and o-

C6H4(SMe2) ( g, 0.4 mmol) to give a yellow precipitate (yield 0.1 g, 63 %). 

Required for [C10.5H]iCIM0O4S2]: C - 35.6, H = 2.6 %; found C - 35.6, H = 2.6 

%. 

o). Synthesis of [Mo(CO)4{MeSe(CH2)2SeMe}] 

Method as for i) above but using [Mo(CO)4(nbd)] (0.12 g, 0.4 mmol) and 

MeSe(CH2)2SeMe (0.09 g, 0.4 mmol) to give a yellow precipitate (yield 0.1 g, 

61 %). Required for [CgHioMo04Se2]: C = 22.7, H = 2.4 %; found C = 22.8, H = 

2.5 %. FAB mass spectrum (3-NOBA matrix): found 424, 398, 370; calculated 

6)r [^Mo(CO)4{Me''°Se(CH2)2'^SeMe}]+ = 428, 

[Mo(CO)3{MeSe(CH2)2SeMe}]+ = 400, [Mo(CO)2{MeSe(CH2)2SeMe}]+ 

7?%/̂  = 372. 

p). Synthesis of [Mo(CO)4{MeSe(CH2)3SeMe}] 

Method as for i) above but using [Mo(CO)4(nbd)] (0.12 g, 0.4 mmol) and 

MeSe(CH2)3SeMe (0.09 g, 0.4 mmol) to give a light yellow precipitate (yield 

0.13 g, 73 %). Required 6)r [C9Hi2Mo04Se2]: C = 24.7, H = 2.7 %; found C = 

24.8, H = 2.4 %. FAB mass spectrum (3-NOBA matrix): found 440, 410; 

calculated for [̂ ''Mo(CO)4{Me''°Se(CH2)3''"SeMe}]+ = 442, 

[Mo(CO)3{MeSe(CH2)3SeMe}]+ /n/z = 412. 

q). Synthesis of [Mo(CO)4{o-C(H4(SeMe)2} ] 

Method as 5)r i) above but using [Mo(CO)4(nbd)] (0.12 g, 0.4 mmol) and o-

C6H4(SeMe2) (0.11 g, 0.4 mmol) to give a orange/yellow precipitate (yield 0.14 

g, 73 %). Required for [Ci2HioClMo04Se2]: C = 30.5, H = 2.1 %; 6)und C = 

29.7, H = 2.1 %. 
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r). Synthesis of rW(CO)4{MeTe(CH2)3TeMe}] 

[W(C0)4{Me2N(CH2)3NMe2}] (0.12 g, 0.28 mmol) was dissolved in degassed 

toluene (15 cm^) and the ligand (0.09 g, 0.28 mmol) added via a syringe. The 

reaction mixture was stirred at 70 °C overnight and the solution IR spectrum 

monitored until the reaction had reached completion. Toluene was removed in 

vacuo. The residue was dissolved in CHCI3 (5 cm^), filtered and cold M-pentane 

added to yield a pale yellow powder. This was filtered off, washed with n-

pentane and vacuum dried (yield 0.09 g, 53 %). Required for [C9Hi2W04Te2]: C 

= 17.3, H = 1.9 %; found C = 17.5, H = 1.9 %. FAB mass spectrum (3-NOBA 

matrix): found 623; calculated for ["^W(C0)4{Me""Te(CH2)3'^eMe}]+ = 

628. 

s). Synthesis of [W(CO)4{o-C6H4(TeMe)2}] 

Method as 6)r r) above but using [W(C0)4 {Me2N(CH2)3NMe2}] (0.12 g, 0.28 

mmol) and o-C6H4(TeMe2) (0.1 g, 0.28 mmol) to give a dark yellow precipitate 

(yield 0.13 g, 71 %). Required for [Ci2Hio04Te2W]: C = 21.9, H - 1.5 %; found 

C = 22.0, H = 1.7 %. FAB mass spectrum (3-NOBA matrix): found 657; 

calculated for ["^W(CO)4{g-C6H4('^^eMe)2}]^ = 662. 

t). Synthesis of [W(CO)4{PhTe(CH2)3TePh}] 

Method as for r) above but using [W(C0)4 {Me2N(CH2)3NMe2}] (0.12 g, 0.28 

mmol) and PhTe(CH2)3TePh (0.13 g, 0.28 mmol) to give a pale yellow 

precipitate (yield 0.13 g, 63 %). Required for [Ci9Hi604Te2W]: C - 30.5, H = 

2.1 %; found C = 29.7, H = 2.1 %. FAB mass spectrum (3-NOBA matrix): 

found 747; calculated ["^W(C0)4{Ph'^°Te(CH2)3'^^ePh}]+ - 752. 

u). Synthesis of [W(CO)4{MeS(CH2)2SMe}] 

Method as for r) above but using [W(C0)4 {Me2N(CH2)3NMe2}] (0.12 g, 0.28 

mmol) and MeS(CH2)2SMe ( 0.04g, 0.28 mmol) to give a dark yellow precipitate 

(yield 0.09 g, 73 %). Required for [CgH,o04S2W]: C = 23.0, H = 2.4 %; found C 
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= ;22.8, l i == 2.4 Fv\B rnauas spcKdiiini (3-}40B/L inajrix): fbimd <$18, 390; 

calculated ["^W(C0)4{Me^^S(CH2)2^^Me}]+ ao/z = 418, 

[W(CO)3{MeS(CH2)2SMe}]^ /m/i = 390. 

v). Synthesis of [W(CO)4{MeS(CH2)3SMe}] 

Method as 6)r r) above but using [W(C0)4 {Me2N(CH2)3NMe2}] (0.12 g, 0.28 

mmol) and MeS(CH2)3SMe (0.038 g, 0.28 mmol) to give a dark orange 

precipitate (yield 0.08 g, 70 %). Required 6)r [C9H,204S2W]: C = 25.0, H = 2.7 

%; found C = 24.6, H = 2.7 %. FAB mass spectrum (3-NOBA matrix): found 

432, 404; calculated ["^W(C0)4{Me^^S(CH2)3^^SMe}]+ = 432, 

[W(C0)3 {MeS(CH2)3SMe}]^ = 404. 

w). Synthesis of [W(CO)4{MeSe(CH2)2SeMe}] 

Method as for r) above but using [W(CO)4 {Me2N(CH2)3NMe2}] (0.12 g, 0.28 

mmol) and MeSe(CH2)2SeMe (0.06 g, 0.28 mmol) to give a yellow precipitate 

(yield 0.09 g, 60 %). Required for [CgHio04Se2W]: C = 18.8, H = 2.1 %; found 

C = 18.9, H = 2.1 %. 

%). Synthesis of [W(CO)4{MeSe(CH2)3SeMe}] 

Method as for r) above but using [W(CO)4 {Me2N(CH2)3NMe2}] (0.12 g, 0.28 

mmol) and MeSe(CH2)3SeMe (0.06 g, 0.28 mmol) to give a bright yellow 

precipitate (yield 0.11 g, 75 %). Required for [C9H]204Se2W]: C = 20.5, H = 2.3 

%; found C — 20.6, H = 2.4 %. FAB mass spectrum (3-NOBA matrix): found 

526, 498; calculated ["^W(C0)4{Me'^Se(CH2)3'*'SeMe}]+ = 528, 

[W(C0)3{MeSe(CH2)3SeMe}]+ m/z = 500. 

y). Synthesis of [W(CO)4{o-C«H4(SeMe)2}] 

Method as 6)r r) above but using [W(C0)4 {Me2N(CH2)3NMe2}] (0.12 g, 0.28 

mmol) and o-C6H4(SeMe)2 (0.07 g, 0.28 mmol) to give a dark yellow precipitate 

(yield 0.11 g, 68 %). Required for [C]2Hio04Se2W]: C = 25.7, H = 1.8 %; found 

C = 25.6, H = 2.0 %. FAB mass spectrum (3-NOBA matrix): found 560, 532, 
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504; calculated [^*^W(CO)4{o-C6H4('̂ SeMe)2}r = 562, [W(CO)3{o-

C6H4(SeMe)2}]^ = 534, [W(CO)2{o-C6H4(SeMe)2}]^ = 506. 

2.4.2 X-Ray Crystallography 

[Cr(CO)4{MeSe(CH2)2SeMe}] 

Details of the crystallographic data collection and refinement parameters 

are given in Table 2.8. Data collection used a Rigaku AFC7S four-circle 

dif&actometer equipped with an Oxford Systems open-flow cryostat operating at 

150 K and using graphite-monochromated Mo-Ka X-radiation (A, = 0.71073 A) 

and was undertaken by Dr G. Reid and Mr A.R.J. Genge. No significant crystal 

decay or movement was observed. The structure was solved by direct methods^ 

and developed by iterative cycles of full-matrix least-squares refinement and 

difference Fourier syntheses.^ All non-H atoms were refined anisotropically 

while H-atoms were placed in fixed, calculated positions wiAi d(C-H) = 0.96 A. 

Selected bond lengths and angles are given in Table 2.9 and Table 2.10. 
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CHAPTER 3 

Group 6 Complexes of Tritelluro-, 

Triseleno- and Trithio-ether 

Ligands. 
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3.1 mTRODUCTION 

The aim of this chapter was to investigate the coordination chemistry of a 

series of tripodal Group 16 ligands, with the general formula CH3C(CH2ECH3)3 

(E = S, Se or Te) with Cr(0), Mo(0) and W(0) carbonyls. The first examples of 

[M(CO)3 {MeC(CH2EMe)3} ] (M = Mo or W; E = Se or Te) were synthesised 

during this work. Figure 3.1 shows the ligand type used. 

Me 

H 2 C ^ \ " " C H 2 , 
Me I 

E 

E 

^ M e 

Me 

E = S, SeorTe 

Figure 3.1 — The tripodal Group 16 ligands 

The complexes have been studied using multinuclear NMR 

^Se{^H}, ^^Te{^H} and ^̂ Mo) and IR spectroscopies and FAB mass 

spectrometry and the results are compared with those in Chapter 2. 

3.1.1 Tridentate Group 16 Ligands 

Recently work in our research group has been exploring the chemistry of 

tridentate seleno- and teiluro-ether ligands with a variety of metal centres 

including both homoleptic and halo-complexes with palladium(II), platinum(II), 

rhodium(III) and iridium(in)/'^ ruthenium(II)/ rhodium(I) and iridium(I)-olefin 

and diene complexes/ and in homoleptic copper(I) and silver(I) species.^ 

Carbonyl complexes have received less attention and reports are currently 

limited to the study within the group of^c-[M(C0)3(tridentate)]^ (M = Mn or 
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Re)/'^ These studies showed that tnsubstituted manganese(I) tricarbonyl cations 

iirvolvityr CfTOu*) 16 (iorKxrligpuids sunsinsadily acxoessible in gpxodifkdkis WKZ ẑc-

[\fn[(X]())3(Nd[e:243(D)3]*. TTie ligp&ndb luxxl liiuiiyg ttuit pzuHcukur stuwiy Mnane 

MeC(CH2EMe)3 (E = S, Se or Te) and the macrocycles [PJaneSs and [lOJaneSs. 

IktlOie idmowsswiwDe a ramyge cd cKtellurcxdjiers vms repKxrkxl tgrlLennasonimcl 

(%o-wcKloerŝ ^̂  cvz. l();years idie ccK)niin2dicHi(dieinistry cdTthcxxsligfuids widi 

a variety of transition metals has been studied in some detail/^ However, very 

few tri", tetra- or higher poly-telluroethers have been reported in the literature, 

reflecting difficulties in developing suitable synthetic routes to these sensitive 

compounds. To emphasise the rarity of these species the first reported 

tritelluroether complex was the manganese(I) complex fac-

[Mn(C0)3 {MeC(CH2TeMe)3} jCFgSOs which appeared in a communication in 

19()9 3.2).^ ISinoe them seTferai CKxmprkzxes liaife txeeii sryndiwesised aiwl a 

few crystal structures have been published in scientiGc journals. The examples 

include [Rh(COD) {MeC(CH2TeMe)3} and complexes of the new tripod 

MeC(CH2TePh)3 [Mn(C0)3 {MeC(CH2TePh)3}]CF3S03'̂  and 

[Ir(C0D){MeC(CH2TePh)3}]^. There are a similar number of structurally 

characterised species containing the thio- and seleno-ether analogues covering a 

range of metal centres. [Mn(C0)3{MeC(CH2SMe)3}]\ 

[Mn(CO)3{MeC(CH2SeMe)3}]^ and [Re(CO)3{MeC(CH2SeMe)3}]^ were the 

Grst examples of complexes involving acyclic tridentate Group 16 donor ligands 

with low valent metals.̂  In each structure the tripodal ligand is facially bound in 

the ̂  form, analogous to [Mn(C0)3{MeC(CH2TeMe)3(Figure 3.2). 
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Figure - View of the structure of the cation 

[Mn(CO)3{MeC(CH3TeMe)3}]+ 

The complexes described in this chapter are the first triselena- or 

tritellura-ligand complexes of Group 6 metal carbonyls. Several trithioether 

systems have been described in the literature. These include 

[M(C0)3 {MeS(CH2)2S(CH2)2SMe}] (M = Cr, 

[Mo(CO)3{[9]aneS3)]/^'^^c-[Mo(CO)3{[IO]aneS3}]/'^ and [Mo(CO)3L3] (L = 

SMez, tht, In [M(C0)3{[14]aneS4}] (M = Mo, W) and 

[Mo(CO)3{[16]aneS4] the macrocycles reportedly behaved as tridentate ligands, 

although characterisation was veiy limited/^ 

Very recent reports have published the results of a study into a new 

thioether tripod, tris[(methylthio)methyl]silane (Figure 3.3) and its reactivity 

with chromium, molybdenum and tungsten carbonyl compounds.'®''^ This 

ligand has also been employed in other areas of chemistry, namely with 

bismuth(ni) chloride^ (discussed in Chapter 5), copper(I)̂ ^ and silver.^ 
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However, there are no reports of selenium or tellurium analogues. The work is 

solely restricted to the thioether ligand. 

Me 

SL., 

S 
M e ^ ^ Me 

^ M e 

Figure 3 3 - Tns[(methylthio)meAyl]sibne 

This ligand is very similar to the thioether employed in the present 

studies, diSering only in the ^ical atom (Si in place of C). Although a number 

of tridentate sulfide ligands other than crown thioethers are known, including 

MeC(CH2SEt)3,^ RS(CH2)2S(CH2)2SR (R = Me,^"^ Et^, l,3,5-(MeS)3C6H9, 

and CgHgSg, reactivity studies with them are scant. In a manner not dissimilar to 

the one adopted for our own studies, Rabinovich and co-workers embarked on a 

systematic study of the new tnthioe&er ligand with Groiq) 6 metal carbonyls. 

The molybdenum tricarbonyl complex [Mo(CO)3 {MeSi(CH2SMe)3} ] was 

readily prepared by allowing [Mo(CO)6] to react with a slight excess of 

MeSi(CH2SMe)3 in refluxing methylcyclohexane, conditions under which the 

product precipitated and was isolated in high yield. The corresponding reactions 

of the chromium or tungsten hexacarbonyls [M(C0)6] (M = Cr, W) with the 

ligand only produced dark mixtures of unidentified products. This highlights the 

sensitive nature of the reaction systems of this ^ e , something encountered 

during the work with MeC(CH2EMe)3 (E - S, Se or Te). However, the 

complexes [M(CO)3 {MeSi(CH2SMe)3} ] (M = Cr, W) were conveniently 

obtained in moderate to high yield by treating the labile nitrile derivatives 

[Cr(CO)3(MeCN)3]^ or [W(C0)3(EtCN)3]̂ '̂  with the ligand in benzene/thf 

Furthermore, the molecular structures of all three [M(C0)3 {MeS i(CH2SMe)3} ] 

complexes (M = Cr, Mo or W) were determined by single crystal X-ray 

dif&action. The complexes are isomorphous and the Cr(0) example is depicted 
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in 3.4. conqpkacs oflC^ A4o and V/ aKiK# nee but this 

appears to be one of the few complete series of Group 6 metal thioether 

derivatives to be structurally characterised. The six-coordinate complexes 

present distorted octahedral geometries in the solid state, with tridentate face-

capping thioether ligands. In this regard, the structures resemble those of the 

[9]aneS3 derivatives [M(C0)3{[9]aneS3}](M = Mo/^ W °̂), as well as several 

known tricarbonyl complexes of general formula [M(C0)L3] e.g. 

[Mn(CO)3{[10]aneS3}] .̂'̂  

As previously mentioned, the similarities between these and those 

involving the thioether tripod MeSi(CH2SMe)3 are obvious. Therefore, the work 

by Rabinovich is a very useful example to follow prior to embarking on our own 

studies. During the discussion section comparisons and differences between the 

two pieces of work will be drawn. 

Figure 3.4 - Molecular structure of [Cr(CO)3{MeS:(CH2SMe)3}] fn»m ret 

18 
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The results of the present studies may also be compared with those 6om 

previous work on [M(C0)4(bidentate)] (bidentate = various dithio-, diseieno- and 

ditelluro-ethers) discussed in Chapter 2.^' 

The primary aim of this chapter was to undertake a systematic study of 

Group 6 carbonyl derivatives of MeC(CH2SMe)3, MeC(CH2SeMe)3 and 

MeC(CH2TeMe)3. The employment of these three ligands should permit furdier 

comparisons between the Group 16 donors. 

Further woA to be discussed in this chapter is the attempted synthesis 

and isolation of [Mo(CO)3(T|̂ -[16]aneSe4)] and [Mo(CO)2(T|-^[16]aneSe4)]. 

Yoshida and co-workers have reported the first example of a Mo(0) dicarbonyl 

complex of a thioether ligand fra7zy-[Mo(CO)2(Meg[16]aneS4)] (Figure 3.5).̂ ^ 

The aim was to determine whether the tetraselena macrocycle [16]aneSe4 would 

accommodate a molybdenum centre within its cavity. 

c 

Figure 3.5 — Molecular structure of |Mo(CO)2(Meg[16]aneS4)] Axxm ret 32 
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3.2 RESULTS AND DISCUSSION 

3.2.1 Group 6 Tricarbomyl Completes of Group 16 TridenWe Ligauds. 

AlAougb Group 6 carbonyl complexes are often regarded as among die 

more stable low valent complexes, the ̂ zc-[M(C0)3L^] (L^ = MeC(CH2SMe)3, 

MeC(CH2SeMe)3 and MeC(CH2TeMe)3) proved surprisingly difficult to isolate 

in the pure state, and prone to decomposition in solution, and as a result 

considerable care was necessary both in the syntheses and in obtaining reliable 

spectroscopic data. 

For M = Mo or W, the starting materials in each case were die nitrile 

complexes [M(C0)3(MeCN)3] made m f/Az 6om the hexacarbonyls in 

MeCN.̂ "̂̂ ^ fbc-[M(CO)3L^] (L^ = MeC(CH2SMe)3, MeC(CH2SeMe)3 and 

MeC(CH2TeMe)3) have been prepared by treating the starting material wiA the 

ligand. After stirring at room temperature overnight, die solvent was removed m 

vacMO, the complex extracted with dry C H 2 C I 2 , filtered and the solvent removed. 

The resulting solid was washed with diethyl ether which extracts any 

tetracarbonyl complex present (confirmed by IR spectroscopy of the solution), 

leaving the [M(C0)3L^] in moderate yield as yellow or light brown products. 

The solids appear stable under nitrogen 6)r several weeks, but the complexes are 

surprisingly unstable in solution. The identity of the products as ̂ c-tricarbonyls 

follows 60m IR spectroscopic studies, the FAB mass spectra and microanalysis. 

In contrast to the tripodal complexes macrocyclic thioether complexes, 

[M(C0)3S3] (M = Cr, Mo or W, S3 = [9]aneS3 or [lOjaneSs) proved quite robust, 

although rather poorly soluble in most solvents.^ 

For M = Cr, die reaction of [Cr(CO)3(MeCN)3] in situ in MeCN with 

MeC(CH2SMe)3 or MeC(CH2SeMe)3 gave a yellow solution which contained 

^c-[Cr(CO)3L^], identified by m f *Yw IR spectroscopic studies. 

The use of solution IR spectroscopy was fundamental to the 

characterisation of these complexes. IR spectroscopic studies allowed the nature 

of these complexes to be followed throughout the reactions. During the 

synthesis of [M(CO)3L ]̂ (M = Mo, W), the two CO stretches associated with the 
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Group 6 metal tricarbonyl precursor disappeared and, on Garmation of the 

subsequent ̂ c-tricarbonyl [M(C0)3L^] two intense absorptions, centred at ca. 

1930 and 1810 cm'' (Ai + E) as predicted for the facial isomer of an octahedral 

tricarbonyl complex, appeared.̂ ^ Table 3.1 gives the solution IR data 6)r the 

complexes. A typical IR spectrum is shown in Figure 3.6. 

% T 

W08 WGO 

Wavenumber (cm-l) 

Figure 3.6 - v(CO) region of IR spectrum of [W(CO)3{MeC(CH2SMe)3}] 

Table 3.1 — IR spectroscopic data (CO region) 

Compound u(CO)/cm^" 

/oc -[Mo(CO)3{MeC(CH2SMe)3}] 

-[W(C0)3{MeC(CH2SMe)3}] 

-[Mo(CO)3 {MeC(CH2SeMe)3}] 

-[W(C0)3 {MeC(CH2SeMe)3}] 

/ac -[Mo(CO)3{MeC(CH2TeMe)3}] 

/ac -[W(C0)3{MeC(CH2TeMe)3}] 

CM -[Cr(C0)4{MeC(CH2SMe)3}] 

CM -[Mo(CO)4{MeC(CH2SeMe)3}] 

1930 1816 

1923 1807 

1927 1816 

1921 1809 

1930 1820 

1921 1821 

2016 1902 1890(sh) 1854 

2021 1909 1890(sh) 1855 

a. Spectra measured in CH2CI2 solution 
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FAB mass spectrometric data for each complex showed peaks 

corresponding to [M(CO)3L ]̂̂  the parent ion. The FAB mass spectrum (Figure 

3.7) are shown for [Mo(CO)3{MeC(CH2SeMe)3}] in which the &agment of 

[Mo{MeC(CH2SeMe)3}]^ (m/z = 446) is also observed in addition to the parent 

ion (mL6 = 530). The data show good agreement with the calculated isotope 

distributions. 

90 
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Low Resolution M/z 

Figure 3.7 — FAB mass spectrum of [Mo(CO)3{MeC(CH2SeMe)3}] 
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3.2.2 NMR Spectroscopic Studies 

Multinuclear ('H, and ^̂ Mo) NMR 

spectroscopic studies were undertaken to give an insight into the character of 

these species in solution. The following section outlines the NMR spectroscopic 

data recorded for all the Group 6 metal species in this work. 

H NMR Spectroscopic Studies 

The 'H NMR spectra of the new complexes were recorded at 300 K. 

Coordination of the ligand to the metal is supported by the change of chemical 

shift with respect to the free ligand. The 'H NMR spectra consist of three sharp 

singlet resonances in the ratio 3:2:1. As previously mentioned, the solids appear 

stable under nitrogen for several weeks, but the complexes are surprisingly 

unstable in solution. A freshly prepared CDCI3 solution of 

[Mo(CO)3{MeC(CH2SMe)3}] exhibits a simple NMR spectrum with singlets 

at 8 1.15 (MeC), 2.1 (MeS) and 2.45 (CH2), however, on standing some brown 

solid precipitates and new resonances appear, some of which can be associated 

with uncoordinated MeC(CH2SMe)3 (5 0.95, 2.0 and 2.5). The 

[Mo(CO)3{MeC(CH2SeMe)3] partially decomposes in CH2CI2 solution at 300 K 

to cw-[Mo(CO)4{ri^-MeC(CH2SeMe)3}], free ligand (both identified by a 

combination of 'H, NMR and IR spectroscopies) and an unidentified 

brown precipitate. The ^c-[W(CO)3{MeC(CH2SeMe)3}] behaves similarly. 

The 'H NMR spectrum of this compound is shown in Figure 3.8. The complexes 

of the tritelluroethers ̂ c-[M(C0)3 {MeC(CH2TeMe)3} ] (M - Mo or W) are the 

most stable in the series, showing no decomposition whilst in solution over short 

periods of time. 
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Figure 3.8 - H NMR spectrum of [W(CO)3{MeC(CH2SeMe)3}] recorded in 

CDCk 

H} NMR Spectroscopic Studies 

Data obtained by NMR spectroscopy are shown in Table 3.2. 

The NMR spectra 6)r these derivatives were recorded at 300 K. The 

NMR spectrum obtained 6om CH2CI2-CDCI3 solution at 300 K is more 

complex than expected for [Mo(CO)3{MeC(CH2SMe)3}], and changes with 

time. The NMR spectrum was also obtained at 240 K which slowed but 
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did not stop the decomposition. From a freshly prepared solution immediately 

cooled to 240 K, the major resonances are attributable to 

[Mo(CO)3{MeC(CH2SMe)3}] and occur at 6 221.0 (CO), 44.3 ( % ) , 41.6 (C), 

27.7 (MeS) and 24.0 (MeC). Much weaker features at 8 44.2 (CHz), 18.0 (MeS), 

are associated with free MeC(CH2SMe)3, and other features at 216, 208 (CO), 

24.1 and 18.5 (MeS) are attributed to the tetracarbonyl cw-[Mo(CO)4{ti^-

MeC(CH2SMe)3}], (the MeC and C resonances are not resolved from those in 

the tricarbonyl). After the solution had stood for some hours at room 

temperature, the '^C{'H} NMR resonances associated with the ywc-tricarbonyl 

had greatly diminished and the free ligand and the tetracarbonyl were the major 

species present. The analogous ̂ c-[W(C0)3{MeC(CH2SMe)3}] shows similar 

but slower decomposition to MeC(CH2SMe)3 and a tetracarbonyl complex in 

CH2CI2. The '̂ C resonance Car CO ofyac-[W(CO)3{MeC(CH2SMe)3] is 8 215. 

The resonance frequency of the carbonyl carbon for a given metal is greater for S 

and Se containing complexes than the Te containing complex, i.e. the resonance 

is upfield w.r.t S or Se complexes. This is a consequence of the lower 

electronegativity of tellurium resulting in good Te->M a-donation thus 

increasing the electron density in the vicinity of the carbonyl carbons leading to 

shielding of the carbon nucleus. We can also compare the values observed for 

the carbonyl carbons of the trithioether complexes with the results obtained by 

Rabinovich.'^ For the equivalent tris[(methylthio)methyl]silane complexes the 

'^C{'H} NMR spectra (in tetrahydrofiiran-t/g (THF-Jg)), the chemical shifts for 

the three equivalent CO groups in each compound (222.8 and 215.6 ppm for M = 

Mo and W, respectively) are very similar to the values observed during our 

studies. Similarly, the values obtained for [M(CO)3{MeC(CH2SMe)3] (M = Mo 

or W) were virtually identical to those observed for the crown thioether 

compounds [M(CO)3{[9]aneS3}].^°'̂ '̂  When considering the species 

[Mo(CO)3 {MeC(CH2SeMe)3} ] decomposition is observed in CH2CI2 solution, 

however, the decomposition is very slow at 240 K and at this temperature the 

'^C{'H} NMR data (Table 3.2) are assignable to the j^c-tricarbonyl. The fac-
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[W(CO)3 {MeC(CH2SeMe)3} ] behaves similarly. The complexes of Ihe 

tritelluroether ̂ c-[M(CO)3(MeC(CH2TeMe)3} ] (M = Mo or W) are Ihe most 

stable of the series, showing no decomposition in CH2CI2 at 240 K during the 

several hours taken to record NMR spectra. At ambient temperatures in 

CH2CI2, some decomposition is evident after several hours with weak features in 

the NMR spectra attributable to tetracarbonyls and some dark precipitate, but in 

contrast to the other systems, the &ee ligand (MeC(CH2TeMe)3) is not present in 

detectable amounts. 
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Table 3.2 - NMR Spectroscopic Data 

Compound 6 '^C{'H}/ppm " 

/ac-[Mo(CO)3 {MeC(CH2SMe)3}] 

/ac.[W(C0)3 {MeC(CH2SMe)3} ] 

/2zc-[Mo(CO)3 {MeC(CH2SeMe)3} ] 

/ac-[W(C0)3 {MeC(CH2SeMe)3}] 

/ac-[Mo(CO)3{MeC(CH2TeMe)3}] 

/&c.[W(C0)3{MeC(CH2TeMe)3}] 

CM-[Cr(C0)4{MeC(CH2SMe)3}] 

CM-[Mo(CO)4{MeC(CH2SeMe)3}] 

221.0 (CO), 44.3 (CH2), 41.3 (C), 27.7 (MeS), 24.0 (Me) 

215.0 ( % c = 178 Hz) (CO), 44.5 (CH2), 41.5 (C), 29.6 (MeS), 24.2 (Me) 

221.8 (CO), 40.7 (C), 35.2 (CH2), 23.7 (Me), 17.5 (MeSe) 

215.0 (Vwc = 160 Hz) (CO), 40.6 (C), 36.5 (CH2), 25.0 (Me), 19.5 (MeSe) 

216.8 (CO), 34.4 (CH2), 33.3 (C), 22.8 (Me), -9.1 (MeTe) 

213.3 (CO), 35.0 (CH2), 34.5 (C), 23.0 (Me), -7.0 (MeTe) 

226.2, 214.9 (CO), 49.0,48.6 (CH2), 40.3 (C), 29.0 (Me), 26.8,18.0 (MeS) 

217.3,207.9 (CO), 40.7, 37.9 (CHz), 29.9 (Me), 16.0, 7.5 (MeSe) ^ 

a. Spectra were recorded at 240 K in CH2CI2 solution 

b. At 300 K 
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NMR and ^Se{^H} NMR Spectroscopic Studies 

The NMR data on these conq)Iexes are given in Table 3.3. It 

is notable that only a single ̂ c-tricarbonyl species is present in the telluroether 

complexes. The ^^Te{^H} NMR spectrum of [M(CO) {MeC(CH2TeMe)3} ] (M 

= Mo or W) shows a single resonance at 6 179 (Mo) and 110 (W), indicative of 

three equivalent Te donors and hence jfec-tridentate coordination in solution (free 

MeC(CH2TeMe)3 8^^Te 21). Since pyramidal inversion at a coordinated Te 

donor atom is expected to be slow on the NMR dme scale/^ this also implies 

that the ligand is in the syn configuration, with all three terminal Me groups 

pointing in the same direction giving a propeller-like arrangement. For a fac-

[M(C0)3{MeC(CH2TeMe)3}] complex two invertomers are possible with jryM or 

aMfi methyl groups (Figure 3.9). 4.6 

Figure 3.9 — The awfi and ayw forms of MeC(CH2EMe)3 viewed down the 

Me-C bond 

Previous studies of [M(CO)4(L-L)] (L-L = dithio-, diseleno or ditelluro-

ether)̂ ^ have shown that whilst pyramidal inversion at the Group 16 atom is 

at 300 K (on the NMR time scale) for dithioethers and for some diselenoethers, 

the barriers are much higher for tellurium inversion, and thus we would expect to 
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see invertomers in the last case but, as we have seen, only a single form (the 

isomer) with one 6(Te) was found. Figure 3.11 shows the ^^Te{'H} NMR 

recorded for [W(CO)3{MeC(CH2TeMe)3}]. It would be reasonable to speculate 

that only the syn invertomer is present in significant amounts for the 

triselenoether complexes too. It is worth noting that in the [M(CO)3L ]̂̂  (M = 

Mn or Re '̂̂  and [Ru(L )̂2]̂ ^ ^ the NMR spectra, and in several cases X-ray 

crystallographic data have identified only syn invertomers, and 

[M(C0)3{MeSi(CH2SMe)3}] are also in the solid state (Figure 3.10). 

Figure 3.10 — Molecular structure of y6c-[Mo(CO)3{MeS:(CH2SMe)3}] 

(showing isomer in the solid state) from ref. 18 

The selenium containing complexes at 240 K in CH2CI2 show a single 

^Se{'H} resonance at 6 81 (Mo) and 53 (W) (&ee MeC(CH2SeMe)3 has 8 = 23) 

are assignable to the^c-tricarbonyl. The ^^Se{'H} NMR spectrum is illustrated 

for [Mo(CO)3{MeC(CH2SeMe)3}] in Figure 3.12. 
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Figure 3.11 — ^^e{'H} NMR spectrum ofy»c-[W(CO)3{MeC(CH2TeMe)3}] 

recorded in CHzCk-lO % CDCk 
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100 

PPM 
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80 

Figure 3.12 - Se{^H} NMR spectrum of yac-[Mo(CO)3{MeC(CH2SeMe)3}] 

recorded in CH2CI2-IO % CDCI3 
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Table 3.3 — ̂ Se{ H} and H} NMR spectroscopic data 

Compound 

/ac-[Mo(CO)3{MeC(CH2SeMe)3}] 

/2fc-[W(CO)3 {MeC(CH2SeMe)3}] 

/2zc-[Mo(CO)3 {MeC(CH2TeMe)3}] 

/&c-[W(C0)3 {MeC(CH2TeMe)3}] 

cM-[Mo(CO)4{MeC(CH2SeMe)3}] 

81 

53 

179 

110 

31.4 20.0" 

a. In CH2CI2-IO % CDCI3 relative to neat external Me2Se or Me2Te. 

b. Spectra recorded at 300 K. 

NMR Spectroscopic Studies 

A ^Mo NMR spectrum of&eshly prepared [Mo(CO)3 {MeC(CH2SMe)3} ] 

CH2CI2 solution at 300 K had 8 = -1138, but this disappeared on standing, and a 

new resonance at —1283 grew in its place. The latter value is close to that 

observed for [Mo(CO)4{MeS(CH2)3SMe}] (-1294)̂ % consistent with the 

generation of a tetracarbonyl complex. The decision to run the ^Mo NMR 

spectra at 300 K came as a result of previous studies which have shown that 

^̂ Mo NMR resonances in related complexes broaden rapidly when the samples 

are cooled, probably due to the substantial quadrupole moment, and spectra are 

best obtained at ambient t e m p e r a t u r e s . ^ T h e triseleno- and triteliuro-ether 

complexes each show a single resonance. The spectrum of 

[Mo(CO)3 {MeC(CH2SeMe)3} ] has been used as an example to illustrate the 

^ypearance of a ̂ ^Mo NMR for these species. It is notable lhat the 5(^Mo) shifts 

progressively to high &equency with trans donor Te < Se < S, consistent with 

increasing cr-donation as Group 16 is descended.^'^ The shifts are ca. 500 ppm to 

high Aequency of |Mo(CO)6] (6(^Mo) = -1856)^^ indicating decreased electron 

density on Mo(0) in these compounds. When diese values are compared to those 

obtained for the [9]aneS3 and [10]aneS3 complexes, which show single 

resonances at -1345 and -1311 ppm respectively for |Mo(CO)3([9]aneS3)] and 
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[Mo(CO)3([ 1 OjaneSs)],^ it can be seen that the values are similar. However, die 

twno iiLacrcHcyicic trhliwDetbar ctMnqplexaxs 20%: sigpibicauitby iiwore isbieldexi tiKm 

[Mo(CO)3 {MeC(CH2SMe)3} ]. Similarly the tetracarbonyl complex cis-

is loiore shielded (han Ihws trwsarbKMiyi 

selenoether complex [Mo(CO)3 {MeC(CH2SeMe)3} ] which is a result of the 

fewer Group 16 donor atoms in the tetracarbonyl species leading to less electron 

density being displaced onto the Mo(0) centre with respect to the tricarbonyl 

species. Furthermore, the complex [Mo(CO)4([8]aneSe2)]^^ which also contains 

a bidentate ligand linked to the metal centre by two selenium donors shows a 

resonance at 8(^Mo) —1424, which shows that the molybdenum is even more 

shielded in this example than the tetracarbonyl species [Mo(CO)2{Tî -

MeC(CH2SeMe)3}]. 

Table 3.4 — NMR spectroscopic data 

Compound 6 ^ 0 ' 

y&rc -[Mo(CO)3{MeC(CH2SMe)3}] -1138 

/ac -[Mo(CO)3{MeC(CH2SeMe)3}] -1216 

-[Mo(CO)3{MeC(CH2TeMe)3}] -1336 

CM -[Mo(CO)4{MeC(CH2SMe)3}] -1296 

a. Relative to external aqueous Na2Mo04, recorded at 300 K recorded in 

CH2CI2-IO % CDCI3 
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Figure 3.13 — NMR spectrum of/iKr-[Mo(CO)3{MeC(CH2SeMe)3}] 

3.2.3 Tetracarbomyl Complexes 

The following section outlines the procedures undertaken and the 

problems faced in the pursuit of the Group 6 tricarbonyl species and in particular 

the chromium(O) complexes. 

Using the silane tridentate ligand MeSi(CH2SMe)3 the subsequent 

complexes of the Group 6 metals chromium(O), molybdenum(O) and tungsten(O) 

are formed as moderately air-sensitive solids. This series of Group 6 metal 

thioether derivatives is one of the first complete series to be structurally 

characterised. The work in this chapter has indicated strongly that the instability 

of the new complexes in solution has led to difficulties in obtaining the 

spectroscopic data. A solution of [Mo(CO)3{MeC(CH2SMe)3}] showed signs of 

decomposition during the aquisition of a NMR spectrum and some 

features of the resulting spectrum are attributed to the tetracarbonyl c^-

[Mo(CO)4{T{ -̂MeC(CH2SMe)3}]. As mentioned earlier, aAer the solution had 

stood for some hours at room temperature, the NMR resonances 

associated with the ^c-tricarbonyl had greatly diminished and the free ligand 
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and the tetracarbonyl were the m^or species present. Similarly the ^ ^ o NMR 

spectrum showed, after a period of time, a new resonance with 8 = -1283. This 

value is close to that observed for [Mo(CO)4{MeS(CH2)3SMe}] (-1294),̂ ^ 

consistent with the generation of a tetracarbonyl conqilex. Confirmation of this 

came 6om an IR spectrum of the Gnal solution used to record the NMR 

spectrum, and showed v(CO) at 2024,1911,1885(sh) and 1858 cm'\ which may 

be compared with similar values 2023, 1910, 1895(sh), 1856 cm'̂  in 

[Mo(CO)3 {MeS(CH2)SMe}] ' It is thus clear that whilst pure 

[Mo(CO)3{MeC(CH2SMe)3}] can be isolated, it decomposes readily in solution 

into cw-[Mo(CO)4{T|̂ -MeC(CH2SMe)3}], free ligand and an unidentified brown 

solid. Pyramidal inversion at sulfur is 6st on die NMR time scales in thioether 

complexes of Group 6 carbonylŝ ^"^ but exchange between the 6ee and 

coordinated MeS groups in the tetracarbonyls is not observed in the NMR 

spectra. The instability of the ^c-tricarbonyl complex was greatest in the 

chromium-thioether system. The reaction of [Cr(CO)3(MeCN)3] in situ in 

MeCN with MeC(CH2SMe)3 gave a yellow solution which contained 

[Cr(CO)3{MeC(CH2SMe)3}], identified by v(CO) modes at 1926, 1812 cm'\ 

However, repeated attempts to isolate a pure sample of the solid complex 

have been unsuccessful, either from this solution or using pre-isolated 

[Cr(C0)3(MeCN)3] in benzene. Work-up of such solutions gave some green 

solid, large amounts of yellow [Cr(CO)4{ii^-MeC(CH2SMe)3}] which was 

isolated and is described below, and free ligand. An alternative route via 

[Cr(C0)6], MeC(CH2SMe)3 and NaBH^ in ethanol,̂ ^ which was successful for 

the macrocyclic thioethers, gave only green decomposition products in this case. 

The instability of̂ 2%c-[Cr(CO)3{MeC(CH2SMe)3}] is in keeping with the facile 

decomposition of the heavier analogues W < Mo « Cr, but is surprising when 

compared with the recently isolated^c-[Cr(C0)3{MeSi(CH2SMe)3}] which has 

been structurally characterised. We have described detailed studies of 

[M(C0)4(L-L)] in Chapter 2,̂ ^ and the tetracarbonyl complexes formed by 

coordination of the tripodal ligands are not fundamentally different. For 
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comparison two examples are described, cM-[Cr(CO)4{iî -MeC(CH2SMe)3}] and 

TThe cdironuum GC«iqple)[ Tanis iswolated 

(iuringratkanpts to pHMgpafettHe bicaudbcHiyl froin [(]r((}C))30\4edC3\Qi3] as (Lescriboi 

earlier, and [Mo(CO)4 {MeC(CH2SeMe)3} ] &om reaction of [Mo(CO)4(MeCN)2] 

and MeC(CH2SeMe)3. The spectroscopic data (Tables 3.1 - 3.3) are, as 

expected, very similar to those of the corresponding cis-

[M(CO)4{MeE(CH2)3EMe}] (M = Cr E = S, M = Mo E = Se), which also 

contain 6-membered chelate rings, with extra NMR features due to the free arm 

of the tripodal ligand. In contrast to the fac-\M{CO)^lJ''\ these tetracarbonyls 

appear stable both in the solid state and in solution. The solution IR spectrum 

(CH2CI2) of [Cr(C0)4{MeC(CH2SMe)3}] is shown in Figure 3.14. Group theory 

for a CM isomer predicts four stretches (2Ai + Bi + B2). DifRculty in resolving 

the A] and Bi modes at ca. 1900 cm"' results in the observation of only three 

bands (plus a shoulder at ca. 1895 cm"') in the cases of these Cr and Mo 

complexes. The FAB mass spectrum is shown for the tetracarbonyl 

molybdenum complex showing the parent ion at m/z = 560 (Figure 3.15). 
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Figure 3.14 - v(CO) 

[Cr(CO)4{MeC(CH2SMe)3}] 

region of IR spectrum of 
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M/z 550 

Figure 3.15 - FAB mass spectrum of c«-[Mo(CO)4{MeC(CH2SeMe)3}] 

showing the parent ion. 

3.2.4 Molybdennm(O) complexes of [16]aneSe4 

The starting material in this case was the nitrile complex 

[Mo(CO)3(MeCN)3] made in situ from the hexacarbonyl in MeCN?^ Fac-

[Mo(CO)3(Tî -[16]aneSe4)] has been prepared by treating the starting material 

with the macrocyclic ligand. After stirring at reflux for 1 hour, die solvent was 

removed in vacuo, the complex extracted with dry CH2CI2, filtered and the 

solvent removed. The resulting solid was washed with diethyl ether leaving 

[Mo(CO)3(Tî -[16]aneSe4)] in moderate yield as a dark yellow product IR 

spectroscopic studies allowed the nature of this complex to be followed 

throughout the reaction. The two CO stretches associated with 

[Mo(CO)3(MeCN)3] at 1919 and 1794 cm"' disappeared and, on formation of the 

subsequent y&rc-tricarbonyl [Mo(CO)3(ii^-[I6]aneSe4)] two intense absorptions, 

centred at 1926 and 1812 cm"' appeared. The IR spectrum of the complex in 

CH2CI2 solution is shown in Figure 3.16. 
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Figure 3.16 - v(CO) region of IR spectrum of [Mo(CO)3(Ti^-[16]aneS€4)] 

APCI mass spectrometric data for the complex showed a peak 

corresponding to [Mo(CO)3(T]̂ -[16]aneSe4)]̂  the parent ion = 667) (Figure 

3.17) and the fragment of [Mo(CO)2(T|̂ -[16]aneSe4)]^ = 637) is also 

observed. The data show good agreement with the calculated isotope 

distributions. 
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Figure 3.17 — APCI mass spectrum of [Mo(CO)3(T| [IdlaneSe*)] 

ITie rwsxtiaksp cdTthw îtxactioiiiRMisllie additkm cd̂ trLoietbjfLanaiaecxxidkflD 

a MeCN solution of the tricarbonyl species [Mo(CO)3(T]^-[16]aneSe4)]. 

Unfortunately, this reaction did not lead to the formation of the dicarbonyl 

molybdenum species. Instead the IR spectrum showed bands corresponding to a 

teracarbonyl compound. 
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3 3 CONCLUSIONS 

The complexes _/&c-[M(CO)3L ]̂ (M = Mo or W, = MeC(CH2SMe)3, 

MeC(CH2SeMe)3 or MeC(CH2TeMe)3) have been prepared as light brown solids 

6om [M(C0)3(MeCN)3]. The solution IR spectroscopic data showed two CO 

stretching vibrations which supports the identity of the complexes as 

[M(CO)3L ]̂. FAB mass spectrometry conGrmed the presence of [M(CO)3L ]̂. 

Multinuclear NMR studies ('H, "C{'H}, ^Se{'H}, '^Te{^H} and ^̂ Mo) were 

also undertaken to characterise the compounds. The complexes are surprisingly 

unstable in solution and would decompose over several hours to the Aee ligand 

and/or the tetracarbonyl species cw- [M(C0)4 {T|̂ MeC(CH2EMe)3} ]. Attempts to 

isolate [Cr(CO)3L3] have been unsuccessful but has been identified by IR 
A 

spectroscopy. The instability of^c-[Cr(C0)3 {MeC(CH2SMe)3} ] is in keeping 

with the facile decomposition of the heavier analogues W < Mo ( « Cr), but is 

surprising when compared with the recently isolated fac-

[Cr(C0)3(MeSi(CH2SMe)3}] which has been structurally characterised.'^ 
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3.4 EXPERIMENTAL 

3.4.1 Ligand and Complex Synthesis 

All preparations were performed under an argon atmosphere using 

standard Schlenk techniques. The M(CO)6 (M = Cr, Mo or W) were obtained 

from Aldrich and used as received. The Uganda, MeC(CH2SMe)3,'*° 

MeC(CH2SeMe)3/' and MeC(CH2TeMe)3^ were made by literature methods. 

a). Synthesis ofy«c-[Mo(CO)3{MeC(CH2SMe)3}] 

[Mo(CO)6] (0.2 g, 0.76 mmol) was refluxed in dry degassed MeCN (50 cm )̂ 

under argon for 16 h to give [Mo(CO)3(MeCN)3]. The ligand, MeC(CH2SMe)3 

(0.17 g, 0.8 mmol) was added and the mixture stirred under az^on for a AiMher 

16 h. An IR spectrum of the solution showed the absence of 

[Mo(CO)3(MeCN)3]. The solvent was removed m vocz/o, and the resulting oil 

dissolved in CH2CI2 (20 cm )̂, and Sltered through celite. The solvent was 

removed m vacuo, and the solid was washed with diethyl ether (20 cm )̂ to 

remove any tetracarbonyl complex. The pale brown powder was rinsed with n-

pentane (10 cm )̂ and dried in vacuo ^ield 0.15 g, 52 %). Required Ar 

[CnHigMo03S3]: C = 33.8, H = 4.7 %; found C = 34.1, H = 4.7 %. FAB mass 

spectrum (3-NOBA matrix): found = 392; calculated for 

[^Mo(CO)3{MeC(CH2SMe)3}]^ TM/z = 392. NMR spectrum (300 MHz, 

CDCI3,300 K): 6 1.15 (Me), 2.1 (MeS), 2.45 ( % ) . 

b). Synthesis ofyac-[Mo(CO)3{MeC(CH2SeMe)3}] 

Method as for a) above, but using [Mo(CO)6] (0.2 g, 0.76 mmol) and 

MeC(CH2SeMe)3 (0.28 g, 0.8 mmol) to give a pale brown powder (yield 0.19 g, 

47 %). Required for [CiiHigMo03Se3]: C = 24.9, H = 3.4 %; found C = 25.2, H 

= 3.3 %. FAB mass spectrum (3-NOBA matrix): 6)und mz/z = 532, 448; 

calculated for [̂ '̂ Mo(CO)3{MeC(CH2'̂ SeMe)3}]̂  m/k = 536, 

[^Mo{MeC(CH2'^SeMe)3}]^ ̂ 6 = 452. NMR spectrum (300 MHz, CDCI3, 

300 K): 6 1.3 (Me), 2.1 (MeS), 2.7 (CH2). 
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c). Synthesis of/izc-[Mo(CO)3{MeC(CH2TeMe)3}] 

Method as 6)r a) above, but using [Mo(CO)6] (0.2 g, 0.76 mmol) and 

MeC(CH2TeMe)3 (0.40 g, 0.8 mmol) to give a pale brown powder (yield 0.23 g, 

45 %). Required for [CnHigMoOgTes]: C = 19.5, H = 2.7 %; found C = 20.0, H 

= 2.9 %. FAB mass spectrum (3-NOBA matrix): found y?i/z = 678, 594; 

calculated for [^Mo(CO)3{MeC(CH2"°TeMe)3}]+ = 686, 

[^Mo{MeC(CH2'^eMe)3}]^ /w/z = 602. 'H NMR spectrum (300 MHz, CDCI3, 

300 K): 6 1.3 (Me), 2.1 (MeS), 2.8 (CH2). 

d). Synthesis ofyac-[W(CO)3{MeC(CH2SMe)3}] 

[W(C0)6] (0.2 g, 0.57 mmol) was refluxed in dry degassed MeCN (50 cm )̂ 

under argon for 4 days to give [W(C0)3(MeCN)3]. The ligand, MeC(CH2SMe)3 

(0.13 g, 0.6 mmol) was added and the mixture stirred for a further 16 h, at which 

time an IR spectrum showed the absence of [W(C0)3(MeCN)3]. The solvent 

was removed in vacuo, the residue dissolved in CH2CI2 and the solution filtered 

through celite. The solvent was again removed m the pale brown solid 

washed with diethyl ether (10 cm )̂ and M-pentane (20 cm )̂ and dried m vacuo 

(yield 0.14g, 52 %). Required for [CuHigW03S3]: C = 27.6, H = 3.8 %; found C 

- 27.3, H = 4.0 %. FAB mass spectrum (3-NOBA matrix): 6)und = 478; 

calculated for [^^W(C0)3 {MeC(CH2SMe)3} — 478. 'H NMR spectrum 

(300 MHz, CDCI3,300 K): 6 1.1 (Me), 2.2 (MeS), 2.6 (CH2). 

e). Synthesis ofy»c-[W(CO)3{MeC(CH2SeMe)3}] 

Method as for d) above, but using [W(C0)6] (0.2 g, 0.57 mmol) and 

MeC(CH2SeMe)3 (0.21 g, 0.6 mmol) to give a pale brown powder (yield 0.14 g, 

39 %). Required for [CnH;:W03Se3]: C = 21.3, H = 2.9 %; found C = 21.5, H = 

3.1 %. FAB mass spectrum (3-NOBA matrix): found = 618; calculated for 

['^(CO)3{MeC(CH2^SeMe)3}]^ = 622. 'H NMR spectrum (300 MHz, 

CDCI3,300 K): 6 1.3 (Me), 2.05 (MeS), 2.8 (CH2). 
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f). Synthesis of/iK;-[W(CO)3{MeC(CH2TeMe)3}] 

IVIethwad aws jGor adbcrye, biit iisioy; rvy((̂ %))6] (0 2 ig, 0 5̂ ^ ininiol) zuid 

MeC(CH2TeMe)3 (0.30 g, 0.6 mmol) to give a pale brown powder (yield 0.24 g, 

55 %). Required for [CnHigWOsTe;]: C = 17.3, H = 2.4 %; found C = 17.3, H = 

2.3 %. FAB mass spectrum (3-NOBA matrix): found = 758; calculated for 

["^W(C0)3{MeC(CH2'^°TeMe)3}]+ = 766. 'H NMR spectrum (300 MHz, 

CDCI3,300 K): 6 1.5 (Me), 2.0 (MeS), 2.2 (CH2). 

g). Synthesis of c»-[Cr(CO)4{ii^-MeC(CH2SMe)3}] 

This was made 60m [Cr(C0)3(MeCN)3] and MeC(CH2SMe)3 in benzene, 

following the method used for [Cr(C0)3{MeSi(CH2SMe)3}].^^ The product was 

extracted in diethyl ether, the solvent removed and the yellow solid washed with 

n-pentane. Required 6)r [Ci2HigCr04S3]: C = 39.1, H = 4.9 %; found: C = 38.5, 

H = 4.3 %. 'H NMR spectrum (300 MHz, CDCI3, 300 K): 8 1.12 (Me), 2.2, 2.4 

(MeS), 2.6,2.7 (CH2). 

h). Synthesis of c6-[Mo(CO)3{T{^-MeC(CH2SeMe)3}] 

[Mo(CO)6] (0.2 g, 0.76 mmol) was refluxed in dry degassed MeCN (50 cm )̂ 

under argon for 8 h to give [Mo(CO)4(MeCN)2] (identified m f/Af by IR 

spectroscopy). The ligand MeC(CH2SeMe)3 (0.28 g, 0.8 mmol) was added and 

the mixture stirred for a further 16 h. The solvent was removed in vacuo and the 

resulting oil dissolved in CH2CI2 (20 cm )̂ and filtered through celite. The 

solvent was removed in vacuo, the residue dissolved in diethyl ether (10 cm^) 

and filtered. The solvent was again removed in vacuo, and the solid washed with 

M-pentane, and dried m vacwo. Required for [Ci2HigMo04Se3]: C = 25.8, H = 

3.2 %; found C = 25.3, H = 3.0 %. FAB mass spectrum (3-NOBA matrix): 

fbound m/z = 560, 532; calculated for |̂ ^Mo(CO)4{MeC(CH2^SeMe)3}]^ = 

564, [ '̂Mo(CO)3{MeC(CH2'̂ SeMe)3}]^ = 536. 'H ]\JMR spectrum (300 

MHz, CDCI3,300 K): 6 1.2 (Me), 2.1,2.45 (MeSe), 2.7,2.8 (CH2). 
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CHAPTER 4 

Group 16 Complexes of Osmium, 

Platinum, Palladium and Rhodium 
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4.1 INTRODUCTION 

The aim of this chapter was to investigate die complexation of a range of 

bidentate Group 15 and Group 16 ligands, with the aim of generating Os(II) 

compounds of the 6)rm [OsCl2(L-L)2] and the cationic [OsCl(PPh3)(L-L)2]\ See 

Figure 4.1 for the ligands used. Furthermore, investigations have been carried 

out into Pt(II), Pd(n) and Rh(III) complexes of Ihe organo-selenium macrocycle 

[24]aneSe6. 

E = S, Se or Te 

MeE EMe E = S or Se 

MeE W e E = S, Se or Te 

PhTe TePh Ph2Sb SbPh] 

[8]aneSe2 [16]aneSe4 

Figure 4.1 — The bidentate Ugands. 

The coordination chemistry of these Os(n) complexes has been 

investigated using IR, UV-Vis and multinuclear (̂ H, '̂P{^H} and ^^Te{^H}) 

spectroscopies, ES^ mass spectrometry, cyclic voltammetry and single crystal X-

ray dif&action. 
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4.1.1 Group 16 Osmium Complexes 

Osmium forms compounds in formal oxidation states ranging from 8 to 

- 2 and as a consequence has an extremely rich coordination chemistry/ 

However, the absence of labile osmium precursors in the medium oxidation 

states can make some types of complex difficult to prepare. 

The ability of tertiary phosphine and arsine ligands to stabilize medium 

and higher oxidation states of the Group 8 metals is well known.^ A wide range 

of bidentate and polydentate phosphine and arsine complexes of Os(II), Os(III) 

and Os(IV) are readily made from starting from OsO^, HX and ROH (X = CI, Br 

or I) or [OsXs]^'. Likewise, charged sulphur-donor ligands, dithiocarbamates, 

and 1,1-dithioIenes are similarly effective, '̂"* but obtaining complexes with 

neutral Group 16 donors has proved considerably more difficult. The reaction of 

osmium tetraoxide or potassium tetrahydroxodioxo-osmate(VI), K2[0s02(0H)4], 

in concentrated hydrochloric acid with 2,5-dithiahexane in alcohol gave poor 

yield of the green complex [Os{MeS(CH2)2SMe}Cl4], but attempts to extend this 

to other thioethers were not very successfW/ Poor yields were also generated by 

direct reaction of [OsXe]^" with dithioethers. The general route reacted together 

sodium hexachloro-osmate(IV) and the thioether in refluxing 2-ethoxyethanol. 

This af&rded [Os(L-L)Cl4] (L-L = MeS(CH2)2SMe, cM-MeSCH=CHSMe, o-

C6H4(SMe)2, PhS(CH2)2SPh, PhSCH=CHSPh or o-C6H4(SPh)2)/ Osmium 

tetraoxide, aqueous HBr, and various dithioethers yielded only brown oils. 

However, moderate success was achieved when K2[OsBr6] reacted with the 

ligands in 2-ethoxyethanol to form [Os(L-L)Br4] (L-L = MeS(CH2)2SMe or 

MeSCH=CHSMe).^ Attempts to prepare iodo-complexes from K2[Osl6] gave 

intractable green oils/ Similar low yielding reactions are experienced when 

dealing with diselenoethers.^ Refluxing Na2[OsCl6] and MeSe(CH2)2SeMe gave 

black uncharacterised materials, which contrasts with the green complex when 

the dithioether analogue was used. However, if the mixture was heated to reflux, 

then immediately cooled and concentrated in vacuo, the green 

[Os{MeSe(CH2)2SeMe}Cl4] could be precipitated with diethyl ether. The 

complexes [Os(L-L)Cl4] complexes (L-L = MeSe(CH2)3SeMe, PhSe(CH2)2SePh 
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or MeSCH=CHSeMe) were obtained by similar routes. The red 

[Os{MeSe(CH2)2SeMe}Br4] was obtained using Na2[OsBr6]. 

Further investigations into the OSO4-HX (X —CI or Br)-dithioether-

ethanol reactions have been carried out, and found that under mild conditions, 

#'am-dioxo-osmium(VI) complexes can be isolated/'^ Until work by Levason 

and Harbron, despite a wide variety of related trans-lOsO^f* (osmyl) complexes 

being known,^ no examples with thio- or seleno-ethers had been reported. The 

addition of L-L (L-L = MeS(CH2)2SMe, o-Cg^CSMe): or ^6H4(PPh2)(SMe)) 

to a solution of OSO4 in a mixture of concentrated HX (X — CI or Br) and ethanol 

at room temperature gave the complexes [OsOaXiCL-L)] in moderate yields. In 

contrast PhS(CH2)2SPh did not react with the 0s04-HX-Et0H mixture, even 

after several days at room temperature. The diselenoether MeSe(CH2)2SeMe 

gave poor yield of the Os(VI) complex but PhSe(CH2)2SePh was rapidly 

oxidised by 0s04-HX-Et0H, and no evidence for an Os(VI) complex was 

obtained. The osmyl complexes [0s02X2(L-L)] are however unstable, further 

reduction to, for example, [OsX2(L-L)2] does not appear possible by this route. 

In the search for a route to /ra«5-[OsCl2(L-L)2] from Os(II) we used the 

recently characterised ?ram-[OsCl2(dmso)4].''''® Efficient syntheses of dimethyl 

sulfoxide complexes of osmium are highly desirable at the moment as a result of 

the attractive chemistry being offered by its neighbour ruthenium. 

Ruthenium(II) complexes incorporating sulfoxide ligands have attracted a great 

deal of interest recently. Octahedral cis- and ^r««5-[RuCl2(dmso)4] possess 

mutagenic properties and exhibit antitumour activity. In addition, sulfoxide 

complexes of ruthenium(n) have been utilised as precatalysts for homogeneous 

hydrogenation.'" The sulfoxides in these complexes are readily displaced by a 

wide variety of ligands under mild conditions and thus serve as moderately 

stabilised precurors to a range of derivatives. ̂  1.12.13.14 sulfoxide complexes are 

therefore of importance for a variety of reasons. As far as our investigations 

were concerned, the opportunity of introducing moderate donor ligands, such as 

dithio", diseleno- and ditelluro-ethers, and displacing moderately labile dmso 

ligands from Os(II) systems was of high importance. Until very recently only 
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tsvo stiwiies cdF tbie (ismiimi iaruiLDgpies tuid aqpfMsare*!̂ ^̂ * I4() sHbTictuizd c»r 

ireacdiT/kir stuwiLes ()f die (zoirqplesoss Tvtare esdbmt JPIowerveî  thie iu%: oiTciy- aiid 

^ra«s-[OsCl2(dmso)4] as precursors to osmium(II) complexes have been 

r e p o r t e d . T h e incorporation of chiral-at-phosphorus ligands has recently 

been communicated by M.G. Humphrey/^ These studies have afforded efficient 

routes to lightly stabilised precursors of osmium(II) which are important as entry 

points to derivative chemistry. Close examination of Ru(II) complexes of 

ditelluroethers could give clues when considering routes into the synthesis of 

Os(II) ditelluroether complexes. A recent journal article gave a good illustration 

of how far the chemistry of ruthenium with organo-tellurium ligands has come.^ 

Ruthenium(II) compounds of this type are close analogues of the osmium 

compounds I am striving to synthesise. Direct reaction of the ditelluroethers 

with RuCls.nHaO proved generally unsatisfactory, although one example trans-

[RuCl2{o-C6H4(TeMe)2}2] has been obtained by this route .Entry into the 

ruthenium chemistry was achieved by reaction of the ligands with 

[RuCl2(PPh3)3] in die presence of NH4PF6, [RuCl2(dmso)4] or 

[Ru(dmQ6][CF3S03]3.^ The first reaction gave fraM&-[RuCl(PPh3XL-L)2]PF6 as 

orange-brown powders, whilst use of [RuCl2(dmso)4] afforded /ra/75-[RuCl2(L-

L)2]. A more general route to fra7M-[RuX2(L-L)2] (X = CI, Br or I) was reaction 

of [Ru(dmf)6][CF3S03]3 with L-L and LiX in EtOH. The nithenium(Il) 

complexes are air-stable in the solid state. The success of these reaction systems 

gave us sufficient encouragement in our pursuit of synthetic routes into the 

chemistry of Os(II) complexes with ditelluroethers and other Group 16 bidentate 

ligands, namely dithio- and diseleno-ethers. 

The aim of this research was to extend the previous studies of 

ditelluroether complexes with platinum group metals, Pt or Ru 

or Rh,^ to osmium and the results of the investigation will be discussed. Dr V. 

Tolhurst made a considerable contribution to the work of ruthenium with 

ditelluroethers followed by some preliminary work on osmium. This became the 

spring board for my own study 
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Work within the group also covered the chemistry of Ru(n) compounds 

of ditertiary stibine ligands.^' The majority of knowledge of stibine coordination 

chemistry is based upon SbPhg.^ As this work is usually carried out within 

studies involving phosphorus and arsenic analogues assumptions are made on the 

donor capacity of the antimony containing ligands. Detailed studies have shown 

that one assumption, namely that stibines were poorer donors than phosphines 

was incorrect?^'^^ Reports have also shown that SbRs ligands exhibit different 

behaviour compared to PR3 and AsRa ligands. Unusual observations during the 

studies of the distibinomethane complexes with metal carbonyls^^'^" showed that 

on coordination the C-Sb-C bond angles increase, whereas C-P-C or C-As-C 

angles in P or As analogues do not vary significantly between the free and 

coordinated ligands. A similar eflFect was found in complexes of 

Ph2Sb(CH2)3SbPh2 bonded to platinum group metal halides including 

ruthenium(II).^^ Ruthenium(II) complexes of Ph2Sb(CH2)3SbPh3 are easily 

prepared by reaction of [Ru(dml)6][CF3S03]3 with Ph2Sb(CH2)3SbPh2 in ethanol 

in the presence of the appropriate lithium halide. The products 

[RuX2{Ph2Sb(CH2)3SbPh2}2] (X = CI, Br or I) are identified as frww isomers 

following diffuse reflectance UV-Vis spectra which show two weak d-d bands 

and was confirmed by the crystal structure of the bromide which is shown in 

Figure 4.2. These results are interesting because they show the efficiency of the 

reactions of ditertiary stibines with a metal from Group 8 and also illustrate the 

nature and structure of the final product. 
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Figure 4JZ - Molecular structure of [RuBr2{Ph2Sb(CH2)3SbPh2}2] 

4.1.2 Platinum Group Metal Complexes of Macrocyclic Seleuoetbers 

The coordination chemistry of N- and S- donor macrocycles has attracted 

intense i n t e r e s t . ^ I n comparison, reports on metal-ion complexes of the 

selenium congeners are relatively few and have dealt mainly with the ligand 

1,5,9,13-tetraselenacyclohexadecane [16]aneSe4.̂ '̂̂ '̂  Within the last decade 

reports of complexes of [16]aneSe4, with Rh(IH)/^'^^ Ir(III),^^ Pd(II), and 

Pt(II),^' Ru(II)̂ ® and Ru(III) and Pt(IV)^^ have appeared. Studies of the metals 

with the hexaselenoether ligand [24]aneSe6 have been undertaken. This is 

mainly the work of the Southampton research group. 

128 



The only reported example of a crystallographically characterised 

complex involving a [24]aneSe6 is [(PdCl)2{[24]aneSe6}]^^.^ In ±is structure 

[24]aneSe6 chelates two individual palladium atoms in a tridentate fashion, while 

a chlorine atom occupies the fourth coordination site in each case, to form the 

[(PdCl)2{[24]aneSe6}]^^ cation shown in Figure 4.3. 

The thioether complexes [M([ 1 SjaneSg)] (M = Pt or Pd) reported 

by Schroder and co-workers^ have been shown to adopt unusual geometries in 

the solid state. Furthermore, they have been shown to be important precursors in 

obtaining metal complexes in unusual oxidation states. For example, 

[Pd([ 1 SJaneSg)]̂ ^ undergoes a reversible one electron oxidation to afford 

[Pd([l BjaneSg)]^ Hence a study of the coordination chemistry of [24]aneSe6 

with Pt(II) and Pd(II) was undertaken. So far, the only reported complex 

involving [24]aneSe6 with Pd(II) has been the synthesis of the aforementioned 

complex [(PdCl)2([24]aneSe6)][BF4]2.^ 

"a!, 

Figure 4 3 - Molecular structure of [(PdCI)i{[24]aneSe6}]^^ 

There is a paucity of Rh(III) acylic multidentate selenoether complexes 

reported in literarure. To date, the only fully characterised complexes have been 

those reported by Levason and co-workers.̂ '̂̂ ®''**"'*̂  These are limited in the 

main to the bidentate selenoether complexes [Rh{MeSe(CH2)2SeMe}Cl4]', cis-

and ?ram-[Rh{MeSe(CH2)2SeMe}2Cl2]^ and /rwK-[Rh{PhSe(CH2)2SePh}2%]^; 

and the tridentate selenoether complexes [Rh {MeC(CH2SeMe)3} CI3] and 

[Rh {Se(CH2CH2CH2SeMe)2} CI3]. A fairly recent publication by this research 
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group reported the coordination chemistry of the macrocyclic selenoether 

complex [Rh([16]aneSe4)Cl2][BF4]?^'^^ The coordination chemistry of Rh(III) 

with hexathiamacrocyclic ligands has been documented.'*^ In particular, the 

reaction of [RhCl(CgHi2)2]2 with two equivalents of [ISJaneSg in the presence of 

acid affords the [Rh([18]aneS6)]^^ system. A crystal structure of this cation was 

not reported but it was assigned the meso structure on the basis of NMR 

spectroscopy. The crystal structure of the closely related thioether system 

[Rh([9]aneS3)2]^^ shows the macrocycles bound in a facial manner to the 

Taking all of the above into consideration we were therefore 

interested in the investigation of the coordination chemistry of [24]aneSe6 with 

While several macrocyclic thioether ruthenium complexes are known, 

e.g. c»-[RuCl2{[14]aneS4}]'^%'^ c«-[RuCl(PPh3){[I4]a]ieS4}]V^ 

[Ru{[9]aneS3}2]"\ i:Ru{[12]aneS3}2]^'^''''''^ and [Ru(PPh3){[15]aneS5}fY' 

there are very few examples involving macrocyclic selenoethers. Work within 

this group led to the formation of an array of compounds including cis-

[RuCl2{[8]aneSe2}2], cis- and /rara-[RuX2{[16]aneSe4}] (X = CI, Br or I) and 

frwM-[RuCl(PPh3){[16]aiieSe4}]PF6.̂ '^ 

The aim of the research into platinum group metals was to undertake 

studies of the metals with the ligand [24]aneSe6. 
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4.2 RESULTS AND DISCUSSION 

4.2.1 Osmium(II) Complexes of DkeUuroether Ligamds 

It was found that the reaction of Os04-conc. HCl-EtOH with each of the 

three ditelliux)ether ligands (L-L = o-C6H4(TeMe)2, or RTe(CH2)3TeR (R = Me 

or Ph)) at 0° C gave brownish-purple solids. These solids lacked the very strong 

v(0s02) IR vibrations at ca. 850 cm ' ^ i c a l of/rwM-[0s02Cl2(L'-L')] (L'-L' = 

dithioether or diselenoether)/'® ruling out the formation of osmyl species. A 

similar result was reported with MezTe/'^ were the organo-tellurium ligand was 

rapidly oxidised by 0s04-HX-Et0H. Since telluroethers are both stronger 

reducing agents and less able to stabilise high oxidation states then their lighter 

analogues/^"^^ their failure to stabilise Os(VI) is not unexpected, but it was 

hoped that reduction would lead to Os(III) or Os(IV) complexes. The brownish 

purple solids have UV-Vis spectra typical of Os(IV), in fact the major features 

are very similar to those of [OsCle]̂ ",̂ ^ and were weakly paramagnetic, which 

would suggest either Os(IV) and/or Os(III) compounds were present. However, 

after long accumulations each sample gave a single sharp ^^Te NMR resonance 

at very high frequencies (5(^^Te) ca. 800-900) which would seem to indicate 

that at least some of the tellurium was present in a diagmagnetic material, the 

shifts being in the range typical of RaTeCla species/^ A pale brown crystal was 

grown from MeCN solution from the PhTe(CH2)3TePh reaction and the structure 

solution revealed the diamagnetic tellurium compound 

PhCl2Te(CH2)3TePhCl2.MeCN. The structure is shown in Figure 4.4 and 

selected bond length and angle data are in Tables 4.2 and 4.3. The structure is 

typical of RiTeCli type compounds, with PhCliTeCHaTePhCli the closest 

structurally characterised example.^ The environment about each Te is based 

upon a distorted trigonal bipyramid with axial TeCIa groups and with one 

equatorial position vacant, presumably occupied by the lone pair. The Te-Cl 

bonds 2.504(2) - 2.524(1) A lie within the usual range/'* and the structure is 
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unexceptional, but serves to identify unequivocally a significant product of the 

aforementioned reaction. 

Crystal Structure of PhTeCl2(CH2)3TePhCl2.MeCN 

A pale brown crystal was grown from MeCN from the products of the 

reaction of PhTe(CH2)3TePh with 0s04-HCl-Et0H. Selected interatomic 

distances and bond angles are listed in Tables 4.2 and 4.3. The single crystal 

structure of [PhTeCl2(CH2)3TePhCl2].MeCN reveals that the primary bonds to 

tellurium are arranged in the expected bipyramid with the chlorine atoms axial 

and the phenyl and methylene groups in equatorial positions. The primary bond 

lengths to tellurium fall within the range found for other R2TeCl2^^" '̂ 

compounds, notably PhClzTeCHiTePhCb which is the closest structually 

characterised example.^ The Te-C bonds (2.168(6) and 2.150(6) A) are at the 

upper end of their range. The usual distortion from ideal trigonal-bipyramidal 

geometry, in which the ligands are bent away from the presumed site of the 

nonbonding pair of electrons, is observed. The C-Te-C bond angle (94.6(2) °) 

falls in the range for R2TeCl2 structures (90.06(8) - 99.2(2) Likewise, the 

CI-Te-Cl angle (176.54(5) °) falls within the range of literature recorded values 

(169.1 - 178.8(1) 
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Table 4.1 — Crystalkgraphic data coHection and reGmememt parameters for 

PhTe(]2(CH2)3TePhCk.MeCN 

Formula 
Formula Weight 
Colour, morphology 
Crystal Dimensions/mm 
Crystal System 
Space Group 
a / A 
6 / A 
c / A 
a / ° 
p/° 
Y / ° 

F/A^ 
z 
^(000) 

^caic/gcm'^ 

pi(Mo-KJ/cm'' 

Unique observed reflections 

Observed reflections 

with [Jq > 2a( /J] 

No. of parameters 

Goodness of fit 

R" 

Rw*' 

CnHi9Cl4NTe2 
634.37 
brown, column 
0.46x0.17x0.12 
monoclinic 
P2i/n 
7.931(3) 
26.889(4) 
10.695(3) 

90 
110.20(2) 
90 

2140(1) 
4 

1216 

1.984 

32.28 

3872 

2785 

217 
1.16 

0.028 

0.034 

a. 

b. 

j; = Z(|Fobsly- |Fca.cL)''/z|Fokl,. 

/(v - iFokl,- iFcWcIo"/Zw, I Fobs I 
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a(4) 

CK3) 

Figure 4.4 — View of the structure of PhCl2Te(CH2)3TePhCl2 MeCN with 

numbering scheme adopted. Ellipsoids are shown at 40 % probability. 

134 



Table 4.2 - Selected bond lengths (A) for PhCl2Te(CH2)3TePhCl2.MeCN 

Te(l) Cl(l) 2.507(1) 
Te(l) Cl(2) 2.524(1) 
Te(l) C(l) 2.169(5) 
Te(l) C(4) 2.131(6) 
Te(2) Cl(3) 2.520(2) 
Te(2) Cl(4) 2.504(2) 
Te(2) C(3) 2.169(6) 
Te(2) C(10) 2.150(6) 

Table 4 J -

Selected bond angles (degrees) (or PhCl2Te(CH2)3TePhCl2.MeCN 

Cl(l) Te(l) Cl(2) 175.01(5) 
Cl(l) Te(l) C(l) 85.3(2) 
Cl(l) Te(l) C(4) 89.3(2) 
Cl(2) Te(l) C(l) 93.1(2) 
Cl(2) Te(l) C(4) 86.2(2) 
C(l) Te(l) C(4) 99.1(2) 
Cl(3) Te(2) Cl(4) 176.54(5) 
Cl(3) Te(2) C(3) 88.1(2) 
Cl(3) Te(2) C(10) 91.3(2) 
Cl(4) Te(2) C(3) 89.7(2) 
Cl(4) Te(2) C(10) 91.5(2) 
C(3) Te(2) C(10) 94.6(2) 
Te(l) C(l) C(2) 114.7(4) 
C(l) C(2) C(3) 110.8(5) 
Te(2) C(3) C(2) 112.3(4) 

Similar brownish purple materials are formed on refluxmg [Nl^jiEOsCle] 

with the ditelluroether in alcohols. Notably none of the crude materials gave 

NMR resonances in the ranges we subsequently observed for the 

[OsCl2(L-L)2] complexes, discussed below. AlAough attempts to separate any 

pure osmium species from these reactions were unsuccessful, it is clear that the 

target [OsCl2(L-L)2] are not present in significant amounts. 
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An alternative route to /ra/xs-[OsCl2(L-L)2] from Os(II) starting materials 

was sought, although as indicated previously in this chapter, most Os(II) 

materials are kinetically very inert and introducing moderate donor ligands like 

telluroethers, ( and also dithio- and diseleno-ethers), is not easy. 

The preparation of /ra«s-[OsCl2(dmso)4] was carried out in accordance 

with the published procedure,'® from aqueous [NH4]2[OsCl6], dmso and 

SnClz-ZHzO. [OsCl2(L-L)2] (L-L = o-C6H4(TeMe)2, RTe(CH2)3TeR (R = Ph or 

Me)) have been prepared by addition of L-L to frans-[OsCl2(dmso)4] and 

refluxing in ethanol for 18 h. On completion, precipitation with Et20 afforded 

the products in poor to moderate yields as orange or red solids. The isolated 

complexes are air stable and generally poorly soluble in chlorocarbons or MeCN, 

which to some extent limited solution spectroscopic studies. 

Da/e 
800 850 900 

Figure 4.5 - ES^ mass spectrum of [OsCk{MeTe(CH2)3TeMe}2] 

ES^ mass spectrometric data for [OsCl2(L-L)2] (L-L = o-C6H4(TeMe)2, 

MeTe(CH2)3TeMe) showed peaks with the correct isotopic distributions 

corresponding to [OsCl2(L-L)2]^. Additional fragments corresponding to 

sequential chlorine loss were observed for the complex 

[OsCl2{MeTe(CH2)3TeMe}2] (Figure 4.5). 

The three [OsCl2(L-L)2] complexes have very similar spectroscopic 

properties including two d-d bands in the range 21000 - 26000 cm"' as expected 

136 



for a low spin d complex with local symmetry. The poor solubility made 

it very difRcult to obtain NMR spectra, but after a very long accumulations 

several resonances were present in each complex, consistent with a mixture of 

irrveitoiiKsrs, sJiowiryr idiat ]p)Tn&midkU imwarsionis slow CHi die tinie scale in 

these systems. However, it is not possible to assign resonances to individual 

iscwiiers. TThw; pwassible icoiidbioadicMis ()f (xr C)!, ditelhiroidiiers Ixor 

[M(L-L)2X2] moieties result in five possible isomers (invertomers) as shown in 

Figure 4.6. 

/ ? 9 X / - < l' 

Cl Cl / CI 

Cl 
E 

Cl / I r f jLv I i_ 

(:i / \ (Di 

Figure 4.6 The Gve mvertomers for A'0Mf-[M(L-L)2X2] 

Notably, for comparable complexes, the 5('^^Te) are found at 

considerably higher frequency in the ruthenium complexes^^ compared with the 

present osmium complexes. An example of this can be seen by considering the 

g('̂ ^Te) for [MCl2{PhTe(CH2)3TePh}2] (M = Os or Ru). The osmium complex 

covers the range: 478 - 548 (5), whereas for the ruthenium analogue the peaks 

are found within the region: 545.6 - 653.4 (5). This affect is also found for 

corresponding ruthenium and osmium phosphines.®^ 

Crystal Structure of [OsClz{PhTe(CH2)3TePh}2] 

Red crystals were obtained by the slow evaporation of a CHCI3 solution 

of the complex. The single crystal structure of [OsCl2{PhTe(CH2)3TePh}2] 

(Figure 4.7, Table 4.4) shows a trans pseudo-octahedral molecule with the 

osmium on the inversion centre and with both ditelluroethers in the meso form. 
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Although the crystals are not isomorphous, the structure is very similar to that 

previously found in trans-[RuCl2{PhTe(CH2)3TePh}2].^^ The Os-Cl bond length, 

2.450(4) A, is comparable with those found in [OsCl:{Ph2P(CH2)2PPh2}2]^^ 

(2.434(1) A) and frayw-[0sCl2{H2C=C(PPh2)2}2] (2.431(1) A).'^ There are no 

literature data on Os(II)-TeR2 bonds, but those in the present complex (2.616(1), 

2.6135(9) A) are, as might be expected, similar to the Ru-Te bonds in the Ru(II) 

analogue (2.6247(3), 2.6194(3) A).^ 
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Table 4.4 - Crystallographic data collection and refinement parameters for 

[OsCl2{PhTe(CH2)3TePh}2] 

Formula 

Formula Weight 
Colour, morphology 
Crystal Dimensions/mm 
Crystal System 
Space Group 
a / A 
6 / A 
c / A 
0(/° 

y/° 

K/A^ 
z 
F(OOO) 

Dcai/gcm'^ 

H(Mo-KJ/cm-' 

Unique observed reflections 

Observed reflections 

with [/o > 2cr(/J] 

No. of parameters 
Goodness of fit 

R' 

Rw^ 

CaoHszClzOsTe^ 
1164.09 
red, block 
0.26, 0.16, 0.12 
monclinic 
P2i/n 
8.684(5) 
7.225(6) 
25.205(2) 

90 
94.00(2) 
90 

1577 
2 

1060 

2.451 

78.54 

3040 

2254 

169 

2.7 

0.052 

0.058 

b. I Fobs I, - I Fcdc I J' / Zw, I Fobs I 
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C(26*) 

C(24*) Te(2:*) 

C(22*) ) 

C ( l l * ) 
C(12*) 

C(15*) 
C(14*) Cl( 

C ( 2 4 F m — ^ 

C(13*) 

Figure 4.7 - View of the structure of [OsCl2{PhTe(CHi)3TePh}2] with 

numbering scheme adopted. Ellipsoids are shown at 40 % probability. 

Atoms marked are related by a crystallographic inversion centre. H-atoms 

are omitted for clarity. 
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Table 4.5 - Selected bond lengths (A) and angles (degrees) for 

[OsCl2{PhTe(CH2)3TePh}2] 

Os(l) Te(l) 2.6135(9) 
Os(l) Te(2) 2.616(1) 
Os(l) Cl(l) 2.450(4) 
Te(l) C(l) 2.18(1) 
Te(l) C(l l) 2.13(1) 
Te(2) C(3) 2.18(1) 
Te(2) C(21) 2.14(1) 

Te(l) Os(l) Cl(l) 86,85(8) 
Te(l) Os(l) Te(2) 86.65(3) 
Te(l) Os(l) Cl(l) 93.15(8) 
Te(2) Os(l) C1(I) 93.12(9) 

4.2.2 Electrochemical Studies 

The electrochemistry of the ditelluroether complexes was studied in order 

to determine whether the telluroether ligands would stabilise Os(III). Cyclic 

voltammetry was conducted on a series of the Os(II) ditelluroether complexes in 

CH2CI2 (0.1 mol.dm'̂  "BU4NBF4 supporting electrolyte) at a double platinum 

electrode and was used to study the oxidation of these complexes. The cyclic 

voltammograms of each complex were recorded at room temperature and were 

performed at the scan rates of 0.2, 0.1 and 0.05 V s"\ Each revealed a single 

reversible oxidation for each. The values are given in Table 4.6. 
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Table 4.6 - Reversible oxidation potentials for the Os(II) ditelluroether 

complexes 

Complex Oxidation Potential / 

[OsCl2{MeTe(CH2)3TeMe}2] 

[OsCl2{PhTe(CH2)3TePh}2] 

[OsCl2{o.C6H4(TeMe)2}2] 

+0.35 

+0.18 

+0.43 

a. Measured versus SCE. 

These results contrast with the quasi-reversible or irreversible oxidations 

observed in the ruthenium analogues,^ reflecting the expected greater stability of 

the M(III) state for osmium. 

4.23 Osminm(n) Complexes of Dithio- and Diseleno-ether Ligands 

Although [OsCl2(dmso)4] provided a satisfactory starting material for the 

synthesis of the ditelluroether complexes it is still not ideal, and attempts to 

prepare [OsCl2(L'-L')2] (L'-L' = dithioether or diselenoether) proved to be less 

than straightforward. 

An immense amount of effort was committed to this area of research 

within the laboratory. The success of the ditelluroether reactions led to extension 

of the field of interest to encompass similar dithio- and diseleno-ether ligands. 

Preliminary reactions involving MeE(CH2)3EMe (E = S or Se) with 

[OsCl2(dmso)4] in refluxing MeOH, i.e. following the procedure adopted for the 

ditelluroether ligands, failed to yield any of the desired products. Instead, 

evidence from ES^ mass spectrometry indicated the formation of one species, 

namely [OsCl(dmso){MeE(CH2)3EMe}2]^. Similarly, the IR spectrum clearly 

showed the presence of S-O stretches. Much manipulation of the reaction 

parameters followed. The temperature, time-scale, ligand type were all altered 

during a very frustrating and unrewarding period of laboratory work. The 

changes in procedure were being made to shift the balance of product ratio away 

from the compound containing a dmso ligand to the desired compound trans-

[OsCl2(L-L)2]. The following paragraphs essentially describes the procedure 
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which satisfied the criteria of producing the desired complex, although by no 

means cleanly. The reaction of [OsCl2(dmso)4] with L'-L' (L'-L' = 

MeE(CH2)3EMe (E = S or Se), MeS(CH2)2SMe, PhSe(CH2)3SePh or o-

C6H4(SMe)2) in dmf at 120° C generated grey-to-brown product mixtures 

containing [OsCl(dmso)(L'-L')2]^ [OsCl2(dmso)2(L'-L')] and the target 

compound [OsCl2(L'-L')2] as explained below. Futile attempts were made to 

separate the products and it was not possible to obtain useful amounts of the last 

complexes. Similar disappointing results were discovered for the reactions 

incorporating the selenoether macrocylclic ligands [8]aneSe2 and [16]aneSe4. IR 

spectroscopy and mass spectrometry proved to be very useful tools during this 

investigation. [OsCl2(dmso)4] shows very distinctive S=0 stretches at 1083 and 

1028 cm"'. IR spectra of the product mixtures show the presence of prominent 

stretches in the region where S=0 are expected to be found. Supporting 

evidence for the failure to cleanly synthesise the desired [OsCl2(L'-L')2] is given 

by the ES^ mass spectra of the product mixtures. For the reactions with L'-L' -

MeS(CH2)2SMe, MeE(CH2)3EMe (E = S or Se), o-C6H4(SMe)2, [8]aneSe2 and 

[16]aneSe4 the recorded spectra show a mixture of [OsCl2(L'-L')2] and 

[OsCl(dmso){L'-L')]^ in fairly high abundance. The ES^ mass spectrum data 

(Figure 4.8) is shown for the reaction involving the diselenoether 

MeSe(CH2)3SeMe, in which [OsCl(dmso){MeSe(CH2)3SeMe}2]\ 

[OsCl2{MeSe(CH2)3SeMe}2] and the loss of CI from [MCl2(L-L)]^ were 

observed. The data show good agreement with the calculated isotope 

distributions. The ES^ mass spectra are chosen to illustrate the general spectrum 

obtained for a compound in this area of research after many changes in reaction 

parameters had been implemented. It is interesting to note that from successful 

attempts to grow single crystals from solutions of this mixture the structure 

revealed /ram-[OsCl2(dmso)2{MeSe(CH2)3SeMe}] (Figure 4.9) despite the peak 

pattern corresponding to this species (646 amu) is of low abundance. This again 

highlights the sensitive nature of these compounds and the frustrating aspects of 

the chemistry of Os(II) and organosulfur and organoselenium ligands. 
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Crystal Structure of [OsCl2(dmso)2{MeSe(CH2)3SeMe}] 

Yellow crystals were obtained from CH2CI2 solution of the product 

mixture after the reaction of [OsCl2(dmso)4] with MeSe(CH2)3SeMe. The single 

crystal structure showed them to be of [OsCl2(dmso)2{MeSe(CH2)3SeMe}] 

(Figure 4.8, Tables 4.7 - 4.9) and reveals a octahedron about the central osmium 

atom. The chlorine atoms adopt axial positions with the chelate ligand adopting 

the meso conformation. The Os-Cl bond distances of 2.49(1) and 2.34(1) A are 

similar to those previously reported ?ram-disposed chlorines in osmium 

complexes (2.431(1) - 2.477(2) The Os-S bond lengths (2.293(9) 

and 2.317(9) A) differ very slightly from the Os-S bond length of the precursor 

compound [OsCl2(dmso)4] which has average Os-S bond length of 2.343(2) A. 

144 



Table 4.7 - Crystallographic data collection and reGnement parameters for 

[OsCl2(dmso)2{MeSe(CH2)3SeMe}] 

Fomiula 

Formula Weight 
Colour, morphology 
Crystal Dimensions/mm 
Crystal System 
Space Group 
a / A 
6 / A 
c/A 

a / ° 

r/° 

z 
F(OOO) 

^cai/gcm'^ 

p(Mo-K(J/ cm' 

Unique observed reflections 

Observed reflections 

with [/o > 2a(/o)] 

No. of parameters 

Goodness of fit 

R"" 

Rw** 

C9H24Cl2Se20sS202 
647.43 
yellow, plate 
0.28, 0.16, 0.13 
orthorhombic 

Pna2i 

24.003(3) 
8.918(3) 
8.380(3) 
90 
90 
90 

1793(1) 
4 
1216 

2.398 

116.88 

1860 

1243 

117 

2.29 

0.061 

0.072 

a. ;; = Z(|FokL.- |F«ucl,)'/z|Fobsl/ 

b. = VpwK I Fobs 1, - I fealc I 0' / I Fob, I y"] 
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^ C3 

C5 

Figure 4.8 - View of [OsCl2(dmso)2{MeSe(CH2)3SeMe}] with numbering 

scheme adopted. Ellipsoids are shown at 40 % probability. 
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Table 4 . 8 -

Selected bond lengths (A) for [OsCl2(dmso)2{MeSe(CH2)3SeMe}] 

Os(l) Se(l) 2.522(4) Os(l) Se(2) 2.513(4) 
Os(l) Cl(l) 2.49(1) Os(l) Cl(2) 2.34(1) 
Os(l) S(l) 2.293(9) Os(l) S(2) 2.317(9) 
Se(l) C(l) 1.81(5) Se(l) C(2) 1.89(4) 
Se(2) C(4) 1.82(5) Se(2) C(5) 1.84(4) 
S(l) 0(1) 1.51(2) S(l) C(6) 1.81(5) 
S(l) C(7) 1.79(4) S(2) 0(2) 1.52(3) 
S(2) C(8) 1.76(4) S(2) C(9) 1.77(4) 
C(2) C(3) 1.63(6) C(3) C(4) 1.54(5) 

Table 4.9 — 

Selected bond angles (degrees) for [OsCl2(dmso)2{MeSe(CH2)3SeMe}] 

Se(l) Os(l) Se(2) 90.4(1) Se(l) Os(l) Cl(l) 83.0(3) 
Se(l) Os(l) Cl(2) 94.6(3) Se(l) Os(l) S(l) 91.5(3) 
Se(l) Os(l) S(2) 169.5(3) Se(2) Os(l) Cl(l) 86.7(3) 
Se(2) Os(l) Cl(2) 91.4(3) Se(2) Os(l) S(l) 178.0(3) 
Se(2) Os(l) S(2) 88.8(2) Cl(l) Os(l) Cl(2) 176.9(4) 
Cl(l) Os(l) S(l) 92.8(3) Cl(l) Os(l) S(2) 86.5(4) 
Cl(2) Os(l) S(l) 89.2(3) Cl(2) Os(l) S(2) 95.9(4) 
S(l) Os(l) S(2) 89.2(4) Os(l) Se(l) C(l) 113(1) 
Os(l) Se(l) C(2) 104(1) C(l) Se(l) C(2) 104(2) 
Os(l) Se(2) C(4) 100(1) 

The ES^ mass spectrum of the reaction involving PhSe(CH2)3SePh, 

however, reveals the parent molecule minus a phenyl group (CgHg), (Figure 4.9). 

However, evidence points to it not being a clean sample with peaks attributable 

to the loss of a phenyl group from [OsCl(dmso){PhSe(CH2)3SePh}2]^ present. 

Once again, the data show good agreement with the calculated isotope 

distribution. 
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687 722 

650 700 750 Dale 

Figure 4.9 - ES^ mass spectrum of the product of attempt to make 

[OsCl2{MeSe(CH2)2SeMe}2] 

100-, ,893 

Figure 4.10 - ES^ mass spectrum of crude [OsCl2{PhSe(CH2)3SePh}2] 
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TTie ineactioii ()f [()s(]l2CPI*h3)3] larHii 2 exiuiviUaits ()f tbK: (jrcrnp 1() 

ligands in gently refluxing EtOH in the presence of [PFg]' generated moderate 

yieldk of [()s(:i(P]Ph3)(IyjL)2]P]F6 CL-I. == PLTeOClHbJbTreEL It = A/k; ()r IPh), 

[OsCI(PPh3){MeS(CH2)2SMe}2]PF6 and [OsCl(PPh3){MeSe(CH2)3SeMe}2]PF6 

as yellow or brown solids. 

The isolated solids were relatively air stable which show [OsCl(PPh3)(L-

L)2f as the highest mass ions in their ES^ mass spectra. 

TThe igpeKilia aic luiiafcKTiuidh/e, stwowing; CMily die % —> Tc* 

transitions of the Ph-groups and charge transfer transitions in the near-UV which 

tail into the visible obscuring the d-d bands, although the absence of significant 

features below 20,000 cm"' confirms the oxidation state as Os(II). 

The 'H NMR spectra of the ditelluroether compounds are complex and 

rwat yery lie^pful, Ibuf the ^^P{*H} ffP/CR s])ectna are rncHt; iiseful. IFcf 

[()s(:%]?fni3){iqbTl:0::]Hk03TreI'h}2]I'F6, ui addhicMi to the sejptet at 6 -14kS due to 

[PFe]" there are two singlets at -10.5 and -11.8 with approximate intensities 2:1 

showing the presence of two major invertomers. The corresponding '^^Te{'H} 

NMR spectrum showed five doublets in the range 6 450-565 with V('^^Te-^'P) 

of ca. 60-90 Hz. In the case of [OsCl(PPh3){MeTe(CH2)3TeMe}2]PF6 the 

^'P{'H} NMR spectrum reveals one major invertomer 5 -14.5 and there are four 

doublets in the '^^Te{'H} NMR spectrum and four 5(Me) resonances in the 'H 

NMR spectrum. This is consistent with one invertomer as the major solution 

form with one meso and one DL ditelluroether. 

/ V \ 

+ 

pphg/ 

Figure 4.11 -

The major solution imvertomer of [OsCI(PPh3){MeTe(CH2)3TeMe}2]PF^ 
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The pattern of invertomers in these two cases is very similar to that 

observed in the ruthenium analogues.^ For the 

[OsCl(PPh3){MeSe(CH2)3SeMe}2]PF6 the NMR spectrum shows a 

singlet at -14.0 and the septet at -145. There are singlets for the Me and CH2 

groups of the diselenoether in the NMR. Whilst at first sight this might be 

taken to indicate one isomer with high symmetry, it was not possible to observe a 

^'Se NMR spectrum from this complex, which suggests that pyramidal inversion 

is occuring. Finally, for [OsCl(PPh3){MeS(CH2)2SMe}2]PF6 there is a singlet in 

the NMR spectrum at 5 -15.1, and broad singlets at 8 2.44 and 2.7 (in 

addition to the Ph mulitplet) in the NMR spectrum, consistent with fast 

inversion in the dithioether complex. The poor solubility and the number of 

possible invertomers make these systems poorly suited to VT NMR studies, but 

comparison of the room temperature spectra shows the usual trends in pyramidal 

inversion barriers Te > Se > S are present.̂ '̂̂  

"1— 
- 5 0 

1 
- 1 5 0 

P P M 
- 1 0 0 

Figure 4.12 -

NMR Spectrum of [OsCI(PPh3){PhTe(CH2)3TePh}2]PF6 
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TTajcuig ii locdk at tbc jgeiieral pwnodiict froin llie aiialogfous PLu(II) v/cwdc k 

should be highlighted that the results obtained there and the Os(II) results 

mentioned within this chapter share many close similarities. The reaction of 

laith [RLuCZlzCPPhs))] TAitb L-IL == RTefCIHzjsI'eR (R = TTe ()r Î h) ()r ()-

aflbitk; /rKH%f-[fbu(]lCPI*b3)(L-JL,)2]rTF6. Ilie sdiiwcture <]f /?%%%?-

[RuCl(PPh3){MeTe(CH2)3TeMe}2]^ was used as supporting evidence which 

shows the ligands adopting one meso and one DL form (Figure 4.13). 

Furthermore, in the case of ^'P{'H} and '̂ ^Te{^H} NMR spectroscopy for the 

ruthenium complexes with the ligands PhTe(CH2)3TePh and MeTe(CH2)3TeMe 

show the same number of resonances as the osmium examples discussed 

previously. All in all there is substantial evidence to support the proposal of the 

Os(II) systems being similar to the published Ru(II) data.^ 

Figure 4.13 - View of the structure of [RuCI(PPh3){MeTe(CH2)3TeMe}2]^ 

from ref 23. 

4.2.4 Osmium(II) Complexes of Distibine Ligands 

As a further test of the usefulness of [OsCl2(dmso)4] it was reacted with 

Ph2Sb(CH2)3SbPh2 in ethanol, and readily yielded good amounts of yellow trans -
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[OsCl2{Ph2Sb(CH2)3SbPh2}2]. The spectroscopic data are unexceptional and 

compare well with the corresponding data on ?raw-[OsCl2(Ph3Sb)4]^^ and trans-

[OsCl2(diphosphine)2].®^ The ES^ mass spectrum reveals peaks with the correct 

isotopic distribution corresponding to [OsCl2(L-L)2]^. The UV-Vis spectrum 

revealed an intense CT absorption at 30,860 and a less intense absorption at 

22,230 cm'̂  corresponding to a d-d transition. In reference to 

[RuBr2{Ph2Sb(CH2)3SbPh2}2] the identification of this species as the trans 

isomer followed from the diffuse reflectance UV/Vis spectra which shows two 

weak d-d bands at 22,500 and 18,900 cm"\ 

Crystal Structure of [OsClz {Ph2Sb(CH2)2SbPh2}2] 

Yellow crystals were obtained from CH2CI2 solution of the complex. 

The structure solution of [OSCI2{Ph2Sb(CH2)2SbPh2}2] (Figure 4.14 and Tables 

4.11 - 4.12) revealed a trans pseudo-octahedral molecule with the osmium on 

the inversion centre. The Os-Cl distance of 2.477(2) A slightly shorter than to 

those previously reported fraw-disposed chlorines in osmium complexes 

(2.431(1) - 2.448(2) including the precursor [OsCl2(dniso)4] which 

has Os-Cl distance of 2.414(2) A. The Os-Sb distances, 2.5933(8) and 2.6030(4) 

A are very similar to those in /raw-[0sCl2(Ph3Sb)4] (2.611(2) - 2.630(2) A).̂ ° 

The X-ray structural determination confirms that the distibine ligands lie in the 

equatorial plane of the molecule. Another example of a single crystal X-ray 

structure of a Group 8 metal coordinated to four Sb atoms in a similar way to the 

Os(II) structure discussed above is the Ru(II) structure [RuBr2 {SbMe2Ph} 4] 

which has two axial halides and all four stibines in the equatorial plane.^^ The 

employment of the ditertiary stibine ligand with Ru(II) has been reported and 

structural analysis recorded. Similarities between this structure and the one 

deduced for the osmium species begin with the metal (Ru/Os) positioned on a 

centre of symmetry. Furthermore, the isomer present for the ruthenium analogue 

is the /raw form. 
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Table 4.10 — Crystallographic data collection and refinement parameters for 

[OsCl2{Ph2Sb(CH2)3SbPh2}2] 

Formula 

Formula Weight 
Colour, morphology 
Crystal Dimensions/mm 
Crystal System 
Space Group 

a / A 
6/A 
c / A 
a / ° 

y /° 

r/A^ 
z 
F(OOO) 

Dcai/gcm'^ 

î(Mo-K(J/ cm'̂  

Unique observed reflections 

Observed reflections 

with[ / ,>2a( /J] 

No. of parameters 

Goodness of fit 

R" 

Rw'' 

CseHggClgOsSb̂  
1618.98 
yellow, rhomb. 
0.28,0.16, 0.13 
triclinic 
P-1 
12.096(3) 
12.226(3) 
11.510(4) 
107.43(2) 
114.96(3) 
96.17(2) 

1417.4(9) 
1 
774 

1.897 

44.28 

4983 

4308 

297 
2.01 

0.036 

0.052 

a. Jg = Z(|Fobsl,- |Fcalcl/)^/Z|Fobsl/ 

b. I F o b s I , - I F c a l c I /)' / Zwy | F o b s I 
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C(26*) 

COl") 

C(20") ^ ^ 

C(18') 

C(]5) C(24 

C(23*) 

C(12*) 

C(]3*) 

SIXI) (̂ 23) 
C(24) C(I6*) 

C(15*) 

C(1I) C(9) 

Figure 4.14 - View of [OsCIz {Ph2Sb(CH2)3SbPh2}2] with numbering scheme 

adopted. Ellipsoids are shown at 40 % probability. Atoms marked * are 

related by a crystallographic inversion centre. H-atoms are omitted for 

clarity. 

154 



Table 4.11 - Selected bond lengths (A) for [OsCk {Ph2Sb(CH2)3SbPh2}2] 

Os(l) Sb(l) 2.5933(8) 
Os(l) Sb(2) 2.6030(4) 
Os(l) Cl(l) 2.477(2) 
Sb(l) C(3) 2.154(7) 
Sb(l) C(6) 2.137(7) 
Sb(l) C(7) 2.149(7) 
Sb(2) C(l) 2.143(7) 
Sb(2) C(4) 2.137(7) 
Sb(2) C(5) 2.144(7) 

Table 4.12 - Selected bond angles (degrees) for [OsCl2{Ph2Sb(CH2)3SbPh2}2] 

Sb(l) Os(l) Sb(2) 85.73(1) 
Sb(l) Os(l) Cl(l) 95.53(4) 
Sb(2) Os(l) Cl(l) 96.76(4) 
Os(l) Sb(l) C(3) 114.2(2) 
Os(l) Sb(l) C(6) 124.2(2) 
Os(l) Sb(l) C(7) 117.1(2) 
C(3) Sb(l) C(6) 100.1(3) 
C(3) Sb(l) C(7) 96.9(3) 
C(6) Sb(l) C(7) 99.7(3) 
Os(l) Sb(2) C(l) 114.3(2) 
Os(l) Sb(2) C(4) 118.9(2) 
Os(l) Sb(2) C(5) 123.6(2) 
C(l) Sb(2) C(4) 95.7(3) 
C(l) Sb(2) C(5) 98.5(3) 
C(4) Sb(2) C(5) 100.8(3) 

155 



4.2.5 Pt(II) and Pd(II) complexes of [24]aneSe6 

The first reaction carried out followed the procedure by Pinto in the 

creation of [(PdCl)2{[24]aneSe6}][BF4]2.̂ '* This was then extended to cover the 

analogous reaction with Pt(II). The reaction of two equivalents of MCI2 (M = Pt 

or Pd) with one equivalent of [24]aneSe6 and two equivalents of NaBF^ in 

refluxing MeCN afford the complexes of stoichiometry 

[(MCl)2{[24]aneSe6}][BF4]2. These have been characterised by a combination 

of elemental analysis, IR spectroscopy, mass spectrometry and multinuclear 

NMR studies. The data observed for the 2:1 compound of PdCl2:[24]aneSe6 in 

MeCN was consistent with that found by Pinto/'* The analyses of the reaction of 

PtClz with the selenoether macrocycle was consistent with the formula 

[(PtCl)2{[24]aneSe6}][BF4]2. The ^̂ P̂t NMR spectrum at 200 K clearly shows a 

peak at 6 -4261 and a less significant peak at 5 -4236 (Figure 4.15). 

-42'00 -42'50 -43bO 

Figure 4.15 - NMR spectrum of [(PtCI)2{[24]aneSe6}][BF4]2 

When examining the ^^Se{'H} NMR spectrum for this complex no signal 

is observed at room temperature and only a very broad signal at 5 337 is noticed 

when the experiment is run at 240 K. Another broad signal is observed, this time 

in the 'H NMR spectrum recorded at room temperature. Resonances are found at 
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6(a-CH2) 3.1 and 6(P-CH2) 2.46. Attempts to grow single crystals of this 

complex were unsuccessful. 

The reaction of [24]aneSe6 with one equivalent of PtCla and two 

equivalents of TlPFe in refluxing MeNOi affords the complex of the 

stoichiometry [Pt{[24]aneSe6}][PF6]2. This complex has been characterised by a 

combination of elemental analysis, IR spectroscopy, mass spectrometry and 

multinuclear NMR studies. 

The analyses are consistent with 1 : 1 : 2 ratio of ligand : metal : PFg'. 

The IR spectra shows the presence of [24]aneSe6, with bands between 1000 and 

1400 cm"', as well as the expected stretching and bending vibrations of the PFg' 

counter ion. The ES^ mass spectra in MeCN shows peaks at m/z = 1066 with the 

correct isotopic distribution pattern which can be attributed to 

[Pt{[24]aneSe6}PFg]^. Once more crystal growing attempts proved to be futile. 

The rhodium(III) complex [RhCl2{[24]aneSe6}]BF4 was prepared from 

RhClg.SHiO and [24]aneSe6 in refluxing aqueous ethanol. The product was 

isolated, in good yield, as an orange microcrystalline solid upon addition of the 

non-coordinating counter ion BF4". The IR spectrum of [RhCl2{[24]aneSe6}]BF4 

shows a metal halide stretch at 350 cm"' and the distinctive peaks corresponding 

to the stretches of BF4' at 1062 and 521 cm'\ The presence of the ligand is also 

shown by the IR spectrum with bands at 1293, 1359 and 1409 cm"'. The ES^ 

mass spectrum shows an isotope pattern consistent with [RhCl2{[24]aneSe6}]^^. 

The reaction of [RuClzCPPh]);], [24]aneSe6 and NH4PF6 in refluxing 

EtOH resulted in the formation of the yellow compound 

[RuCl(PPh3){[24]aneSe6}]PF6. The ES^ mass spectrum reveals peak patterns in 

region attributable to the species [RuCl(PPh3) {[24]aneSee} and species due to 

the loss of PPhs group at mfz =1124 and 864 respectively. The ^'P{'H} NMR 

spectrum of the species shows in addition to the septet at 5 -145 due to [PFg]' a 

singlet at 45.7 assigned to the PPhs ligand. This compares well to 

[RuCl(PPh3){[16]aneSe4}]PF6 which gives a value of 8 41 for the PPh] ligand. 

Overall the solubility of the [24]aneSe6 complexes have been poor and this has 
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hampered NMR studies. Also, the quest for single crystals of at least one of the 

systems has not been fruitful and has been a major disappointment during this 

work. 
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4.3 CONCLUSIONS 

The complexes fra7M:-[OsCl2(L-L)2] (L-L = o-C6H4(TeMe)2, 

RTe(CH2)3TeR (R = Me or Ph)) have been prepared from /r(3m-[OsCl2(dmso)4] 

and the ditelluroethers in ethanol in poor to moderate yields. The limitations of 

[OsCl2(dmso)4] as a satisfactory starting material were highlighted in reactions 

with analogous dithio- and diseleno-ether ligands where mixtures of products 

were recovered which were not readily separated. A substantial amount of effort 

and dedication was channelled into the attempted syntheses of osmium(II) 

complexes with sulfur and selenium ligands but to no avail. Other ways must be 

sought in order to design more fruitful routes into this chemistry. The reaction of 

[OsCl2(PPh3)3] with the ditelluroethers or MeS(CH2)2SMe or MeSe(CH2)2SeMe 

in ethanol in the presence of NH4PF6 gave A"a/M-[OsCl(PPh3)(L-L)2]PF6 in 

moderate yields. 

The X-ray crystallographic studies revealed unexceptional structures that 

compare well with literature examples. 

Studies involving the selenoether macrocycle [24]aneSe6 with platinum 

group metals failed to produce single crystals suitable for X-ray crystallographic 

study but there is evidence to support the formation of complexes with Pt(II), 

Rh(in)andRu(II). 
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4.4 EXPERIMENTAL 

4.4.1 Ligand and Complex Synthesis 

All preparations were perfomed under a dinitrogen atmosphere using 

standard Schlenk techniques. The [NH4]2[OsCl6] was synthesised from OSO4 

and converted into rra/?5-[OsCi2(dmso)4] and [OsCl2(PPh3)3] by literature 

m e t h o d s . T h e ligands were synthesised following the literature 

procedures.̂ '̂̂ '̂̂ ^ 

a). Synthesis of [OsCl2{MeTe(CH2)3TeMe}2] 

[OsCl2(dmso)4] (90 mg, 0.155minol) and MeTe(CH2)3TeMe (100 mg, 0.307 

mmol) were refluxed in MeOH (70 cm^) for 16 h. The solvent was removed in 

vocMo and CH2CI2 added (2 cm )̂. The orange solution was filtered and Et20 

added to the precipitate an orange solid (yield 0.05 g, 36 %). Required for 

[CioH24Cl20sTe4]: C = 13.1, H = 2.6 %; found: C = 12.9, H = 2.6 %. NMR 

(CDCI3, 300 MHz): 8 1.94-3.15 (m, CH2 + CH3). '̂ ^Te{'H} NMR 

(CDCI3/CH2CI2, 113 MHz): 6 236, 267, 274, 286, 293, 329, 339. IR spectrum 

(Csl disc): 2922 (m), 2855 (w), 1358 (s), 1262 (w), 1091 (s), 1068 (w), 920 (w), 

835 (m), 615 (w), 598 (w), 430 (w), 297 (m), 224 (w). UV-Vis spectrum 

(CH2CI2): Vmax = 22125 (Gmo) = 330), 20580 (sh) cm'̂  (250 dm^mor̂ cm '). 

b). Synthesis of [OsCl2{PhTe(CH2)3TePh}2] 

Method as for [OsCl2{MeTe(CH2)3TeMe}2] above, but using [OsCl2(dniso)4] 

(0.09 g, 0.155 mmol) and PhTe(CH2)3TePh (0.14 g, 0.32 mmol) to afford a red 

solid (yield 40 mg, 32 %). Required for [C3oH32Cl20sTe4]: C = 31.0, H = 2.8 %; 

found: C = 30.8, H = 2.8 %. Ĥ NMR (CDCI3, 300 MHz): 8 3.0-3.5 (6H, CH2), 

7.4-7.9 (lOH, Ph). ^^^Te{'H} NMR (CDCI3/CH2CI2,113 MHz): 8 478,489, 513, 

523, 548. IR spectrum (Csl disc):3042 (m), 2921 (w), 1571 (m), 1474 (s), 1433 

(s), 1415 (m), 1396 (m), 1359 (s), 1200 (m), 1061 (m), 1018 (m), 996 (m), 754 

(w), 730 (s), 691 (s), 614 (w), 490 (w), 453 (w), 259 (w), 227 (w). UV-Vis 
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spectrum (CH2CI2): Vmax = 21000 (Gmoi = 180), 24600 (540), 38300 cm ' (18235 

dm^mol'^cm'). 

c). Synthesis of [OsCk {o-C6H4(TeMe)2}2] 

Method as for [OsCl2{MeTe(CH2)3TeMe}2] above, but using [OsCl2(dmso)4] 

(0.09 g, 0.155 mmol) and o-C6H4(TeMe)2 (0.11 g, 0.31 mmol) to aflbrd a orange 

solid (yield 0.04 g, 29 %). Required for [C]6H2oCl20sTe4]: C = 19.5, H = 2.1 %; 

found: C = 19.4, H = 1.9 %. ^HNMR (CDCI3, 300 MHz): 6 2.05-2.3 (6H, CH3), 

7.2-7.8 (4H, C6H4). '̂ ^Te{'H} NMR (CDCI3/CH2CI2,113 MHz): 656, 663, 671, 

672, 673. ES^ mass spectrum (MeCN): found = 992, 948; calculated for 

['̂ Os{C6H4(̂ °̂TeMe)2}2^^Cl + MeCN]+ = 1000, 

['̂ Os{C6H4(̂ °̂TeMe)2}2^^Cl]+ m/z = 959. IR spectrum (Csl disc): 2923 (w), 

2851 (w), 1358 (s), 1260 (w), 1080 (s), 1019 (m), 835 (m), 753 (m), 685 (w), 

614 (w), 548 (w), 427 (w), 326 (vy), 302 (w). UV-Vis spectrum (CH2CI2): Vm.v -

22600 (Gmoi = 590), 33200 (sh) cm ' (6300 dm^ol'^cm '). 

d). Synthesis of [OsCI(PPh3){MeS(CH2)2SMe}2]PF6 

[OsCl2(PPh3)3] (0.1 g, 0.095 mmol) and MeS(CH2)2SMe (0.06 g, 0.29mmol) 

were refluxed together in ethanol (10 cm^) for 2 h, during which time the colour 

changed from green to orange. After cooling to room temperature, NHfFg (0.06 

g, 0.32 mmol) was added and the solution concentrated to 3 cm^ to give an 

orange solid, which was filtered off and recrystallised from CH2CI2 and Et20 

(yield 0.069 g, 70 %). Required for [C26H35CIF6OSP2S4]: C = 35.5, H = 4.0 %; 

found: C = 35.0, H = 3.3 %. ES^ mass spectrum (MeCN): found = M^ 734; 

calculated for ['̂ ^Os^^Cl(PPh3){MeS(CH2)2SMe}2]^ m/z = 734. IR spectrum 

(Csl disc): 2930 (w), 1435 (m), 1357 (m), 1091 (m), 839 (s), 750 (m), 699 (s), 

516 (m), 504 (m). Ĥ NMR spectrum (300 MHz, CDCI3): 6 2.6 (s), 2.74 (s). 

^'P{'H} (145 MHz, CH2CI2/CDCI3): 6 -15.1 (s), -147 (septet). 
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e). Synthesis of [OsCI(PPh3){MeSe(CH2)3SeMe}2]PF( 

Method as for [OsCl(PPh3){MeS(CH2)2SMe}2]PF6 above, but using 

[OsCl2(PPh3)3] (0.1 g, 0.095 mmol) and MeSe(CH2)3SeMe (0.06 g, 0.27mmol) 

to afford a brown solid (yield 0.07 g, 70 %). Required for [C28H39ClF60sP2Se4]: 

C = 30.9, H = 3.2 %; found: C = 30.2, H = 3.0 %. ES^ mass spectrum (MeCN): 

found = M+ 949; calculated for ['̂ Os^^Cl(PPh3){Me''°Se(CH2)3^°SeMe}2]̂  

/M/i = 953. IR spectrum (Csl disc): 2927 (w), 2850 (w), 1434 (w), 1089 (m), 999 

(w), 840 (s), 751 (m), 699 (s), 558 (s), 537 (m), 499 (w), 440 (w). 'H NMR (300 

MHz, CDCI3): 6 1.72 (q), 2.25 (s), 2.85 (t), 7.4-7.7 (m). ^̂ P{̂ H} (145 MHz, 

CH2CI2/CDCI3): 8 -14.0 (s), -147 (septet). 

g). Synthesis of [OsCI(PPh3){MeTe(CH2)3TeMe}2]PF6 

Method as for [OsCl(PPh3){MeS(CH2)2SMe}2]PF6 above, but using 

[OsCl2(PPh3)3] (0.1 g, 0.095 mmol) and MeTe(CH2)3TeMe ( g, mmol) to afford 

a yellow solid (yield g, 75 %). Required for [C28H39ClF60sP2Te4]: C = 26.1, H = 

3.0 %; found: C = 26.5, H = 2.1 %. ES^ mass spectrum (MeCN): found m/z = 

M+ 1143; calculated for ['̂ Os^^Cl(PPh3){Me'̂ °Te(CH2)3'̂ °TeMe}2]̂  = 

1153. IR spectrum (Csl disc): 2921 (w), 1634 (w), 1417 (w), 1201 (w), 1088 

(m), 841 (s), 753 (w), 688 (m), 556 (m), 539 (m), 517 (w), 278 (w). 'H NMR 

spectrum (300 MHz, CDCI3): 6 1.57 (m), 1.78 (s), 1.96 (s), 2.02 (s), 2.25 (s), 3.2-

3.4 *m), 7.4-7.6 (m). '̂P{^H} NMR spectrum (145 MHz, CH2CI2/CDCI3): 6 -

13.0 (s), -147 (septet). ^̂ T̂e{̂ H} NME spectrum (114 MHz, CH2CI2/CDCI3): 6 

361,411,422,430. 

h). Synthesis of [OsCl(PPh3){PhTe(CH2)3TePh}2]PF6 

Method as for [OsCl(PPh3){MeS(CH2)2SMe}2]PF6 above, but using 

[OsCl2(PPh3)3] (0.1 g, 0.095 mmol) and PhTe(CH2)3TePh ( g, mmol) to afford a 

yellow solid (yield g, 87 %). Required for [C48H47ClF60sP2Te4]: C = 37.5, H = 

3.0 %; found; C = 37.9, H = 2.4 %. ES^ mass spectrum (MeCN): found m/z = 

M+ 1391; calculated for ['̂ Os^^Cl(PPh3){MeTe(CH2)3TeMe}2]^ = 1401. IR 
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spectrum (Csl disc): 3050 (w), 2932 (w), 1477 (w), 1435 (m), 1363 (m), 1088 

(m), 1017 (w), 938 (s), 735 (s), 688 (s), 558 (m), 536 (m), 454 (w), 250 (m). 'H 

NMR spectrum (300 MHz, CDCI3): 6 2.2 (m), 2.9-3.3 (m), 7.0-7.8 (m). 

(145 MHz, CH2CI2/CDCI3): 6 -10.5 (s), -11.8 (s), -145 (septet). '̂ ^Te{'H} NMR 

spectrum (114 MHz, CH2CI2/CDCI3): 6 454,463,499, 540, 565. 

i). Synthesis of [OsCl2{Ph2Sb(CH2)3SbPh2}2] 

[OsCl2(dmso)4] (0.05 g, 0.09 mmol) and Ph2Sb(CH2)3SbPh2 (0.16 g, 0.27 mmol) 

were refluxed together in ethanol (10 cm )̂ for 3 h. The solvent was removed m 

vacwo. CH2CI2 was added to the residue and this solution was filtered. The 

addition of EtaO precipitated an orange solid (yield 0.045 g, 35 %). Required for 

[C54H52Cl20sSb4].CH2Cl2: C = 43.1, H = 3.4 %; found: C = 43.1, H = 2.8 %. 

ES+ mass spectrum (MeCN) = M^ 1450; calculated for 

[̂ ^Oŝ ^Cl2{Ph2̂ '̂Sb(CH2)3'̂ ŜbPh2)2]̂  = 1446. IR spectrum (Csl disc): 

3066 (m), 3049 (m), 1480 (w), 1432 (s), 1360 (m), 1102 (m), 1069 (s), 998 (m), 

727 (s), 695 (s), 451 (s), 267 (m). UV-Vis spectrum (CH2CI2): Vmax = 30860 

(sh), (Gmoi = 2200), 22230 (sh) cm'̂  (250 dm^mol'̂ cm '). '̂ C{̂ H} NMR 

(CH2CI2/CDCI3): 8 15.8, 24.3, 128 - 137. CV (CH2CI2): reversible +0.3 V 

versus SCE. 

j). Reaction of [OsCl2(dmso)4] with MeS(CH2)2SMe 

[OsCl2(dmso)4] (0.05 g, 0.09 mmol) and MeS(CH2)2SMe (0.04 g, 0.27 mmol) 

were heated at 120° C for 24 hours in DMF (10 cm )̂. Most of the solvent was 

removed in vacuo and diethyl ether was added which precipitated a brown solid. 

ES^ mass spectrum (MeCN): found - 549; calculated for 

['̂ Os^^Cl(Me2^^SO){MeS(CH2)2SMe}2]̂  = 549. 

k). Reaction of [OsCl2(dmso)4] with MeS(CH2)3SMe 

[OsCl2(dmso)4] (0.05 g, 0.09 mmol) and MeS(CH2)3SMe (0.04 g, 0.27 mmol) 

were heated at 120° C for 24 hours in DMF (10 cm )̂. Most of the solvent was 
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removed m vacMo and diethyl ether was added which precipitated a brown solid. 

ES^ mass spectrum (MeCN): found m/z = 577; calculated for 

['̂ Os^^Cl(Me2^^SO){MeS(CH2)3SMe}2]̂  /M/z = 577. 

I). Reaction of [OsCl2(dn:so)4] with o-C6H4(SMe)2 

[OsCl2(dmso)4] (0.05 g, 0.09 mmol) and o-C6H4(SMe)2 (0.05 g, 0.27 mmol) 

were heated at 120° C for 24 hours in DMF (10 cm^). Most of the solvent was 

removed in vacuo and diethyl ether was added which precipitated a brown solid. 

ES^ mass spectrum (MeCN): found m/z - 645; calculated for 

['̂ ^Oŝ ^Cl(Me2^^SO){o-C6H4(SMe)2}2]̂  = 645. 

m). Reaction of [OsCl2(dmso)4] with MeSe(CH2)3SeMe 

[OsCl2(dniso)4] (0.05 g, 0.09 mmol) and MeSe(CH2)3SeMe (0.06 g, 0.27 mmol) 

were heated at 120° C for 24 hours in DMF (10 cm^). Most of the solvent was 

removed in vacuo and diethyl ether was added which precipitated a brown solid. 

ES^ mass spectrum (MeCN): found = 765, 722, 687; calculated for 

['̂ ^Oŝ ^Cl(Me2^^SO){Mê °Se(CH2)3SeMe}2]'̂  ,^6 = 769; 

['̂ Oŝ ^Cl2{Me^°Se(CH2)3SeMe}2]'̂  = 726; 

['̂ Os^^Cl2{Me''°Se(CH2)3SeMe}2]^ /M/z = 691. 

n). Reaction of [OsCl2(dmso)4] with PhSe(CH2)3SePh 

[OsCl2(dmso)4] (0.05 g, 0.09 mmol) and PhSe(CH2)3SePh (0.07 g, 0.27 mmol) 

were heated at 120° C for 24 hours in DMF (10 cm^). Most of the solvent was 

removed in vacuo and diethyl ether was added which precipitated a brown solid. 

ES"̂  mass spectrum (MeCN): found m/z = 972, 893 calculated for 

['̂ ^Oŝ ^Cl2{Ph''°Se(CH2)3SePh}2]+ /M/z = 974; 

[̂ ^Os^^Cl2{Ph^°Se(CH2)3SePh}{PhSe(CH2)3Se}]+ /M^= 897. 
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o). Reaction of [OsCl2(dmso)4] with [SjaneSei 

[OsCl2(dmso)4] (0.05 g, 0.09 mmol) and [8]aneSe2 (0.07 g, 0.27 mmol) were 

heated at 120° C for 24 hours in DMF (10 cm^). Most of the solvent was 

removed in vacuo and diethyl ether was added which precipitated a brown solid. 

ES^ mass spectrum (MeCN): found m/z = 787, 751 calculated for 

[^^Os^^Cl(Me2SO){[8]aneSe2}2]^ = 793; ['%^Cl2{[8]aiieSe2}2]^ 7?%̂  = 

750. 

p). Reaction of [OsCl2(dmso)4] with [16]aneSe4 

[OsCl2(dmso)4] (0.05 g, 0.09 mmol) and [16]aneSe4 (0.13 g, 0.27 mmol) were 

heated at 120° C for 24 hours in DMF (10 cm^). Most of the solvent was 

removed in vacuo and diethyl ether was added which precipitated a brown solid. 

ES^ mass spectrum (MeCN): found m/z = 789, 747 calculated for 

[^^^Os^^Cl(Me2SO){[16]aneSe4}]^ = 793; [^^Os^^Cl2{[16]aneSe4}]^ y»/z = 

750. 

q). Synthesis of [(PdCI)2{[24]aneSe6}] [BF4]2^ 

PdCl2 (37 mg, 0.142 mmol) in MeCN (3 cm )̂ under N2 was heated to effect 

dissolution and then cooled to ambient temperature. [24]aneSe6 (52 mg, 0.07 

mmol) was added, and the mixture was stirred for 5 min. NaBF4 (46 mg, 0.42 

mmol) was then added. The mixture was stirred for 15 min and then filtered. 

The addition of diethyl ether afforded the product as a yellow solid. 

r). Synthesis of ((PtCI)2{[24]aneSe6}] [BF4]2 

PtCl2 (38 mg, 0.142 nrniol) in MeCN (3 cm )̂ under N2 was heated to effect 

dissolution and then cooled to ambient temperature. [24]aneSe6 (52 mg, 0.07 

mmol) was added, and the mixture was stirred for 5 min. NaBF4 (46 mg, 0.42 

mmol) was then added. The mixture was stirred for 15 min and then filtered. 

The addition of diethyl ether to the clear solution afforded the product as an off-

white solid (yield 0.06 g, 72 %). Required for [CigHaeBaCliFgPtSee]: C = 15.9, H 

= 2.7 %; found: C = 15.6, H = 2.7 %. ^^Se{'H} NMR spectrum (68.68 MHz, 
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CDaCN/MeCN, 240 K): 8 337 (v.br). NMR spectrum (77.4 MHz, 

CDsCN/MeCN, 200 K): 6 -4236, -4261. NMR spectrum (300 MHz, CD3CN, 

298 K): 8 3.1 (a-CHz), 2.46 (P-CH2). IR spectrum (Csl disc): 1359 (s), 1262 (s), 

1094 (s), 804 (m), 521 (m), 319 (m) cm'^ 

s). Synthesis of [Pt([24]aneSe6)] [PFgjz 

PtCli (25 mg, 0.09 mmol), [24]aneSe6 (65 mg, 0.09 mmol) and TlPFg (62 mg, 

0.18 mmol) were added to MeNOa (70 cm^) and were refluxed together for 24 h 

to produce a colourless solution plus white precipitate. TlCl was removed by 

filtration, and the filtrate was reduced in volume to ca. 2 cm^ and cold diethyl 

ether (30cm^) was added slowly to afford a white solid which was collected and 

dried m (yield 0.74g, 76 %). Required for [CigH36Cl2Fi2P2PtSe6]: C = 

17.8, H = 3.0 %; found: C = 18.4, H = 2.9. %. ES^ mass spectrum (MeCN) 

found = 1066; calculated for ['̂ ^Pt{[24]aiie^°Se6}PF6]̂  = 1072. IR 

spectrum (Csl disc): 2959 (s), 1431 (s), 1379 (s), 1260 (s), 1097 (s), 836 (vs), 

740 (m), 558 (s), 435 (w) cm '. 

t). Synthesis of [RhCl2{ [24] aneSeg} ] BF4 

The compound [24]aneSe6 (0.116 g, 0.16 mmol) was added to EtOH (100 cm^) 

and the solution was brought to reflux; RhCls-SHaO (51 mg, 0.16 mmol) in water 

(10 cm^) was added dropwise over 0.5 h and the mixture refluxed for 2 h to give 

an orange solution. The solution was cooled and an excess of NH4BF4 (0.26 g, 

0.24 mmol) was the added and the solution concentrated to ca. 5 cm^ prior to 

treatment with diethyl ether (50 cm^) which afforded an orange solid which was 

dried in vacuo (yield 0.08 g, 58 %). Required for [C]gH36BCl2F4PtSe6]: C - 24.0, 

H = 3.6 %; found: C = 24.2, H = 3.7 %. ES^ mass spectrum (MeCN) found 

= 900; calculated for ['°̂ Rh^^Cl2{[24]anê ^Se6}]̂  - 905. IR spectrum (Csl 

disc): 2920 (m), 1409 (s), 1293 (s), 1062 (vs), 886 (s), 840 (s), 799 (s), 767 (s), 

521 (s), 350 (s). 'H NMR spectrum (300 MHz, CD3CN, 298 K): 6 3.0-2.7 (a-

CH2), 2.4-2.1 (P-CH2). 
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u). Synthesis of [RuCI(PPh3) {[24] aneSe^}] PFg 

A mixture of [RuCl2(PPh3)3] (0.118 g, 0.12 mmol) and [24]aneSe6 (0.09 g, 0.12 

mmol) was reluxed under Na in MeOH for 4 h. The resulting yellow solution 

was allowed to stir at room temperature for 16 h. The salt NH^PFg (60 mg, 0.36 

mmol) was then added and the solution reduced to ca. 2cm^ to give a yellow 

precipitate which was filtered off, recrystalised from CH2CI2 and dried in vacuo 

(yield 0.09g, 59 %). ES^ mass spectrum (MeCN) found = 1125, 863; 

calculated for ['°'Ru^^Cl(PPh3){[24]ane^°Se6}]+ = 1130; 

[RuCl{[24]aneSe6}]^ m/z = 868. IR spectrum (Csl disc): 2930 (m), 1435 (s), 

1360 (s), 1090 (s), 840 (vs), 748 (m), 698 (m), 558 (m), 529 (m), 325 (m). 

'̂P{^H} NMR spectrum (145.8 MHz, CD3CN, MeCN): 5 -146.3 (septet, PFe"), 

45.7 (PPha). 

4.4.2 X-Ray Crystallography 

[OsCl2{Ph2Sb(CH2)3SbPh2}2].2CH2Cl2 

and [OsCl2(dmso)2{MeSe(CH2)3SeMe}] 

The selected crystals were mounted on a glass fibre. Details of the 

crystallographic data collection and refinement parameters are given in Tables 

4.7 and 4.10. Data collection used a Rigaku AFC7S four-circle diffractometer 

operating at 150 K using graphite-monochromated Mo Ka X-ray radiation (A, -

0.71073 A), and was undertaken by Dr G. Reid and Dr A.R.J. Genge. For 

[OsCl2{Ph2Sb(CH2)3SbPh2}2].2CH2Cl2 the data were corrected for absorption 

using psi-scans. The structure was solved by heavy atom methods^® and 

developed by iterative cycles of full matrix least-squares refinement^^ and 

difference Fourier syntheses. All fully occupied non-H atoms were refined 

anisotropically and H-atoms were placed in fixed, calculated positions. This 

species was found to have crystallographic inversion symmetry, with the Os 

atom occupying an inversion centre. Two half CH2CI2 solvent molecules, 

disordered across crystallographic inversion centres, were also identified in the 

asymmetric unit in the structure of [OsCl2{Ph2Sb(CH2)3SbPh2}2]- Selected bond 
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lengths and angles are given in Tables 4.11 and 4.12. For 

[OsCl2(dmso)2{MeSe(CH2)2SeMe}] preliminary psi scans did not provide a 

satisfactory absorption correction, hence, with the model at isotropic 

convergence, the data were corrected for absorption using DIFABS.̂ ® All atoms 

except carbons were refined anisotropically. The Flack parameter indicated that 

the correct enantiomorph of [OsCl2(dmso)2{MeSe(CH2)3SeMe}] was refined. 

Selected bond lengths and angles are given in Tables 4.8 and 4.9. 

The data collection and X-ray crystallography experimental information 

6)r PhTeCl2(CH2)3TeCl2Ph.MeCN and [OsCl2{PhTe(CH2)3TePh}2] can be found 

in literature.̂ '̂  
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CHAPTER 5 

Bismuth(III) Halide Complexes of 

Tridentate and Macrocyclic 

Group 16 Ligands 
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5.1 INTRODUCTION 

This chapter aims to examine the complexes formed between the 

bismuth(III) halides and a variety of tridentate and macrocyclic ligands of 

differing architecture from Group 16. 

Group 15 constitutes the third column of the p-block of the periodic table 

and comprises the elements nitrogen, phosphorus, arsenic, antimony and 

bismuth, which are often referred to as the pnictogens or pnictides. The ground 

state electronic configuration for bismuth is [Xe]4f''^5d'°6s^6p^ which results in 

common oxidation states of +3 (III) and +5 (V). All the possible compounds 

BiXg (X = F, CI, Br or I) are known, stable compounds. BiF] is prepared by 

dissolving BiaOs in HF with the formation of BiFg.SHF (HsBiFe) which yields 

BiFa on heating.' BiF; does not readily form complexes. Bids can be prepared 

by dissolving bismuth metal in aqua regia, giving the dihydrate BiCls.lHaO on 

evaporation. Distillation, which decomposes the hydrate, gives BiCls as 

colourless deliquescent crystals.^ BiCIa has pyramidal molecular structure in the 

vapour phase.^ However, the solid-state structure bismuth has three short Bi-Cl 

bonds and five longer-distance interactions which leads to a bicapped trigonal 

prismatic geometry (BiClg units).'* BiBrs is prepared by a similar route to the 

chlorides.^ Bismuth bromide was also shown to be a pyramidal molecule in the 

vapour phase.^ In the solid phase BiBrs exists in two forms,^ with a transition 

temperature of 158° C: 

a-BiBra # P-BiBrg 

The low-temperature a-BiBrs has a distorted BiBrg octahedral structure, 

with the three short Bi-Br bonds and three longer interactions. The high-

temperature p-BiBra has an AlClg-type structure. Useful laboratory procedures 

for the preparation of Bilg are also available.^ The solid-phase structure of 

bismuth triiodide shows a symmetrical octahedron with the pnictogen atom at the 

centre.̂  
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In the +3 oxidation state the elements of Group 15 have a lone pair of 

electrons. It is not clear whether this lone pair of electrons will be 

stereochemically active in a particular compound but a number of trends have 

been o b s e r v e d . T h e stereochemical activity of this lone pair appears to 

decrease with increasing coordination number, increasing atomic number of the 

halogen (CI > Br > I) and with increasing atomic number in Group 15 (i.e. As > 

Sb>Bi). 

A large amount of work has been done involving anionic complexes of 

the bismuth(III) halides. These have been discussed in detail in previous 

r e v i e w s a n d since this study involves neutral complexes they will not be 

discussed here. Alonzo et alP examined the products formed from the reactions 

of bismuth(III) halides with a variety of nitrogen and phosphorus chelating 

ligands such as 1,10-phenantholine and l,2-bis(diphenylphosphino)ethane 

(dppe). Using a combination of analytical, mass spectrometry and IR 

spectroscopic techniques they studied a number of solids in which the ligands are 

believed to be chelated. The only structurally characterised examples of 

multidentate amine complexes of bismuth(III) involve the macrocyclic ligands 

Me3[9]aneN3 '̂* and [12]aneN4^^ with bismuth(III) chloride and perchlorate 

respectively. In both cases the structures feature the pyramidal bismuth(III) 

species with the tri- or tetra-dentate macrocycle capping the Bi(III) ion. 

Although, bismuth(III) complexes containing tertiary phosphine ligands 

were virtually unknown until recently, there now exists a variety of complexes. 

The first neutral bismuth(III) complex containing a tertiaryphosphine ligand, 

[Bi2Br6(PMe3)4], was synthesised and crystallographically characterised by 

Norman and co-workers.'^ The yellow solid adopts a centrosymmetric edge-

shared bioctahedral structure, with the bismuth(III) atoms in a near to ideal 

octahedral geometry. Norman et al}^ have since studied various phosphine 

complexes of the Group 15 halides including [Bi2Br6(dmpe)2] (Figure 5.1), 

[Bi4Bri2(PEt3)4] and [BiBr6(PMe2Ph)2(0PMe2Ph)2]. The reaction of bismiith(III) 

bromide with two equivalents of PEts in thf solution produced the tetramic 

bismuth(III) complex [Bi4Bri2(PEt3)4] (Figure 5.2) which possesses Ci symmetry 
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with two unique bismuth atoms each bonded to one phosphine atom and five 

bromine atoms. The structure may be viewed as two linked edge-shared 

bioctahedral units, again with the bismuth(III) atoms having almost perfect 

octahedral gemoetry. The other complexes all contain an edge-shared, 

bioctahedral structure. 

qi) C(2) 

Figure 5.1 - View of the molecular structure of [Bi2Br6(dmpe)2] taken from 

ref. 16 

BrlSol 

Br(3al Bribal 

Bi(2al 
Br(4al ' «^Br(2ol 

%3P(2 

BrIGI Cdll 

C<6) 

Figure 5.2 - View of the molecular structure of [Bi4Bri2(PEt3)4] taken from 

ref 16 

177 



The reaction of bismuth(III) chloride with dppm and dppe in acetonitrile 

solution has been investigated by Willey g/ The resulting complexes, 

[Bi2Cl6(dppm)2] and [Bi4Cli2(dppe)5], respectively, were studied by single 

crystal X-ray dif&action. [BizCl̂ Cdppm)!] (Figure 5.3) has a centrosymmetric 

structure consisting of coplanar halide-bridged BiaClg units with each of the two 

dppm ligands in a bidentate bridging mode between the two metal centres. The 

overall coordination geometry at each bismuth(III) atom is approximately 

octahedral. In contrast the structure of [Bi4Cli2(dppe)5] has two 

crystallographically independent molecules in the asymmetric unit which may be 

identified as [BizCl^Cdppe)!] and [Bi2Cl6(dppe)3] (Figure 5.4). For the former 

species, the centrosymmetric structure is made up of halide bridged BizClg units 

with bidentate chelate attachment of a dppe ligand to each bismuth atom giving 

rise to an overall edge-shared bioctahedral geometry. The [Bi2Cl6(dppe)3] 

species is a centrosymmetric dimer containing two BiCl3(dppe) moieties 

connected by a bridging dppe ligand. Thus both chelating and bridging dppe 

ligands are observed. 

Figure 5 3 - View of the centrosymetric [BiiClaCdppm):] dimer taken from 

ref. 17 
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Figure 5.4 — View of the centrosymmetric dimeric structures of a) 

[Bi2Cl6(dppe)2] and b) [Bi2Cl6(dppe)3] taken from ref̂  17 

The reason for the complexes adopting these edge-shared, bioctahedral 

dimers in the majority of cases is unclear. Norman and Pickett'' observe that the 

Bi-X trans to a phosphine ligand is typically ca. 0.2 A greater than similar Bi-X 

bonds trans to X. This observation is attributed to the large trans influence of 

the phosphine vs. halide. They also note that of the four possible isomers (Figure 

5.5) for structures of this type (A-D), isomer A is formed. 

L X 

T 
L 

B 

L L 

D 

Figure 5.5 - Possible isomers for [Bi2X6(L)4] 

On steric grounds isomer C would be the favoured isomer and Norman 

and Pickett suggests that the preference for isomer A can be assigned to an 
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electronic effect arising from the trans influence of the phosphine ligands. If a 

phosphine were placed trans to a bridging halide (as in isomer B), this would 

weaken the Bi-X bond, effectively creating a pair of [81X212]^ cations in close 

proximity which is not energetically favoured. 

Figure 5.6 - View of the dimeric structure of [Bi2l6{o-C6H4(AsMe)2}2] taken 

from ref. 18 

In contrast to and phosphine'" '' complexes of Bi(III) very 

little work has been done on other Group 15 donors, namely arsines.̂ ® Recent 

work within the Southampton research group has produced a range of complexes 

of type [BiX3(L-L)] (X = CI, Br or I; L-L = Ph2As(CH2)2AsPh2 or o-

C6H4(AsMe2)2 (diars)), and [BiX3(L-L-L)] (X = CI, Br or I; L-L-L = 

MeC(CH2AsMe2)3) by reaction of BiXg with the appropriate ligand in MeCN. A 

view of the first structurally characterised example of a Bi(III) - arsine complex, 

the dimeric [Bi2l6{o-C6H4(AsMe)2}2], is shown in Figure 5.6. The X-ray 

structure shows that the complex adopts the same form as the phosphine 

16,17 
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complexes characterised, i.e. the structure features the edge-shared, bioctahedral 

dimer with each Bi atom bound to two terminal I atoms, two jaa-bridging I atoms 

and two mutually cis As atoms from the chelating diars ligands. 

For Group 16 donor systems the preference is again for the harder 

oxygen-donor ligands. The crown ethers in particular have been studied in great 

detail and all show a monomeric BiXs unit capped by the multidentate ligand 

(Figure 5.7). 19-23 

Figure 5.7 - Top and side view of [BiCl3(15-crown-5)] taken from ref. 21 
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nimibHar crT rnoncxientate ligpmd sg/stems (e.g. ĵ 3K>{Bi}[3(thi)3] - (31 ()r 

and [BiX3(dmso)3] (X = CI or Br)̂ '̂̂ )̂ have also been characterised 

structurally, and these do not adopt the edge-shared, bioctahedral unit observed 

for the chelates. Instead they form mononuclear octahedral 1:3 Bidigand 

systems. A series of acyclic ethylene glycols of varying denticities have also 

been studied by Rogers and co-workers.^° The interdonor linkages in these 

species are no larger than dimethylene, and all form monomeric units with Bi 

centres of no more than 7-coordinate with O4X3 donor sets. The example of 

[BiCI3(pentaethyleneglycol)] is shown in Figure 5.8. 

Figure 5.8 - View of the monomeric structure of 

[BiCl3(pemtaethyleneglycol)] taken from ref. 20 

The ether donor is preferred to the hydroxyl donor in the cases where five 

oxygen donors are present within the ligand. Eveland et al?^ have also 

characterised the products formed from the reaction of Bids with 

Me0(CH2)20(CH2)20Me and Et0(CH2)20(CH2)20Et. In both cases the product 

formed adopts the edge-shared, bioctahedral dimers commonly observed in 

Bi(III) complexes. 
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A large number of complexes have been reported containing bismuth(ni) 

and sulfur donor ligands, amongst the first examples to be structurally 

characterised being those containing the tris(diethyldithiocarbamato) ligand and 

associated derivatives?^ Thus, the parent complex bismuth(III) 

tns(diethyldithiocarbamate) was shown to consist of six-coordinate bismuth 

atoms in distorted dodecahedral geometry (taking into account the 

stereochemically lone pair) weakly linked into dimers. 

The research group in Southampton has been interested for some time in 

the synthesis and properties of thio-, seleno- and telluro-ether ligands and the 

coordination chemistry of these with a wide range of d-block elements has now 

been investigated (discussed in Chapters 2-4)?^ More recently these studies 

have been extended to include the heavier p-block elements such as Sn(IV) and 

Bi(III).^°" '̂' Compared to transition metal chemistry, main group coordination 

chemistry has in general received less attention. To some extent this may be 

attributed to the absence of good spectroscopic probes through which to monitor 

the chemistry, e.g. they are often colourless and/or labile in solution. 

Furthermore, complexes of the p-block elements may adopt a very wide range of 

geometries. This has already been noted with examples of Group 15 donors. 

This point is further demonstrated by the recent report describing the preparation 

and crystal structure of a highly unusual open framework lattice, 

[Bi4Cl]2{MeS(CH2)3SMe}4].H20, incorporating psuedo-cubane Bi4CI]2 units 

linked by bridging dithioether ligands to yield an infinite three dimensional array 

with large open channels.^^ Figure 5.9 shows a view of a portion of the 

[Bi4Cli2{MeS(CH2)3SMe}4]n structure and Figure 5.10 shows the view down the 

c-axis of the three-dimensional polymer, illustrating the channels running 

through the structure. 
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Figure 5.9 - View of a portion of the [Bi^Cliz{MeS(CH2)3SMe}4]a structure 

taken from ref. 33 

p 
r n 

Figure 5.10 - View down the c-aiis of [Bi4Cli2{MeS(CH2)3SMe}4]n taken 

from ref. 33 
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The work was extended to investigate the interaction of bismuth(III) 

halides with a wider variety of thioether and also selenoether ligands?"^ A range 

of compounds of stoichiometry [BiX3(L-L)2] (X = CI, Br or I; L-L = 

MeS(CH2)2SMe), [Bi2X6{PhS(CH2)2SPh}] (X = CI or Br), [BiX3(L-L)] (L-L = 

MeE(CH2)3EMe (E = S or Se) or MeSe(CH2)2SeMe) have been isolated &om 

reaction of BiX] with L-L in dry MeCN solution. Prior to this work there were 

no structurally characterised examples of bismuth(III) selenoether compounds 

and examples of thioether derivatives were limited to the aforementioned 

[Bi4Cli2{MeS(CH2)3SMe}4].H20/^ [Me3S]2[Bi2l8(Me2S)2]/̂  (produced &om the 

reaction of Bilg in neat Me2S), and a small number of macrocyclic thioether 

complexes including [BiCl3([12]aneS4)], [BiCl3([15]aneS5)]. [BiCl3([18]aneS6)] 

and [(BiCl3)2([24]aneS8)].̂ '̂̂ '̂̂ ® It is significant that all of these characterised 

bismuth(III) halide complexes involving crown thioethers reflect the dominance 

of the pyramidal BiXs unit on the structure adopted. The five weaker secondary 

halide interactions which are evident within the structure of the parent Bi(III) 

halide (Figure 5.11) are replaced with weak Bi-S interactions, generating 7-, 8-

or 9-coordinate compounds. Figure 5.11 shows the projection of the structure of 

BiCl] on the ab plane, showing the chlorine bridging that is present between a 

single Bids molecule and its neighbours. Two unit cells in the z direction are 

involved. In these thiacrown species the weak thioether interactions form around 

the direction of the Bi-based lone pair. The stereochemically active lone pair on 

bismuth can clearly be seen being directed towards the weakly interacting S-

donors in the structures of [(BiCl3)2([24]aneSg)]̂ ^ (Figure 5.12) 

[BiCl3([15]mieS5)] (Figure 5.13) and [BiCl3([12]aneS4)]^^ (Figure 5.14). 
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Figure 5.11 — Projection of the structure of BiClj on the plane taken fronm 

ref. 37 

8(2) 

VCKS") 

Figure 5.12 - View of [(BiCl3)2([24]aneS8)] taken from refl 37 
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Figure 5.13 - View of [BiCl3([12]aneS4)] taken from ref. 36 

Figure 5.14 - View of [BiCUdlSjaneSs)] taken from ref. 36 
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The recent work by the research group in Southampton has generated 

crystal structures of a number of Bi(III) complexes which exhibit a wide variety 

of different structural motifs for relatively small alterations in ligand 

architecture. The structure of [BiBrs{MeS(CH2)3SMe}] (Figure 5.15) shows 

BiaBre units linked by four different, bridging dithioether ligands to give an 

infinite two-dimensional sheet. The orientation of the bismuth lone pair is 

implied from the elongated Bi-^-Br distances. Sawyer and Gillespie have noted 

previously that the weak interactions form around the direction of the maximum 

electron density of the lone pair, but not directly over it.̂ ^ The structure adopted 

for this compound contrasts starkly with that of the chloro analogue, 

[Bi4Cli2{MeS(CH2)3SMe}4] .H2O discussed above. 

Br(l») 

Figure 5.15 - View of a portion of the structure of [BiBr3{MeS(CH2)3SMe}] 

taken from ref. 34 

Crystals were also obtained for the dithioether compound 

[BiBr3{MeS(CH2)2SMe}2] (Figure 5.16). The structure of this species is 

different to the one described above, showing discrete mononuclear units. In this 

case the bismuth(III) species is seven coordinate and adopts a distorted 

pentagonal bipyramidal geometry. The donor set is derived from three terminal 

Br and four S-donors from two chelating dithioethers. 

188 



Figure 5.16 - View of the structure of [BiBr3{MeS(CH2)2SMe}2] taken from 

r%&34 

Altering the terminal substituent on the dithioether ligand also has a 

dramatic effect upon the structure adopted. The crystal structure of 

[Bi2Br6{PhS(CH2)2SPh}] (Figure 5.17) shows that the species adopts an infinite 

two-dimensional sheet structure which incorporates infinite chains of almost 

orthogonal BiaBrg dimer units cross-linked by bridging PhS(CH2)2SPh ligands to 

give a two-dimensional sheet. Dithioether ligands of this type and other Group 

16 ligands have previously been shown to bind to Cu(I) and Ag(I) centres and in 

a small number of cases also yield polymeric arrays, although quite different in 

detail to this 
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Figure 5.17 - View of a portion of the structure of [Bi2Br6{PhS(CH2)2SPh}] 

taken from ref. 34 

As previously stated, there were no structurally characterised examples of 

bismuth(ni) selenoether compounds until the recent work/'* Crystals were 

obtained from a 1:1 ratio of Bids and MeSe(CH2)3SeMe. The structure of this 

compound shows (Figure 5.18) a very similar two-dimensional sheet array to 

[BiBrs {MeS(CH2)3SMe}] mentioned earlier, with edge-shared bioctahedral 

Bi2Cl6 dimers linked by diselenoether ligands. The crystal structure of 

[BiBr3{MeSe(CH2)3SeMe}] has also been established (Figure 5.19). It is 

isostructural with [BiBr3{MeS(CH2)3SMe}]. 
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oo*) 

Figure 5.18 — View of a portion of the structure of 

[BiCk {MeSe(CH2)3SeMe} ] taken from ref. 34 

Figure 5.19 - View of a portion of the structure of 

[BiBrs {MeSe(CH2)3SeMe}] taken from ref. 34 

Significantly, the Bi-Se distances in these compounds are shorter to the 

Bi-S distances in the macrocyclic thioether complexes. This suggests that while 

the Bi-S interactions are described as weak, secondary interactions, those 

involving Se are considerably stronger, and presumably reflect the orientation of 

the bismuth lone pair which is towards the thioether ligand in the macrocyclic 

derivatives, but towards the bridging Br ligands in the selenoether complexes 

mentioned here. 
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This work is still in its infancy and the recent work carried out by myself, 

to be discussed later in this chapter, is the next step into the chemistry of Group 

16 multidentate ligands with p-block elements. In order to investigate this 

chemistry further and to establish the range of structures and coordination modes 

possible for these systems have been extended to investigate the interaction of 

bismuth(III) halides with a wider variety of thioether and selenoether ligands 

including macrocyclic selenoethers (Figure 5.20). 
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Figure 5.20 The tridentate and macrocyclic ligands 
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5.2 RESULTS AND DISCUSSION 

5.2.1 Synthesis and Properties of Tridentate Group 16 Complexes of BiXg 

A range of complexes of the stoichiometry [BiXsL^] (L^ = 

MeC(CH2SMe)3 or MeC(CH2SeMe)3) has been isolated from reaction of BiXs 

with in dry MeCN solution. The solid thioether and selenoether complexes 

are relatively stable to moist air and can be kept for many weeks in a Ni-purged 

dry-box. Microanalytical data consistent with these formulations were obtained 

for all freshly prepared solids. The IR spectra of the chloro derivatives show up 

to three peaks in the range 230-280 cm ' assigned to v(Bi-Cl); these compare to 

values of 242 and 288 cm"' for the parent species, BiCls.'® By the very nature of 

these Bi(III) species, their characterisation is restricted to analytical data, IR 

spectroscopy and single crystal X-ray diffraction studies. The very poor 

solubility of these compounds in non-coordinating solvents such as CH2CI2 and 

CHCI3 severely hindered attempts to obtain meaningful 'H and ^^Se{'H} NMR 

spectra. 

5.2.2 Single Crystal X-ray Diffraction Studies of [BiCk {MeC(CH2SeMe)3} ] 

and [Bi2l6{MeC(CH2SeMe)3}2] 

Prior to this study the only complexes of the bismuth(III) halides with 

selenoether ligands characterised structurally were restricted to bidentate 

ligands/^'^'* The tripod selenoether, MeC(CH2SeMe)3 might have been expected 

to cap the 81X3 units in a fac conformation. However, the structures obtained for 

[BiCl3{MeC(CH2SeMe)3}] and [Bi2l6{MeC(CH2SeMe)3}2] exhibit very dif&rent 

structural motifs. 

Crystals obtained from the reaction of BiClg with MeC(CH2SeMe)3 

shows centrosymmefric Bi2Cl6 units linked by tripodal selenoether ligands 

(Figure 5.20). The bismuth(III) ions are 7-coordinate, with the donor set 

comprising two bridging CI (2.776(8), 3.151(10) A) , two terminal CI (2.622(9), 

2.55(1) A ) , one bidentate selenoether (2.962(4), 3.156(4) A ) and one 

monodentate selenoether (3.117(4) A) . This product may be considered as 
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BiaCle units with additional bidentate selenoether coordination at each Bi, with 

the third Se-donor from each tripod cross-linking these to give a 2-dimensional 

sheet, with a SesCU donor set at each Bi. The coordination of the third Se-donor 

results in a severe twisting of the B^Clg unit from planarity. The Bi-Se bond 

distances seen here are in good agreement with the previously reported 

selenoether complexes, e.g. [BiCl]{MeSe(CH2)3SeMe}]n (2.989(3) and 3.035(3) 

A).̂ ^ The Bi-Cl bond distances are also consistent with previous literature 

examples including [BiCl3{MeSe(CH2)3SeMe}]n (2.555(7), 2.570(7), 2.829(7) 

and 2.883(7) 36-38 Bi-Cl bond distances for the terminal CI atoms in 

[BiCl] {MeC(CH2SeMe)3} ] are considerably shorter than those of the H2-bridging 

CI atoms as has been observed for the examples in previous studies and 

consistent with the observations of Sawyer and Gillespie^' that the 

stereochemically active lone pair of electrons of Bi lie within the BiiCle plane. 

The crystals of [Bi2l6{MeC(CH2SeMe)3}2] were very weakly diffracting, 

and hence the structure quality is rather poor. However, while comparisons of 

bond lengths and angles are not warranted, it is worth noting that this species is 

different from [BiCl3{MeC(CH2SeMe)3}] above, showing (Figure 5.21) a 

discrete dimeric species, analogous to the literature examples of dimethylene 

backboned diphosphine c o m p l e x e s , ' ( a n example of which is shown in 

Figure 5.1) derived from twisted Biale units with one bidentate tripod selenoether 

coordinated to each Bi leaving one arm of the tripod uncoordinated. The 

geometry at Bi is therefore a distorted octahedron. Selected bond lengths; Bi(l)-

1(1) 2.923(7), Bi(l)-I(2) 3.133(7), Bi(l)-I(2*) 3.260(7), Bi(l)-I(3) 2.917(9), 

Bi(l)-Se(l) 2.96(1), Bi(l)-Se(2) 3.19(1) A 
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Table 5.1 - Crystallographic data coUectiom and reGnement parameters for 

[BiCl3{MeC(CH2SeMe)3}] 

Formula 

Formula Weight 
Colour, morphology 
Crystal Dimensions/mm 
Crystal System 
Space Group 

a! A 
6/A 
c / A 
a / ° 

Y / ° 

F/A^ 
z 
F(OOO) 

Dcai/gcm'^ 

H(Mo-KJ/cm-^ 
Unique observed reflections 

Observed reflections 

with [/o > 2(T(/J] 

No. of parameters 

Goodness of fit 

R'' 

Rw'' 

CgHigBiClsSeg 

666.45 
Yellow, plate 
0.26,0.23,0.04 
Monoclinic 
P2/a 

11.402(7) 
16.919(5) 
11.893(6) 
90 
99.23(4) 
90 

2264(1) 
4 

1208 

1.955 

129.28 

4136 

1880 

136 
1.14 

0.06 

0.088 
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Figure 5.21 - View of a portion of the structure of [BiCia {MeC(CH2SeMe)3}] 

with the numbering scheme adopted. 
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Table 5.2 - Selected bond lengths (A) for [B:Cl3{MeC(CH2SeMe)3}] 

Bi(l) Se(l) 2.962(4) Bi(l) Cl(2) 2.55(1) 
Bi(l) Se(2) 3.117(4) Bi(l) Cl(3) 2.776(8) 
Bi(l) Se(4*) 3.156(4) Bi(l) Cl(3*) 3.151(10) 
Bi(l) Cl(l) 2.622(9) 

Table 5.3 - Selected bond angles (degrees) for [B:Cl3{MeC(CH2SeMe)3}] 

Se(l) Bi(l) Se(2*) 153.6(1) Se(2*) Bi(l) Cl(2) 79.4(2) 
Se(l) Bi(l) Se(4) 78.0(1) Se(2*) Bi(l) Cl(3) 115.6(2) 
Se(l) Bi(l) Cl(l) 81.1(2) Se(2*) Bi(l) Cl(3*) 65.9(2) 
Se(l) Bi(l) Cl(2) 80.3(3) Se(4) Bi(l) Cl(l) 85.4(2) 
Se(l) Bi(l) Cl(3) 81.0(2) Se(4) Bi(l) Cl(2) 157.5(2) 
Se(l) Bi(l) Cl(3*) 140.0(2) Se(4) Bi(l) Cl(3) 80.5(2) 
Se(2*) Bi(l) Se(4) 123.2(1) Se(4) Bi(l) Cl(3*) 64.8(2) 
Se(2*) Bi(l) Cl(l) 85.0(2) Cl(l) Bi(l) Cl(2) 97.1(4) 
Cl(l) Bi(l) Cl(3) 159.2(3) Cl(l) Bi(l) CI(3*) 108.8(3) 
Cl(2) Bi(l) Cl(3) 90.3(3) Cl(2) Bi(l) Cl(3*) 133.7(3) 
Cl(3) Bi(l) Cl(3*) 79.0(3) 
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C(8) 

Se(3) C(4) 

Sc(3*) 

CO*) C(8*) 

Figure 5.22 - View of the structure of [Bi2l6{MeC(CH2SeMe)3}2] with the 

numbering scheme adopted. 
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Soon after the publication of the structures discussed above a Bids 

structure was reported containing the tripodal thioether MeSi(CH2SMe)3.'^ 

Crystals obtained by slow evaporation of a saturated acetonitrile solution of 

[BiClg {MeSi(CH2SMe)3} ] exhibit an extended structure, with each asymmetric 

unit consisting of a dinuclear Bi2Cl6 group and two bridging unidentate/bidentate 

thioether ligands in a similar manner to [BiiCla {MeC(CH2SeMe)3}2] (Figure 

5.21). However, in contrast to the seven-coordinate selenoether species, this 

example shows two six-coordinate bismuth centres which are linked by a single 

chloro ligand. The complex could be envisioned as a dinuclear derivative of 

stoichiometry [Bi2Cl6 {MeSi(CH2SMe)3 }2]. There are two distinctive 

coordination environments for the bismuth centres: (i) 8183X3, with one arm of a 

thioether ligand and two from another bonded to a Bids centre, as for Bi(l), and 

(ii) 8182X4, with two arms of a thioether ligand and the bridging CI atom 

attached to the other Bids moiety, as in Bi(2). This binding mode of 

MeSi(CH2SMe)3 has been observed before in Cu(I) coordination polymers."^^ 

CGAI 

Figure 5.23 - Two repeating units of the extended structure of 

[BiiCU {MeSi(CH2SMe)3}2] taken from ref. 44 
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This example adds to the array of structural motifs available in the 

diverse and interesting chemistry of heavy p-block elements with Group 16 

ligands. 

As previously mentioned Group 16 ligands have been shown to bind to 

Ag(I) centres yielding polymeric arrays. An example containing a selenoether 

ligand is [Agn{PhSe(CH2)3SePh}2n]"^ (Figure 5.24). The extended polymeric 

structure is reported to be a consequence of the length of the methylene 

backbone of the ligand, enabling the ligand to bridge adjacent metal ions.'*^ 

Figure 5.24 - View of a portion of the polymeric structure of 

[Agn{PhSe(CH2)3SePh}2n]'^ taken from ref. 40 
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5.2.3 Synthesis and Structures of Macrocyclic Selenoether Compounds of 

BiXa 

Reaction of BiX] (X = CI or Br) with one molar equivalent of [SjaneSe: 

in anhydrous MeCN solution yields yellow solutions from which 

microcrystalline, air-stable, red powders with stoichiometry [BiX3([8]aneSe2)] 

were obtained. Similarly, reaction of BiXg with one molar equivalent of 

[16]aneSe4 or [24]aneSe6 in anhydrous MeCN yields deep orange 

[BiX3([16]aneSe4)], bright yellow [BiX3([16]aneS4)] or yellow-orange 

[BiX3([24]aneSe6)]. The IR spectra of the chloro derivatives show several 

features in the range 230-280 cm"' which are probably associated with v(Bi-Cl). 

Owing to the poor solubilities of the compounds in non-coordinating solvents, 

UV-visible spectra were recorded by diffuse reflectance. The spectra reveal only 

ill defined absorptions tailing from the UV into the visible region. Similarly, it 

was not possible to obtain useful NMR spectroscopic data ('H or ^^Se{'H}) due 

to the poor solubilities. Attempts to heat these solutions to increase the solubility 

results in decomposition, while dissolution in coordinating solvents readily 

displaces the selenoether ligand. Similar problems were encountered in the 

Group 16 tridentate ligand complexes mentioned above and in other dithioether 

and diselenoether complexes of Bi(III). '̂̂  

5.2.4 Single Crystal X-ray Diffraction Studies 

A crystal structure determination was undertaken on [BiCl3([8]aneSe2)] 

in order to determine the structural arrangement present and to provide a 

comparison with the closest acyclic selenoether analogue, the recently reported 

[BiCl3{MeSe(CH2)3SeMe}], the structure of which was discussed earlier. 

Crystals of [BiCl3([8]aneSe2)] were obtained by slow evaporation from a 

solution of the complex in MeCN. The structure shows (Figure 5.25, Tables 5.5 

and 5.6) an infinite one-dimensional ladder structure derived from almost 

coplanar BiiClg 'rungs' which are linked by four bridging [8]aneSe2 'uprights'. 

The Se-donor atoms adopt mutually trans coordination sites on each Bi ion, 

giving Bi-Se 2.977(4) - 3.067(4) A. It is interesting that complexes of the form 
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[Bi2X6L4] and [Bi2X6(L-L)2] (L and L-L = phosphine ligands) invariably adopt 

bioctahedral structures in which the L and L-L ligands occupy mutually cis 

coordination s i t e s . ' E x a m p l e s of related bismuth(III) halide compounds 

incorporating trans related ligands (as in the example above) are much rarer. 

The Bi-Cltenninai bond distances of ca. 2.5 A and Bi-Clbndgmg distances of ca. 2.8 

A are similar to those observed in other related chlorobismuth species. The 

structure adopted by this [8]aneSe2 complex may be compared with that of 

[BiCl3{MeSe(CH2)3SeMe}]. Rather than one-dimensional network seen for 

[BiCl3([8]aneSe2)], [BiCls {MeSe(CH2)3SeMe}] adopts an infinite two-

dimensional sheet structure in which staggered Bi2Cl6 units are linked via four 

different bridging diselenoether ligands; the Se donors are mutually trans?^ 
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Table 5.4 - CrystaUographic data collection and refinement parameters 

Complex [BiCl3([8]aneSe2)] [BiBr3([16]aneSe4)] 

Formula CgHizBiClgSe^ Ci2H24BiBr3Se4 

Formula Weight 557.42 932.85 
Colour, morphology red, column orange, block 
Crystal Dimensions/mm 0.40,0.16, 0.14 0.42, 0.17, 0.14 
Crystal System Monoclinic Triclinic 

Space Group P2, P-1 
a! K 9.362(6) 11.963(30 
6 /A 12.142(9) 12.022(2) 
c / A 11.356(3) 9.509(2) 
0(/° 90 91.30(2) 

99.67(3) 109.78(2) 
y/° 90 118.64(2) 

1272(1) 100.7(6) 
z 4 2 
f'(OOO) 1000 840 

Dcai/gcm'^ 2.909 2.814 

H(Mo-K(J/ cm' 201.53 200.62 

Unique observed reflections 2367 3867 

Observed reflections 1929 2902 

with [/o > 2a(/o)] 
No. of parameters 157 181 
Goodness of fit 1.855 2.03 

R'' 0.043 0.044 

Rw^ 0.055 0.056 
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LSe(l)Cl(3 

Figure 5.25 - View of a portion of the structure of the infinite 1-dimensional 

ladder adopted by [BiCl3([8]aneSe2)] with the numbering scheme adopted. 

Ellipsoids are drawn at the 40 % probability level. 
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Table 5.5 - Selected bond lengths (A) for [BiCladS] aneSe^)] 

Bi(l) Se(l) 2.988(4) Bi(2) Se(3) 2.977(4) 
Bid) Se(2) 3.044(4) Bi(2) Se(4) 3.067(4) 
Bi(l) Cl(l) 2.61(1) Bi(2) Cl(3) 2.836(8) 
Bi(l) Cl(2) 2.522(8) Bi(2) Cl(4) 2.95(1) 
Bi(l) Cl(3) 2.77(1) Bi(2) Cl(5) 2.50(1) 
Bi(l) Cl(4) 2.832(8) Bi(2) Cl(6) 2.573(8) 

Table 5.6 - Selected bond angles (degrees) for [BiCl3([8]aneSe2)] 

Se(l) Bi(l) Se(2) 171.4(1) 
Se(3) Bi(2) Se(4) 168.9(1) 
Cl(l) Bi(l) Cl(2) 93.9(3) 
Cl(3) Bi(l) Cl(4) 84.5(3) 
Cl(3) Bi(2) Cl(4) 81.3(2) 
Cl(5) Bi(2) Cl(6) 94.8(3) 
Bi(l) Cl(3) Bi(2) 99.0(3) 
Bi(l) Cl(4) Bi(2) 95.2(3) 

A very similar structural motif is observed for the tetraselenoether 

species [BiBr3([16]aneSe4)] (Figure 5.26, Table 5.7). In this case the one-

dimensional arrangement is derived from almost planar BizBrg units, with each 

Bi linked to the next BigBrg units by bridging [16]aneSe4 ligands. Coordination 

is via one Se-donor atom to each Bi, i.e. |i-bridging [16]aneSe4. The 

macrocycles are bonded (and therefore bridge) via mutually trans selenium 

donors and adopt an exocyclic conformation. Within this centrosymmetric 

structure each Bi is coordinated via a trans-S>Q2&X4 donor set, Bi-Se(l) 2.952(2), 

Bi-Se(3) 3.095(2), Bi-Br(l) 2.693(2), Bi-Br(2) 2.711(2), Bi-Br(3) 3.002(2) and 

Bi-Br(3*) 3.058(2) A. The other two mutually trans selenium atoms, Se(2) and 

Se(4), within each [16]aneSe4 unit remain non-coordinating. 
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7 

Figure 5.26 — View of the structure of a portion of the infinite 1-dimensional 

ladder adopted by [BiBr3([16]aneSe4)] with the numbering scheme adopted. 

Hydrogen atoms are omitted for clarity and ellipsoids are drawn at the 40% 

probability level. 
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Table 5.7 - Selected bond lengths (A) and angles (degrees) for 

[BiBrsd 16]aneSe4)] 

Bi(l) Se(l) 
Bi(l) Se(3) 
Bi(l) Br(l) 

2.952(2) 
3.095(2) 
2.693(2) 

Bi(l) Br(2) 
Bi(l) Br(3) 
Bi(l) Br(3*) 

2.711(2) 
3.002(2) 
3.058(2) 

Se(l) Bi(l) Se(3*) 162.86(4) 
Br(l) Bi(l) Br(2) 91.16(6) 

Br(3) Bi(l) Br(3*) 86.04(5) 
Bi(l) Br(3) Bi(l*) 93.96(5) 

Figure 5.27 - View of the 3-dimensionaUy polymeric complex cation 

[Cu([16]aneSe4)]^ taken from ref. 46 
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The Bi-Se distances in these two bismuth(III) halogeno compounds 

incorporating cyclic selenoethers are very similar to those observed in the other 

structurally characterised bismuth selenoether species, e.g. 

[BiX3{MeSe(CH2)3SeMe}]^^ (X = CI or Br, ^(Bi-Se) - 2.978(2)-3.0362(2) A) 

and the tridentate ligand containing complex discussed earlier 

[BiCl3{MeC(CH2SeMe)3}] ((;̂ (Bi-Se) = 2.962-3.156(4) A). The stereochemical 

activity of the Bi-based lone pair appears to be minimal in the new compounds. 

It is also noteworthy that while the compounds reported here are the first 

structurally characterised macrocyclic selenoether complexes involving bismuth, 

there are also only two other structurally characterised species which involve 

exocyclic [16]aneSe4, they are [Cun([16]aneSe4)n]"^ reported by Pinto and co-

workers'^ (Figure 5.26) and the antimony(III) complex discussed in Chapter 6 

[(SbBr3)2([16]aneSe4)].'̂ ^ 

In view of the potential availability of the two remaining Se atoms, Se(2) 

and Se(4), in [BiBr3([16]aneSe4)] for coordination, attempts were made to 

establish whether it might be possible to cross-link the chains of 

[BiBr3([16]aneSe4)] through coordination of additional Bi to these atoms. 

However, treatment of [BiBr3([16]aneSe4)] with one molar equivalent of BiBra 

in MeCN solution gave no apparent reaction. Similarly, treatment of [24]aneSe6 

with two molar equivalents of BiXs yields only 1:1 species [BiXs([24]aneSeg)], 

although this may simply reflect the lower solubility of the 1:1 species. 

As stated previously several macrocyclic thioether complexes of Bids 

have been reported, including [BiCl3([12]aneS4)], [BiCl3([15]aneS5)], 

[BiCl3([18]aneS6)] and [(BiCl3)2([24]aiieSg)]. Without exception, these adopt 

discrete molecular structures. In fact, all of the structurally characterised 

bismuth(III) halogeno complexes involving crown ethers and crown thioethers 

reflect the dominance of the pyramidal BiXs unit on the structures adopted, with 

weak Bi-0 or Bi-S interactions replacing the secondary Bi-X interactions in the 

parent trihalides, generating 7-, 8- or 9-coordinate compoimds.^°'^^'^^'^ A 

stereochemically active lone pair on the Bi, directed towards the weakly 

interacting S- or 0-donors, is implied for these species. The selenoether 
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macrocyclic complexes reported here are therefore markedly different in their 

coordination modes and geometries from those of the lighter Group 16 

analogues, generating infinite chain structures. In view of these results a 

decision was made to investigate the factors which influence the structures 

adopted. The group have noted previously that while ligands of the form 

MeE(CH2)2EMe (E = S or Se) typically yield chelate complexes, introduction of 

an additional CH2 unit (in MeE(CH2)3EMe) can lead to a tendency to bridge 

metal centres, e.g. in [Agn{MeE(CH2)3EMe}2n]"^ and in the bismuth(III) species 

[BiXs {MeE(CH2)3EMe}]. Since macrocyclic selenoether ligands involving 

dimethylene linkages are unstable (these would otherwise provide the direct 

analogues of the macrocyclic thioether complexes above), an alternative strategy 

was adopted, to investigate the coordination of [16]aneS4 (the direct analogue of 

[16]aneSe4) with BiXs. The 1:1 complexes [BiX3([16]aneS4)] were obtained in 

good yield, however considerable efforts to obtain crystals suitable for a 

structure analysis, have not been successful. 
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5.3 CONCLUSIONS 

For the tripodal hgands MeC(CH2SMe)3 and MeC(CH2SeMe)3, the 

anticipated formation of a discrete octahedral species, [BiXsLa], was not 

forthcoming and in contrast, the occurrence of the dinuclear BiaXg subunit is 

observed. This results in the selenoether ligand functioning as a bidentate chelate 

and, in the case of [BiCls {MeC(CH2SeMe)3} ], the third arm bridging to an 

adjacent Bi. This structure is one of the first bismuth-selenoether species which 

adopt infinite, polymeric structures. The crystals of [Biile{MeC(CH2SeMe)]}2] 

exhibit a discrete dimeric species analogous to the literature examples of 

dimethylene linked diphosphine complexes. Both of the compounds reported 

here adopt topologies that are markedly different in structure from the thiacrown 

bismuth(III) derivatives reported previously. 

The results obtained from the studies involving macrocyclic selenoethers 

show that cyclic selenoethers serve to add to the structural diversity and contrast 

with those identified for the acyclic selenoether complex analogue. The structure 

adopted by the [8]aneSe2 and the [16]aneSe4 complexesare infinite 1-

dimensional ladders which display the edge-shared, bioctahedral 812X6 dimers 

identified in other bismuth(III) halide complexes. This is in stark contrast to the 

structures determined for bismuth(III) halogeno complexes involving crown 

ethers and crown thioethers which reflect the dominance of the pyramidal BiXg 

unit, with weak Bi-0 or Bi-S interactions replacing the secondary Bi-X 

interactions in the parent trihalides. 

Clearly more work is needed to investigate the factors which govern the 

topologies adopted by these bismuth(III) adducts. The structures obtained during 

these studies refer to compounds from which it was possible to grow crystals 

suitable for X-ray characterisation. Different conditions e.g. solvents may lead 

to different structural motifs. 
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5.4 EXPERIMENTAL 

5.4.1 Ligand and Complex Synthesis 

The bismuth(III) chloride, bromide and iodide, [16]aneS4 and anhydrous 

CH2CI2 were purchased jfrom Aldrich Chemicals. The ligands MeC(CH2SMe)3, 

MeC(CH2SeMe)3, [8]aneSe2, [16]aneSe4 and [24]aneSe6 were all produced by 

literature methods/^'^°'^^ 

a). Synthesis of [BiCl3{MeC(CH2SMe)3}] 

The compound BiCla (0.11 g, 0.35 mmol) was treated with MeC(CH2SMe)3 

(0.08 g, 0.35 mmol) in MeCN (10 cm^) to give a yellow solid (yield 0.04 g, 35 

%). Required for [CgHigBiCbSs]: C = 14.6, H = 2.7 %; found: C = 14.4; H = 2.5 

%. IR spectrum (Nujol mull, Csl plates): 233, 246 cm"'. 

b). Synthesis of [BiCl3{MeC(CH2SeMe)3}] 

Method as for [BiCb{MeC(CH2SMe)3}] but using BiCls (0.11 g, 0.35 mmol) 

and MeC(CH2SeMe)3 (0.12 g, 0.35 mmol) to give a yellow solid (yield 0.18 g, 

77 %). Required for [CgHigBiCbSea]: C = 14.4, H = 2.7; found: C = 14.0, H = 

2.8 %. IR spectrum (Nujol mull, Csl plates): 230, 246. 

c). Synthesis of [BiBr3 {MeC(CH2SeMe)3} ] 

Method as for [BiCl3{MeC(CH2SMe)3}] but using BiBrg (0.16 g, 0.35 mmol) 

and MeC(CH2SeMe)3 (0.11 g, 0.35 mmol) to give a yellow-orange solid (yield 

0.07 g, 46 %). Required for [C8HigBiBr3Se3]: C = 12.0, H = 2.3; found: C = 

12.3, H = 2.4 %. 

d). Synthesis of [Bil3{MeC(CH2SeMe)3}] 

Method as for [BiC^{MeC(CH2SMe)3}] but using Bil3 (0.21 g, 0.35 mmol) and 

MeC(CH2SeMe)3 (0.11 g, 0.35 mmol) to give a dark red solid (yield 0.13 g, 38 

%). Required for [CgHigBilsSea]: C = 10.2, H = 1.9; found: C = 10.0, H = 1.7 %. 
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e). Synthesis of [B:Cl3((8] aneSez)] 

A solution of Bids (0.16 g, 0.52 mmol) in dry, degassed MeCN (4 cm^) was 

added to a stirred solution of [SJaneSea (0.24 g, 1.04 mmol) in CH2CI2 (2 cm^) at 

room temperature. A yellow solution formed almost immediately. 

Concentrating the solution in vacuo gave a red solid which was filtered off, 

washed with CH2CI2 and dried in vacuo (yield 0.157 g, 55 %). Required for 

[QHizBiClsSez]: C - 13.0, H = 2.2 %; found: C = 13.2, H =2.2 %. IR spectrum 

(Nujol, Csl): 244,258,273 cm'^ 

f). Synthesis of [BiBr3([8]aneSe2)] 

Method as for [BiCl3([8]aneSe2)] but using BiBrg (0.23 g, 0.52 mmol) and 

[8]aneSe2 (0.24 g, 1.04mmol) to give a red solid (yield 0.24 g, 66 %). Required 

for [CgHizBiBraSez]: C = 10.4, H = 1.7 %; found: C = 10.7, H = 1.9 %. 

g). Synthesis of [BiCl3([ 16] aneSe4)] 

Method as for [BiCl3([8]aneSe2)] but using Bids (0.16 g, 0.52 mmol) and 

[16]aiieSe4 (0.25 g, 0.52 mmol) to give a deep orange solid (yield 0.15 g, 35 %). 

Required for [Ci2H24Bid3Se4]: C = 18.0, H = 3.0 %; found: C = 18.2, H = 3.0 

%. IR spectrum (Nujol, Csl): 247 and 256 cm'\ 

h). Synthesis of [BiBr3([16]aneSe4)] 

Method as for [BiCl3([8]aneSe2)] but using BiBra (0.23 g, 0.52 mmol) and 

[16]aneSe4 (0.25 g, 0.52 mmol) to give an orange solid (yield 0.30 g, 60 %). 

Required for [Ci2H24BiBr3Se4]: C = 15.4, H = 2.6 %; found: C = 15.5, H = 2.6 

%. 

i). Synthesis of [BiCl3([24]aneSe6)] 

Method as for [BiCl3([8]aneSe2)] but using Bids (0.16 g, 0.52 mmol) and 

[24]aneSe6 (0.19 g, 0.26 mmol) to give a yellow solid (yield 0.16 g, 60 %). 

Required for [CigHseBidsSee]: C = 20.5, H = 3.2 %; found: C = 20.5, H = 3.2 

%. IR spectrum (Nujol, Csl): 235 and 255 cm"\ 
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j). Synthesis of [BiBr3([24]aneSe6)] 

Method as for [BiCl3([8]aiieSe2)] but using BiBrs (0.23 g, 0.52 mmol) and 

[24]aneSe6 (0.19 g, 0.26 mmol) to give an orange solid (yield 0.17 g, 57 %). 

Required for [CigHggBiBrgSeg]: C = 18.4, H = 3.1 %; found: C = 18.0, H == 2.8 

%. 

k). Synthesis of [BiCl3([ 16] aneS4)] 

Method as for [BiCl3([8]aneSe2)] but using Bids (0.16 g, 0.52 mmol) and 

[16]aneS4 (0.15 g, 0.52 mmol) to give a bright yellow solid (yield 0.22 g, 68 %). 

Required for [C12H24B101384]: C = 23.6, H = 3.9 %; found: C = 24.0, H = 3.9 %. 

IR spectrum (Nujol, Csl): 264 and 271 cm '. 

I). Synthesis of [BiBr3([l 6] aneS4)] 

Method as for [BiCl3([8]aneSe2)] but using BiBrs (0.23 g, 0.52 mmol) and 

[16]aneS4 (0.15 g, 0.52 mmol) to give a bright yellow solid (yield 0.36 g, 92 %). 

Required for [C]2H24BiBr3S4]: C - 19.3, H = 3.2 %; found: C = 19.6, H = 3.0 %. 

5.4.2 X-ray Crystallography 

Crystals were obtained by slow evaporation from solutions of the 

appropriate complexes in MeCN. Data collection used a Rigaku AFC7S four-

circle diffractometer and graphite-monochromated Mo-Ka X-radiation (k = 

0.71073 A) at 150 K. 

[BiCl3{MeC(CH2SeMe)3}] 

Details of the crystallographic data collection and refinement parameters are 

given in Tables 5.1. The data were corrected for absorption using v|/-scans. The 

structure was solved by heavy atoms method^^ and developed by iterative cycles 

of full-matrix least-squares refinement and Fourier difference syntheses.^^ All 

fully occupied non-H atoms were refined anisotropically. 
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[BiClaCfS] aneSez)] and [BiBr3([ 16] aneSci)] 

Details of the crystallographic data collection and refinement parameters are 

given in Table 5.4. Structure solution and refinement were solved by direct 

methodŝ '* and developed by iterative cycles of full-matrix least-squares 

refinement and Fourier difference syntheses. For [BiCl3([8]aneSe2)] a 

unit and two [SJaneSea ligands were identified in the asymmetric unit. Attempts 

to refine these C atoms anisotropically led to non-positive definite thermal 

parameters, presumably since the scattering is dominated by the heavy Bi and Se 

atoms. The C atoms were therefore refined isotropically for the [SJaneSea 

structure. The Flack parameter confirmed the correct choice of enantiomorph for 

this species.^^ 
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CHAPTER 6 

Antimony(III) Halide Complexes of 

Tridentate and Macrocyclic 

Group 16 Ligands 
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6.1 INTRODUCTION 

The aim of this chapter was to investigate the complexation of a range of 

tridentate and macrocycUc Group 16 ligands with antimony(III) halides. An 

emphasis was placed on obtaining single crystal structural data to permit detailed 

comparisons with the bismuth(III) species in Chapter 5. 

There has been substantial interest for some time in the synthesis and 

properties of thio-, seleno- and telluro-ether ligands and the coordination 

chemistry of these with a wide range of d-block elements has been investigated 

by the research group in Southampton and others.' However, derivatives of the 

p-block elements are much less known. This imbalance has been slightly 

addressed by work into Sn(IV) and the Bi(III), the latter being discussed in 

Chapter 5/'^ A wide range of structural motifs has been discovered for B 1(111) 

halide complexes with Group 16 ligands and hence we were interested to 

investigate the chemistry of Sb(III) halides with these ligands. 

The similarities between antimony and bismuth stem from the similar 

electron configuration and the electronegativities of the elements of Group 15. 

Despite being in the same group, however, the properties of the elements vary to 

a considerable degree as the group is descended. Thus, using values from either 

the Pauling or Allred-Rochow scales of electronegativity (amongst the two most 

widely used), it can be seen that antimony should be considered, together with 

bismuth (which has the lowest electronegativity of all Group 15 elements), as 

metallic. The two elements have similar values for electronegativity (/(Pauling) 

2.05, 2.02 and %(Allred-Rochrow) 1.82 and 1.67 respectively). It should be 

noted that the similarity in electronegativity of the two elements is a result of 

bismuth having a higher than expected value. This apparent anomaly derives 

from the filling of the 4f orbitals prior to bismuth which leads to a higher 

effective nuclear charge as a result of inefficient screening of the nuclear charge 

by the 4f electrons. Therefore, investigations into the chemistry of bismuth(III) 

should be accompanied by subsequent studies into analogous antimony species. 

220 



The Lewis acidity of the elements in the +3 oxidation state is perhaps less 

well appreciated since the presence of a lone pair of electrons generally leads to 

the expectation of Lewis basic behaviour, which is well documented. For 

antimony (and bismuth) in the +3 oxidation state, it is apparent that whatever 

basicity such compounds may exhibit, a considerable degree of Lewis acidity is 

also evident especially where the Group 15 element is bonded to significantly 

more electronegative atoms or groups. Thus, antimony (and bismuth) trihalides 

are sufficiently Lewis acidic to exhibit quite an extensive coordination chemistry 

with ligands such as phosphines (PR3) and phosphine oxides (OPRs). '̂̂  

SbX] are stable compounds which are readily available by 

straightforward syntheses. SbFa is relatively less reactive than the other 

antimony(III) halides. SbClg shares the same pyramidal molecular structure as 

Bids in the vapour phase,whilst in solid SbCls the antimony,'^ like bismuth,'^ 

has three short E-Cl bonds and five longer-distance interactions. However, 

although both have bicapped trigonal prismatic geometries (EClg units), the ratio 

of the three short Sb-Cl bond lengths to the five longer Sb-Cl bond lengths is 

greater than the corresponding ratio in the case of bismuth. This coupled with 

the greater radius of the bismuth(HI) over antimony(III) leads to the greater 

tendency for bismuth to adopt stronger secondary bonding and higher 

coordinating numbers. Antimony(III) chloride forms a clear solution with water, 

dilution results in precipitation of insoluble oxychlorides of various 

compositions, for example SbOCl, Sb405Cl2 and SbgOnCb. Prior to reactions 

with SbCls, discussed in this chapter, the trihalide was purified to remove the 

unwanted oxychloride species. Antimony tribromide has been shown to be 

pyramidal in the gas phase and the solid phase exists in two forms as a-SbBrŝ ^ 

and P-SbBr],̂ '* as observed for BiBrs.'^ The solid-phase structure of antimony 

triiodide shows a slightly distorted octahedron {c.f. symmetrical octahedral in 

Bils).'^ The pnictogen atom progressively moves to the centre of the Ig 

octahedron as Group 15 is descended. Antimony triiodide has two crystal 

modifications, the red trigonal crystalline form just described and a greenish-

yellow monoclinic p h a s e . T h e structure of monoclinic Sbis is intermediate 
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between the trigonal (close-packed iodine layers) and a layered molecular 

structure with discrete Sbis units forming strongly distorted Sble octahedra. 

The chemistry of Group 15 donor ligands with antimony(III) halides has 

been inved^gabd. Conydexes conbuniqg ni&ogen ckHKMS, Gmr emuapb 

[S;b(:i3(MiNH2)] aiid [SlbClsCfJzCioHs)] (f42(:ioHg ==:2;2-t,ii)yTidi:yl) han/e tiad thieu" 

structures determined. The structure of the former adopts a disphenoidal 

geometry with the stereochemically active lone pair on the antimony lying in the 

equatorial p l a n e . I n contrast, the 1:1 complex formed between antimony(III) 

chloride and 2,2-bipyridyl, [SbCl3(N2CioHg)], exhibits a weakly associated 

dimeric structure in which the antimony(III) centres adopt a distorted octahedral 

geometry/^ 

Until recently complexes of antimony(III) containing tertiary phosphine 

ligands were virtually unknown, although their possible existence was indicated 

by early workers principally from NMR s t u d i e s . N o X-ray crystallographic 

information was available until 1993 when Norman and co-workers reported the 

ionic complex [H(py)2][Sbl4(dmpe)] which was prepared serendipitously from 

the dissolution of a compound of formula [Sbl3(dmpe)] in pyridine.^ Further 

examples of anionic complexes are known and since this study involves neutral 

complexes they will not be discussed here. Further studies by the same workers 

have established a trimethylphosphine complex of antimony(III) iodide, 

[Sbl3(PMe3)]n, prepared by the direct reaction of Sbia with PMes in thf 

solution.^ The structure is best described as a polymer of dimers, the dimeric 

units consisting of two antimony atoms with a square-based pyramidal geometry 

coordinated by a PMes ligand in the apical site and four iodine atoms in the basal 

plane (Figure 6.1). The basal planes of the pyramids are then linked through an 

edge. Two coordinated iodine atoms form weak bridging interactions to adjacent 

dimer units to form the polymeric array. The bond angles in the complex are all 

close to idealised values, implying that the antimony(III) lone pair has no 

appreciable stereochemical activity. In Figure 6.1 the thf of recrystallisation 

have been omitted and the weaker bridging interactions between the dimer units 

are indicated by dotted lines. 
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Figure 6.1 - View of part of the crystal structure of [Sb2l6(PMe3)2] taken 

from ref. 23 

In addition to the (mono)tertiaryphosphine derivative described above, 

two isomeric forms of the ditertiaryphosphine-antimony(III) bromide complex of 

empirical formula [SbBr3(dmpe)] have been described.^ The first of these, 

[Sb2Br6(dmpe)2] (Figure 6.2), has the commonly observed dimeric edge-shared 

bioctahedral structure (the product from the reaction betweeen BiBrs and dmpe 

also afforded a crystalline compound displaying the edge-shared, bioctahedral 

geometry (Figure 6.3)), whereas the second, [Sb4Bri2(dinpe)4] (Figure 6.5), may 

be described as a centrosymmetric tetramer. 

Looking at the first structure, the major difference between this complex 

and the Bi(III) analogue is the asymmetry of the bromide bridges. For the 

antimony compound the relevant distances are Sb-Br(2) 2.8280(12) and Sb-

Br(2a) 3.5954(12) with A = 0.767 A whereas for the bismuth derivative the 

corresponding Bi-Br distances are 2.887 and 3.345 A (A = 0.458 A). Clearly, the 

bridge asymmetry is considerably smaller for bismuth than it is for antimony, 

consistent with secondary bonding interactions being more pronounced for 

bismuth. This feature is quite general in that, in isomorphous pairs of antimony 

and bismuth structures, bridge asymmetry is greatest for antimony and least for 
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bismuth; this feature is also encountered in the structures of the parent halides 

Sbl3 and 

Brill 

CI2I 

BrQol 

Figure 6.2 - A view of the molecular structure of [Sb2Br6(dmpe)2] taken 

from ref. 23 

Brill 

c m CI2I 

Br(2ol 
CI3I 

c"i 

Figure 6.3 - A view of the molecular structure of [Bi2Br6(dmpe)2] taken 

from ref. 23 
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The central part of the tetramer in the structure of [Sb4Bri2(dmpe)4] 

(Figure 6.5) is similar to the dimer unit present in [Sb2Br6(dmpe)2] in having the 

isomeric structure shown in Figure 6.4 with highly asymmetric Sb-Br-Sb bridges 

(Sb(l)-Br(2) 2.787(2), Sb(l)-Br(2a) 3.293(2), A = 0.706 A), the value being 

much closer to [Sb2Br6(dmpe)2] than to [Bi2Br6(dmpe)2] providing independent 

confirmation of the trend towards greater asymmetry for antimony. 

L X 
L". I I 

X L 

Figure 6.4 - The isomeric structure adopted by [Sb4Bri2(dmpe)4] and 

[Sb2Br6(dmpe)2] 

Br(5) 

Sbllo) 

8r(2ol 

Figure 6.5 - View of the structure of [Sb4Bri2(dmpe)4] taken from ref. 23 

For Group 16 donors, the crown ethers have been studied in great detail 

and all show a monomeric SbXg unit capped by the multidentate ligand. 

[SbCl3(15-crown-5)] was the first compound of this type to be isolated and 

characterised by X-ray crystallography.^^ 
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Figure 6.6 — Top and side view of the structure of [SbCl3(l S-crown-5)] taken 

from refl 27 

The structure shows that the compound has all five O atoms bonded to a 

pyramidal SbCls unit in a half sandwich structure (Figure 6.6). Other 

structurally characterised examples of antimony(III) complexes containing 

crown ethers include [SbCl3(12-crown-4)]^^ (Figure 6.7) and [SbCl3(18-crown-

6)].̂ ^ The complexes show closely similar basic structures. The SbCls units 

retain the pyramidal geometry of the parent halides,'^ a common phenomenon 
"57 OQ OA 

also observed for the analogous BiXs complexes of these macrocycles. ' ' 
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The crowns form puckered rings, so that the oxygen lone pairs are all directed 

towards the central atom. The Sb-O distances are exceptionally long, ca. 0.6 A 

longer than the Sb-Cl bonds, therefore, these interactions are clearly very weak. 

Figure 6.7 - View of the structure of [SbCl3(12-crown-4)] taken from refL 27 

The first structurally characterised antimony(III) bromide compound with 

a crownether, 15-crown-5 was reported about a decade ago.^' The antimony 

atom is surrounded by five oxygen atoms in a manner analogous to the chloride 

example shown in Figure 6.6. 

Recent reports have provided crystal structures for the compounds 

[(SbX3)(dibenzo-24-crown-8)] (X = CI or Br)/^ These structures differ slightly 

from the examples discussed previously. The dominant feature in the case of the 

chloride is that there are two SbCls moities which coordinate to opposite sides of 

the crown (Figure 6.8). Each metal centre binds to five crown oxygens of which 

two are in bridging positions. This type of conformation has previously been 

observed for [(BiCl3)2([24]aneSg)] where the ligand adopts a sigmoidal shape, 

similar to the one observed for the antimony(III) example, to coordinate the two 
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metal centres.̂ ^ The SbCk units in the a&rementioned example show little 

conformational variation to diose of the parent trichloride. In the bromide 

analogue, again the two metal centres reside on opposite sides of the ligand, but 

unlike the chloride example coordination is via four M-0 bonds and the ligand 

adopts a more planar conformation. 

Figure 6.8 - View of structure of [(SbCl3)2(dibenz»-24-crown-8)] taken from 

ref. 32 

Studies into thioether crown complexes of antimony(III) have also 

confirmed that the effect of the lone pair is to leave the geometry of the SbCls 

unit essentially unchanged following coordination of the macrocycle. The 

complexes [SbCl3([9]aneS3)], [SbCl3([I5]aneS5)], [(SbCkhai^janeSg)] and 

[Sbl3([9]aneS3)].̂ ''"^^ have been isolated and apart from the [ISJaneSs species. 

X-ray characterisation has been obtained for all of the complexes. In both of the 

trichloride complexes, the Sb atoms are weakly coordinated to the sulfur atoms 

with Sb-S distances in the range 2.968(2)-3.460(3) A. The Sb-Cl distances in 
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[SbClaCManeSs)] (2.374(3)-2.451(3)) and [(SbCl3)2([18]aneS6)] (2.381(3)-

2.471(2) A ) are similar to those of the pyramidal core unit in crystalline SbCls 

itself (2.340(2) and 2.368(1) A)/^ In [(SbCl3)2([18]aneS6)] the antimony centres 

are six coordinate with each of the three crown sulfur atoms trans to a chlorine 

atom in an irregular ^c-octahedral array. One of the trio of sulfur atoms is 

noticeably further away from the metal centre than the other two. A similar (2 + 

1) Sb-S bonding mode has been noted in [SbCl3(EtNHCSCSNHEt)i.5]^^ and 

[SbCl3(S2C5Hio)]̂ ^ (SzCgHio = 1,4-dithiacycloheptane) suggesting that this is a 

prefered geometry for antimony(III). 

Cl(2) (''(I) 

Figure 6.9 - View of the structure of [(SbCl3)2([18]aneS6)] taken from ref. 29 

In [SbCl3([9]aneS3)] the metal centres adopt a completely different 

stereochemistry and there is a chain structure. As a general comparison the Sb-S 

distances are quite similar to the Sb-0 distances in the analogous SbClg crown 

ether complexes (above) indicating a relative order of binding thiacrown > oxa-

crown. Sbl3 forms a 1:1 adduct with [9]aneS3. The crystal structure exhibits a 

discrete complex with a distorted octahedral coordination of antimony(III) and 

there is no significant stereochemical influence of the antimony(III) lone pair. 
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Once again the structure is another example of the common structural type 

observed for thia- and oxa-crown ethers of E(III) (E = Sb or Bi). 

0„1,^ J -

Figure 6.10 - View of the structure of [SbCl3([9]aueSa)] taken from ref. 29 

Figure 6.11 - View of the structure of [Sbl3([9]aneS3)] taken from ref. 35 
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As previously mentioned, like the bismuth(III) species, antimony(III) is 

regarded as a soft acid centre and is thus expected to preferentially coordinate 

ligands bearing soft donor atoms such as sulfiir and phosphorus over those 

containing, for example, nitrogen or oxygen donors. Studies of antimony(III) 

complexes of dithio-oxamide and dithiomalonamide ligands 

(RHNC(S)C(S)NHR and RHNC(S)CH2C(S)NHR, R = alkyl), where both N and 

S donor atoms are available to the antimony(III) atom, revealed this to be so/^'^^ 

In all cases, bidentate ligand attachment via the two sulfur donors was observed, 

with the nitrogen donors remaining uncoordinated. 

The aim of the work discussed in this chapter was to conduct an 

investigation into the reaction of antimony(III) halides with a range of tridentate 

and macrocyclic Group 16 ligands. The affects of changing halide are studied, 

and comparisons and differences are drawn with antimony(III) structures 

containing other Group 16 ligands and bismuth(III) halide compounds described 

in an earlier chapter. 
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6.2 RESULTS AND DISCUSSION 

6.2.1 Synthesis and Properties of Tridentate Group 16 Complexes of SbXa 

A range of complexes of stoichiometry [SbXg{MeC(CH2EMe)3}] (X == 

CI, Br or I; E = S, Se or Te) has been isolated from reaction of SbXs and 

MeC(CH2EMe)3 in MeCN. This array of complexes include the first SbXg-

telluroether compounds. Concentration of the resultant solutions produced 

solids, ranging from white for [SbCls {MeC(CH2SMe)3} ] through yellows for 

[SbX3{MeC(CH2SeMe)3}] (X = CI, Br or I) to orange for 

[SbX]{MeC(CH2TeMe)3}] (X = CI, Br or I), which were filtered, washed with 

anhydrous diethyl ether and dried in vacuo. Due to the moisture sensitivity of 

the antimony(III) halides, all reactions were carried out under an atmosphere of 

dry nitrogen using standard Schlenk techniques. All complexes were stored in a 

dinitrogen purged dry-box. Satisfactory microanalysis were recorded for all 

freshly prepared solids and IR spectra of the SbCls species show several features 

in the range 250-350 cm"' assigned to v(Sb-Cl) {c.f. 220-270 cm"' in the parent 

halide, SbCls). The poor solubility of the complexes in non-coordinating 

solvents such as CH2CI2 and CHCI3 meant that NMR spectroscopy did not 

provide any useful information. Their characterisation is thus restricted to 

analytical data, IR spectroscopy and single crystal X-ray diffraction studies. 

6.2.2 Single Crystal X-ray Diffraction Studies. 

As previously mentioned, prior to this study Group 16 complexes of 

antimony(ni) halides characterised structurally were restricted to crown ether 

and crown thioether complexes which generally feature pyramidal SbXa units 

capped by the macrocycle (Figures 6.6 - 6.11).̂ '"^^ The structures obtained for 

the three examples [SbCl3{MeC(CH2SMe)3}], [SbBr3{MeC(CH2SeMe)3}] and 

[Sbl3{MeC(CH2SMe)3}] exhibit a variety of different structural motifs for 

relatively small alterations in substituent architecture. The crystals discussed 

within this section were obtained by slow evaporation from a solution of the 

complex in MeCN. 
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Crystals obtained &om the reaction of SbClg with MeC(CH2SMe)3 show 

that the 5-coordinate species [SbClg {MeC(CH2SMe)3} ] is formed as an infinite 

one-dimensional "helical" structure derived from SbCls units each linked to the 

next SbClg unit by bridging MeC(CH2SMe)3 ligands. Coordination is via one S-

donor to each antimony(III), i.e. each metal centre coordinates to sulfur atoms 

from two different thioether ligands, which function as bidentates. The infinitely 

repeating motif (Figure 6.12) retains some of the characteristics of the parent 

halide with bond lengths indicative of primary Sb-Cl bonds and weak secondary 

Sb-S interactions. In fact the bond lengths of Sb-Cl (2.391(2) - 2.407(2) A ) are 

extremely similar to those observed in SbCls (average 2.359 A)" and previous 

antimony(III) complexes incorporating cyclic thioether ligands {c.f. 2.374(3) -

2.451(3) A for [SbCl3([9]aneS3)] and 2.381(3) - 2.471(2) A for 

[(SbCl3)2([18]aneS6)]).̂ '* The weak secondary Sb-S bond lengths seen here in 

[SbCl3{MeC(CH2SMe)3}] (Sb(l)-S(l) 3.172(2); Sb(l)-S(3) 3.106(2) A) are also 

show similarity to those observed in the previously characterised thiacrown 

complexes (c./ 3.32 A (average) for [(SbCl3)2([18]aneS6)] and 3.163 A (average) 

for [SbCi3([9]aneS3)]). '̂* The secondary interactions of sulfur to bismuth in 

BiCl] complexes involving thioether ligands have also been shown to be in the 

order of ca. 3.1 
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Table 6.1 - Crystallographic data collection and refinement parameters 

Complex 

Formula 

Formula Weight 

Colour, morphology 

Crystal Dimensions/mm 

Crystal System 

Space Group 

a / A 
6/A 
c / A 
0 / ° 

Y/° 

F/A^ 
z 
F(OOO) 

Dcaic/gcm'^ 

p,(Mo-K^)/ cm"̂  

Unique observed reflections 

Observed reflections 

with[7«>2(y(4)] 

No. of parameters 
Goodness of fit 

Rw'' 

[SbCl3{Me(CH2SMe)3}] 

CgHigClgSsSb 

438.52 
colourless, block 
0.32,0.28, 0.26 
orthorhombic 

P2i2,2i 

9.479(1) 
18.736(1) 
9.056(2) 
90 
90 
90 

1608.4(3) 
4 

864 

1.811 

25.72 

1669 

1495 

136 

1.63 

0.029 

0.033 

[Sbl3{Me(CH2SMe)3}] 

CgH ĝl̂ SgSb 

712.87 
yellow, rhomb 
0.30,0.30,0.25 

triclinic 

P-1 

11.198(7) 
12.017(8) 
7.584(3) 
93.98(5) 
98.28(5) 
114.44(5) 
910(1) 
2 

648 

2.602 

68.74 

3194 

2786 

136 

7.41 

0.081 

0.122 
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CI1 
012 

CI3 

Sb1 

S3 
S2 

Figure 6.12 - View of a portion of the structure of (SbCl3{MeC(CH2SMe)3}] 

with the numbering scheme adopted. 
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Table 6.2 - Selected bond lengths (A) for [SbCl3{MeC(CH2SMe)3}] 

Sb(l) Cl(l) 2.391(2) Sb(l) Cl(2) 2.407(2) 
Sb(l) Cl(3) 2.398(2) Sb(l) S(l) 3.172(2) 
Sb(l) S(3) 3.106(2) S(l) C(l) 1.804(9) 
S(l) C(2) 1.822(7) S(2) C(5) 1.829(8) 
S(2) C(6) 1.804(8) S(3) C(7) 1.813(7) 
S(3) C(8) 1.811(7) 

Table 6.3 - Selected bond angles (degrees) for [SbCl3{MeC(CH2SMe)3}] 

Cl(l) Sb(l) Cl(2) 95.51(8) Cl(l) Sb(l) Cl(3) 91.79(8) 
Cl(l) Sb(l) S(l) 81.35(6) Cl(l) Sb(l) S(3) 80.86(6) 
Cl(2) Sb(l) Cl(3) 88.79(8) Cl(2) Sb(l) S(l) 167.29(7) 
Cl(2) Sb(l) S(3) 77.23(7) Cl(3) Sb(l) S(l) 79.05(7) 
Cl(3) Sb(l) S(3) 163.41(7) S(l) Sb(l) S(3) 114.13(5) 
Sb(l) S(l) C(l) 107.5(3) Sb(l) S(l) C(2) 101.4(2) 
C(l) S(l) C(2) 100.5(4) Sb(l) S(3) C(8) 108.8(3) 
Sb(l) S(3) C(7) 99.8(3) 

0(1) 

Figure 6.13 - View of the [SbCl3{MeC(CH2SMe)3}] asymmetric unit with 

numbering scheme adopted. Ellipsoids are drawn at 40 % probability. 
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Crystals were also obtained for the 1:1 reaction of Sbis with the tripodal 

thioether ligand, MeC(CH2SMe)3, in MeCN. The structure determined for this 

example proves to illustrate the diversity of structural form possible with the 

simple change of the halogen from chlorine to iodine. Instead of the 5-

coordinate antimony(III) we observe a 6-coordinate species. In this species, the 

secondary bonds between the antimony atom and an iodine ligand from an 

adjacent Sbia unit form an edge-shared bioctahedron which serve to create an 

infinite one-dimensional array. Within this polymeric structure each antimony 

atom is in a distorted octahedral environment, coordinated to two sulfur donor 

atoms, two terminal iodine ligands and two fi^-bridging iodine atoms. The 

bridging unit is asymmetric, with bond lengths indicative of primary Sb-I bonds 

(2.861(2) A) and secondary Sb-I bonds (3.516(2) A)."*̂  Furthermore, the Sb-I 

bond distances for the terminal I atoms in [Sbl] {MeC(CH2SMe)3}] are 

considerably shorter than those of the p,^-bridging I atoms as was observed for 

the examples in previous studies involving SbXa and BiXg (X = CI or Br). The 

distances of the Sb-S interactions (Sb-S(l) 3.021(6) A , Sb-S(2*) 2.973(6) A ) are 

comparable to those previously found in literature (ca. 2.890(2) A ) for the Sblg 

thiacrown complex.̂ ^ The bond angles S(l)-Sb(l)-I(2) (174.0(1) °), I(3)-Sb(l)-

1(1*) (177.39(7) °) and I(l)-Sb(l)-I(l*) (85.05(6) °) indicate that the geometry 

about the antimony(III) atom is distorted from idealized octahedral. The 

asymmetric unit is shown in Figure 6.14 and a portion of the polymeric network 

is shown in Figure 6.15. 
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C(8) 

Sb(l*) 

Sb(l*) 

Figure 6.14 - View of the [Sbl3{MeC(CH2SMe)3}] asymmetric unit with 

numbering scheme adopted. Ellipsoids are drawn at 40 % probability. 

Neighbouring atoms are included marked with an asterisk (*) (related by a 

crystallographic inversion centre). 

238 



S(3 
ST2) 

S(l). 1(3) 

1(1) 

1(2) 

Figure 6.15 - View of a portion of the structure of [Sbia {MeC(CH2SMe)3}] 

with numbering scheme adopted. 
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Table 6.4 - Selected bond lengths (A) for [Sbia {MeC(CH2SMe)3} ] 

1(1) Sb(l) 2.861(2) 1(1) Sb(l*) 3.516(2) 
1(2) Sb(l) 2.847(2) 1(3) Sb(l) 2.771(2) 
Sb(l) S(l) 3.021(6) Sb(l) S(2*) 2.973(6) 
S(l) C(l) 1.77(3) S(l) C(2) 1.83(2) 
S(2) C(5) 1.84(2) S(2) C(6) 1.83(3) 
S(3) C(7) 1.82(3) S(3) C(8) 1.80(3) 
C(2) C(3) 1.52(3) C(3) C(4) 1.54(3) 
C(3) C(5) 1.51(3) C(3) C(7) 1.55(4) 

Table 6.5 - Selected bond angles (degrees) for [Sbl3{MeC(CH2SMe)3}] 

Sb(l) 1(1) Sb(l*) 94.95(6) 1(1) Sb(l) 1(1*) 85.05(6) 
1(1) Sb(l) 1(2) 95.16(7) 1(1) Sb(l) 1(3) 92.35(7) 
1(1) Sb(l) S(l) 90.6(1) 1(1) Sb(l) S(2*) 175.0(1) 
1(1*) Sb(l) 1(2) 85.61(6) 1(1*) Sb(l) 1(3) 177.39(7) 
1(1*) Sb(l) S(l) 96.5(1) 1(1*) Sb(l) S(2*) 97.8(1) 
1(2) Sb(l) 1(3) 94.65(7) 1(2) Sb(l) S(l) 174.0(1) 
1(2) Sb(l) S(2*) 89.1(1) 1(3) Sb(l) S(l) 83.5(1) 
1(3) Sb(l) S(2*) 84.8(1) S(l) Sb(l) S(2*) 85.0(2) 
Sb(l) S(l) C(l) 100(1) Sb(l) S(l) C(2) 107.9(8) 
C(l) S(l) C(2) 101(1) Sb(l) S(2) C(5) 105.8(8) 
Sb(l*) S(2) C(6) 100.1(9) 
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A similarity between this structure and that of the analogous chloride complex is 

the preference of the ligand to bridge instead of chelating. This bonding mode 

has also been observed during subsequent work within the Southampton research 

group on dithio- and diseleno-ether complexes of antimony (III) halides/^ The 

specific example in question is the structure of [SbCl]{MeSe(CH2)3SeMe}] in 

which the similarities include the edge-shared bioctahedral SbXs unit and two 

bridging ligands, with equivalent sized carbon back bone, linking neighbouring 

antimony(III) atoms. The linkage differs in the case of the tripodal thioether 

complex by the non-bonding third arm of the ligand. 

Figure 6.16 - View of the extended structure of [SbCl3{MeSe(CH2)3SeMe}] 

taken fronm ref. 43 
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Prior to the work discussed in this chapter there were no structurally 

characterised examples of antimony(III) selenoether compounds. The following 

example of an antimony(III) bromide complex serves as the first involving such 

ligands. Crystals suitable for X-ray diffraction studies were grown by the slow 

evaporation of solvent from a solution the reaction mixture of SbBrs with 

MeC(CH2SeMe)3 in MeCN. The crystals show antimony(III) atoms which are 

6-coordinate and can be considered as distorted octahedral environments. The 

motif is infinitely repeated, giving rise to a one-dimensional coordination 

polymer (Figure 6.18). The coordination set comprises three terminal Br and a 

^c-coordinated trio of Se-donors; from one bidentate selenoether and one 

monodentate selenoether. The bond lengths of the halide to the central 

antimony(III) atom (Sb-Br in this case) are once again indicative of primary 

interactions (Sb-Br(l), Sb-Br(2) and Sb-Br(3), 2.625(4), 2.574(4) and 2.580(3) A 

respectively) which are in keeping with the bond lengths incorporated in the 

parent antimony(III) halide (average Sb-Br 2.49 A).̂ ^ They also bear a close 

resemblance to the Sb-Br bond lengths in the only other antimony(III) bromide 

complexes to involve Group 16 ligands reported in literature, [SbBr3(15-crown-

5)] (Figure 6.17) and [(SbBr3)2(dibenzo-24-crown-8)].^''^^ The Sb-Br bond 

lengths in these particular complexes range from 2.5230(15) - 2.587(2) A . 

After verifying the retention of the structural identity of the parent SbBrs 

and considering the bonding modes of the oxo-crown and thi-cown macrocycles, 

the fripodal selenoether might have been expected to cap the SbXs unit in a fac 

coordination. It is true to say that a trio of selenium donors do adopt this 

arrangement. However, as previously noted the donors are from two separate 

ligands (Figure 6.17). 
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CI7I 

Brl3) Iff . 

Figure 6.17 - View of the structure of [SbBr3(15-crown-5)] taken from ref. 

31 

Single crystal X-ray diffraction studies have been previously carried out 

on two bismuth(III) complexes incorporating this selenoether ligand, 

[BiCl3{MeC(CH2SeMe)3] and [Bi2l6{MeC(CH2SeMe)3}2].̂  Discussions are 

included in Chapter 5. However, I would like to draw comparisons between the 

structure of [SbBrs {MeC(CH2SeMe)3} ] and the two-dimensional array observed 

for [BiCl3{MeC(CH2SeMe)3}] (Figure 6.18). 

Figure 6.18 - View of the structure of [BiCIa {MeC(CH2SeMe)3}] taken from 

ref. 4 
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Each bismuth(III) atom is coordinated to a donor set which includes one 

bidentate and one monodentate selenoether ligand which bond in a manner 

similar to the one observed in [SbBrs{MeC(CH2SeMe)3}] i.e, the ligand links 

one metal centre to its neighbour. However, investigations have shown that, 

after consideration of atom radii of Sb and Br, there is no bridging from one 

antimony(III) to another via two bridging halides as seen for the bismuth(III) 

complex which results in the polymeric array extending in one dimension as 

opposed to two-dimensions. The asymmetric unit is shown in Figure 6.19 and a 

portion of the one-dimensional network is shown in Figure 6.20. 

Q C(6) 

C(5) 

Bi(l) 

Br(2) 

Figure 6.19 - View of the [SbBr3{MeC(CH2SeMe)3}] asymmetric unit with 

numbering scheme adopted. Ellipsoids are drawn at 40 % probability. 
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Table 6.6 - Crystallographic data collection and refinement parameters for 

[SbBr3{MeC(CH2SeMe)3}] 

Formula 

Formula Weight 
Colour, morphology 
Crystal Dimensions/mm 
Crystal System 
Space Group 
a / A 
6/A 
c / A 
a / ° 

y/° 

F/A^ 
z 
F(OOO) 

Dcai/gcm'^ 

H(Mo-K(J/ cm"̂  

Unique observed reflections 

Observed reflections 

with[/,>2cr(7J] 

No. of parameters 

Goodness of fit 

R" 

Rw^ 

CgHigBraSbSes 

712.57 
yellow, rhomoid 
0.20,0.12, 0.12 
monoclinic 
Cc 
11.9999(3) 
15.2832(4) 
9.9029(3) 
90 
104.4770(12) 
90 

1758.49(8) 
4 
1296 

2.691 

145.9 

2095 

1281 

134 
1.51 

0.063 

0.068 
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Br(2) 

Figure 6.20 - View of a portion of the structure of 

[SbBr3{MeC(CH2SeMe)3}] with the numbering scheme adopted. 
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Table 6.7 - Selected bond lengths (A) for [SbBr3{MeC(CH2SeMe)3}] 

Sb(i) Br(l) 2.625(4) SKI) Br(2) 2.574(4) 
Sb(l) Br(3) 2.580(3) Sb(l) Se(l) 3.162(3) 
Sb(l) Se(2) 3.188(4) Sb(l) Se(3) 3.195(4) 
Se(l) C(3) 1.93(3) Se(l) C(4) 1.92(3) 
Se(2) C(5) 2.03(3) Se(2) C(6) 1.93(4) 
Se(3) C(7) 1.97(3) Se(3) C(8) 1.91(3) 

Table 6.8 - Selected bond angles (degrees) for [SbBr3{MeC(CH2SeMe)3}] 

Br(l) Sb(l) Br(2) 98.47(12) Br(l) Sb(l) Br(3) 90.94(11) 
Br(l) Sb(l) Se(l) 168.70(12) Br(l) Sb(l) Se(2) 91.30(11) 
Br(l) Sb(l) Se(3) 85.78(10) Br(2) Sb(l) Br(3) 91.20(12) 
Br(2) Sb(l) Se(l) 90.57(11) Br(2) Sb(l) Se(2) 166.70(12) 
Br(2) Sb(l) Se(3) 77.88(11) Br(3) Sb(l) Se(l) 82.06(9) 
Br(3) Sb(l) Se(2) 79.57(10) Br(3) Sb(l) Se(3) 167.98(10) 
Se(l) Sb(l) Se(2) 78.76(9) Se(l) Sb(l) Se(3) 102.83(9) 
Se(2) Sb(I) Se(3) 112.03(9) Sb(l) Se(l) C(3) 98.0(7) 
Sb(l) Se(l) C(4) 101.6(8) C(3) Se(l) C(4) 96.8(13) 
Sb(l) Se(2) C(5) 97.7(9) Sb(l) Se(2) C(6) 104.4(13) 
C(5) Se(2) C(6) 97.1(18) Sb(l) Se(3) C(7) 108.5(8) 
Sb(l) Se(3) C(8) 97.2(13) C(7) Se(3) C(8) 97.3(14) 
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6.2.3 Synthesis and Structures of MacrocycUc Selenoether Complexes of 

SbXs 

Reaction of SbXs (X - CI, Br or I) with one molar equivalent of 

[8]aneSe2 in anhydrous MeCN solution yields yellow, orange or red 

microcrystalline powders with stoichiometry [SbX3([8]aneSe2)]. Similarly, 

reaction of SbXg with one molar equivalent of [16]aneSe4 or [24]aneSe6 in 

anhydrous MeCN yields white (SbCls complexes), yellow (SbBrg complexes) or 

red and orange (Sbis complexes). Once again, due to the poor solubility of the 

products, NMR spectroscopic data were not obtained. The characterisation was 

restricted to analytical data, IR spectroscopy and single crystal X-ray diffraction 

studies. The microanalysis results indicate that the complexes formed from the 

reaction of [16]aneSe4 with SbXs have the stoichiometry [(SbX3)2([16]aneSe4)]. 

Similarly, isolated products from reactions involving [24]aneSe6 have the 

stoichiometry [SbX3([24]aneSe6)]. 

6.2.4 Single Crystal X-ray Diffraction Studies of [(SbBr3)2([16]aneSe4)] 

A crystal structure determination was undertaken on 

[(SbBr3)2([16]aneSe4)] in order to determine the structural arrangement present 

and to provide a comparison with the structure adopted by this macrocycle with 

BiBr3. Crystals of [(SbBr3)2([16]aneSe4)] were obtained by slow evaporation 

from a solution of the complex in MeCN. The structure shows an infinite two-

dimensional structure derived from [16]aneSe4units linked to four neighbouring 

macrocycles by SbBrs units. Hence, the 5-coordinate antimony(III) centre is 

bonded to one selenium donor from two separate macrocycles. All four 

selenium atoms within each [16]aneSe4 are involved in bonding. Once again we 

observe a structure with the three Sb-X bond lengths showing close similarity to 

those found in the parent halide and those of previously reported examples. 

Hence, Sb-Br(l), Sb-Br(2) and Sb-Br(3) have bond lengths 2.687(1), 2.537(1) 

and 2.601(1) A respectively (c.f. SbBrs (average 2.49 A ) and 

[SbBr3{MeC(CH2SeMe)3}] (ca. 2.625 A))."*̂  
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Table 6.9 - Crystallographic data collection and reGnement parameters 

Complex 

Formula 

Formula Weight 
Colour, morphology 
Crystal Dimensions/mm 
Crystal System 
Space Group 

a / A 
6/A 
c / A 
a / ° 

r/° 

P"/A^ 
z 
F(OOO) 

Dcaic/gcm'^ 

H(Mo-KJ/ cm' 

Unique observed reflections 

Observed reflections 

with [/o> 2(7(4)] 

No. of parameters 

Goodness of fit 

R" 

Rw'' 

[(SbBr3)2([16]aneSe4)] 

CgHizSezBraSb 

603.54 
yellow, rhomb. 
0.36,0.20,0.18 
monoclinic 

P2i/n 
10.276(2) 
13.540(3) 
10.755(2) 
90 
113.71(1) 
90 

1370.1(4) 
4 

1088 

2.926 

160.58 

2536 

1724 

109 
1.61 

0.035 

0.039 
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C(6)^ 

Sb(l*) 

Se(2*) 

Se(l*) 

Br(l) 

Figure 6.21 - View of the [(SbBr3)2([16]aneSe4)] asymmetric unit, including 

nearest symmetry related neighbours, with numbering scheme adopted. 

Ellipsoids are drawn at 40 % probability 
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Figure 6.22 - View of a portion of the infinite 2-dimensional structure 

adopted by [(SbBr3)2([16]aneSe4)]. Ellipsoids are drawn at the 40 % 

probability level 
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Table 6.10 - Selected bond lengths (A) (or [(SbBr3)2([16]aneSe4)] 

Sb(l) Br(l) 2.687(1) Sb(l) Br(2) 2.537(1) 
Sb(i) Br(3) 2.601(1) Sb(l) Se(l) 2.989(1) 
Sb(l) Se(2*) 3.193(1) Se(l) C(l) 1.97(1) 
Se(l) C(6*) 1.95(1) Se(2) C(3) 1.95(1) 
Se(2) C(4) 1.97(1) C(l) C(2) 1.53(1) 
C(2) C(3) 1.51(2) C(4) C(5) 1.52(2) 
C(5) C(6) 1.50(2) 

Table 6.11 - Selected bond angles (degrees) for [(SbBr3)2([16]aneSe4)] 

Br(l) Sb(l) Br(2) 90.67(4) Br(l) Sb(l) Br(3) 92.43(4) 
Br(l) Sb(l) Se(l) 171.51(4) Br(l) Sb(l) Se(2*) 93.94(4) 
Br(2) Sb(l) Br(3) 93.67(4) Br(2) Sb(l) Se(l) 81.31(4) 
Br(2) Sb(l) Se(2*) 84.02(40 Br(3) Sb(l) Se(l) 90.83(4) 
Br(3) Sb(l) Se(2*) 173.24(5) Se(l) Sb(l) Se(2*) 82.55(3) 
Sb(l) Se(l) C(l) 97.6(3) Sb(l) Se(l) C(6) 104.3(4) 
C(l) Se(l) C(6) 99.4(5) Sb(l*) Se(2) C(3) 99.2(3) 
Sb(l*) Se(2) C(4) 97.2(3) 

It is noteworthy that while this complex is the first macrocyclic 

selenoether complex involving antimony, there is also a structurally 

characterised bismuth species which involves exocyclic [16]aneSe4, i.e. 

[BiBr3([16]aneSe4)] discussed in Chapter 5. In this case the macrocycles are 

bonded (and therefore bridge) via mutually trans selenium donors to Bi centres 

(Figure 6.22). Therefore, for [16]aneSe4 we have observed structures for both 

bismuth(III) and antimony(III) that differ in various structural ways but share the 

preference to adopt the rare exocyclic conformation. The only other species 

[Cun([16]ane)n]"^ was reported by Pinto and co-workers.^ Another point of 

comparison is that the Sb-Se interactions in [(SbBr3)2([16]aneSe4)] are shorter 

than those in [SbCls {MeSe(CH2)3SeMe}(Figure 6.16) although this may be 

due to the lower coordination number at Sb in the former. A main feature of this 

new compound is the occurrence of weak, secondary Sb-Se interactions on the 
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opposite face to the three halides which leads to the Se atoms occupying 

mutually cis coordination sites. 

Figure 6.23 — View of the structure of the 1-dimensional ladder adopted by 

[BiBr3([16]aneSe4)] fronm Chapter 5 (for comparison) 

Subsequent work in Southampton has generated a structure formed from 

the reaction of SbBrs with the thioether macrocycle [14]aneS4.'̂ ^ The structure 

observed for [(SbBr3)2([14]aneS4)] also involves the macrocycles adopting an 

exocyclic conformation in their bonding to antimony(III) (Figure 6.24). The 

diagram shows SbiBrg units linked to S-donor atoms from four independent 

macrocycles. 
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Figure 6.24 - View of the structure of [(SbBr3)2([14]aneS4)] showing the 

thiacrown adopting eiocycUc conformation taken from ref. 45 

A noteworthy point after viewing the first set of structurally characterised 

acyclic Group 16 ligand complexes and the first macrocylcic selenoether 

complex is that all the motifs repeat infinitely along one or two dimensions, with 

no dimers or capped species observed, as previously witnessed for Group 16 

complexes of antimony(IIl). As briefly mentioned further work is being carried 

out in this area investigating the structures obtained for Group 16 ligands of 

different denticities to the ones discussed in this chapter. 
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6 3 CONCLUSIONS 

This work represents the first investigation of antimony(III) halide 

complexes of acyclic Group 16 donor ligands including sulfur, selenium and 

tellurium and macrocyclic selenoethers 

By the very nature of these antimony(III) species, their characterisation is 

restricted to analytical data, IR spectroscopy and single crystal X-ray diffraction 

studies. While the stoichiometry of the products is not in question, the structural 

motifs described here represent those species which yielded suitable quality 

crystals. Other motifs may be obtainable under different conditions. At present 

we can only discuss those structures which we have identified, but there is 

clearly the caveat that the discussion may need modification in light of further 

results. The large variety of structural motifs for these Group 16 ligand 

complexes means that it is not possible to formulate any structures on the basis 

of the analytical data or IR spectroscopy. The X-ray crystal structures obtained 

for these species have shown unexpected structural motifs in stark contrast to 

previous examples involving acyclic or macrocylic ligand 

c o m p l e x e s . ^ F o r the thioether ligand, MeC(CH2SMe)3, infinite one-

dimensional arrays where observed for the complexes with SbCls and Sbls. 

Antimony (III) was 5-coordinate in the chloride species with each SbCls unit 

linked to the next by a n^-bridging ligand, whereas in [Sbl3{MeC(CH2SMe)3}] 

we observe a Sbale bioctahedral unit with each antimony(III) having a donor set 

of two terminal I, two bridging I and two monodentate S-donors. The Sb2X6 

units have been identified in other antimony(III) halide c o m p l e x e s . T h e 

complex formed between SbBra and MeC(CH2SeMe)3 has also been found to 

form a one-dimensional structural array with the antimony(III) centre 6-

coordinate. However, there is no Sb2X6 unit and unlike 

[SbCls {MeC(CH2SMe)3} ] each antimony(III) has a donor set which includes one 

monodentate and one bidentate selenoether. 

The structure adopted by the [16]aneSe4 complex of SbB% is a two-

dimensional array which displays the macrocycle in an exocyclic conformation 
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bonding to four independent SbBrg units via the four Se donors within the ring. 

This is in stark contrast to the structures determined for antimony(III) halogeno 

complexes involving crown ethers and crown thioethers (apart from 

[(SbBr3)2([14]aneS4]) which reflect the dominance of the pyramidal SbXs unit 

with weak Sb-0 or Sb-S interactions replacing the secondary Sb-X interactions 

in the parent halides generally leading to capping of the antimony(III) in a half-

sandwich fashion. 
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6.4 EXPERIMENTAL 

6.4.1 Ligand and Complex Synthesis 

The antimony(III) chloride, bromide and iodide were purchased from 

Aldrich chemicals. Solvents were dried and distilled prior to use. The ligands 

MeC(CH2EMe)3 (E = S, Se or Te), [SjaneSei, [16]aiieSe4 and [24]aneSe6 were 

all produced by literature methods.'*^^ 

a). Synthesis of [SbCl3{MeC(CH2SMe)3}] 

An ice cold solution of the compound SbCls (0.2 g, 0.88 mmol) in MeCN (10 

cm^) was treated, dropwise, with MeC(CH2SMe)3 (0.18 g, 0.88 mmol) under an 

inert atmosphere of Ni. The solvent was slowly removed in vacuo to give a 

white microcrystalline solid (yield 0.23 g, 60 %). Required for [CsHigClaSsSb]: 

C - 22.2, H - 4.2 %; found: C = 22.0, H - 4.3 %. IR spectrum (Nujol mull, Csl 

plates): 327,290 cm'\ 

b). Synthesis of [SbBr3{MeC(CH2SMe)3}] 

Method as for [SbClg{MeC(CH2SMe)3}] but using SbBra (0.2 g, 0.55 mmol) and 

MeC(CH2SMe)3 (0.12 g, 0.55 mmol) to give a pale yellow solid (yield 0.13 g, 40 

%). Required for [CgHigBraSsSb]: C = 16.8, H = 3.5 %; found: C = 16.5, H = 

3.0 %. 

c). Synthesis of [Sbl3{MeC(CH2SMe)3}] 

Method as for [SbClg {MeC(CH2SMe)3}] but using Sbl] (0.2 g, 0.40 mmol) and 

MeC(CH2SMe)3 (0.1 g, 0.40 mmol) to give a yellow/orange solid (yield 0.15 g, 

52 %). Required for [CgHiglsSsSb]: C = 13.5, H = 2.5 %; found: C = 13.2, H = 

2.6 %. 

d). Synthesis of [SbCl3{MeC(CH2SeMe)3}] 

Method as for [SbCl3{MeC(CH2SMe)3}] but using SbClg (0.2 g, 0.88 mmol) and 

MeC(CH2SeMe)3 (0.31 g, 0.88 mmol) to give a cream solid (yield 0.31 g, 60 %). 
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Required for [CgHigClsSbSes]: C - 16.6, H = 3.1 %; found: C = 16.8, H = 2.9 %. 

IR spectrum (Nujol mull, Csl plates): 290, 252 cm"'. 

e). Synthesis of [SbBr3{MeC(CH2SeMe)3}] 

Method as for [SbCl3{MeC(CH2SMe)3}] but using SbBrg (0.2 g, 0.55 mmol) and 

MeC(CH2SeMe)3 (0.19 g, 0.55 mmol) to give a yellow solid (yield 0.19 g, 49 

%). Required for [CgHigBrsSbSea]: C = 13.5, H = 2.5 %; found: C = 13.0, H = 

2.3 %. 

f). Synthesis of [Sblg {MeC(CH2SeMe)3} ] 

Method as for [SbCls{MeC(CH2SMe)3}] but using Sbis (0.2 g, 0.40 mmol) and 

MeC(CH2SeMe)3 (0.14 g, 0.40 mmol) to give an orange solid (yield 0.20 g, 59 

%). Required for [CgHiglaSbSea]: C = 11.3, H = 2.1 %; found: C = 10.8, H = 1.8 

%. 

g). Synthesis of [SbCl3{MeC(CH2TeMe)3}] 

Method as for [SbCl3{MeC(CH2SMe)3}] but using SbClg (0.2 g, 0.88 mmol) and 

MeC(CH2TeMe)3 (0.44 g, 0.88 mmol) to give an orange/brown solid (yield 0.35 

g, 55 %). Required for [CgHigClsSbTe;]: C = 13.2, H - 2.5 %; Aiund: C = 12.5, 

H = 2.0 %. IR spectrum (Nujol mull, Csl plates): 302, 280 cm'\ 

h). Synthesis of [SbBr3{MeC(CH2TeMe)3}] 

Method as for [SbClg{MeC(CH2SMe)3}] but using SbBr3 (0.2 g, 0.55 mmol) and 

MeC(CH2TeMe)3 (0.27 g, 0.55 mmol) to give a yellow solid (yield 0.25 g, 53 

%). Required for [CgHigBrsSbTes]: C = 11.2, H = 2.1 %; found: C = 10.6, H = 

2.0 %. 

i). Synthesis of [Sbl3{MeC(CH2TeMe)3}] 

Method as for [SbCls {MeC(CH2SMe)3}] but using Sbl3 (0.2 g, 0.40 mmol) and 

MeC(CH2TeMe)3 (0.2 g, 0.40 mmol) to give an orange/brown solid (yield 0.24 
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g, 61 %). Required for [CgHiglsSbTea]; C = 9.6, H = 1.8 %; found: C = 8.3, H = 

1.0 %. 

j). Synthesis of [SbCl3([8]aneSe2)] 

Method as for [SbCl3{MeC(CH2SMe)3}] but using SbCls (0.2 g, 0.88 mmol) and 

[SJaneSea (0.21 g, 0.88 mmol) to give a yellow solid (yield 0.29 g, 70 %). 

Required for [CgHiaClsSbSea]: C = 15.3, H = 2.6 %; found: C - 15.0, H = 2.2 %. 

IR spectrum (Nujol mull, Csl plates): 349, 280 cm''. 

k). Synthesis of [SbBr3([8]aneSe2)] 

Method as for [SbCls{MeC(CH2SMe)3}] but using SbBrs (0.2 g, 0.55 mmol) and 

[SjaneSei (0.13 g, 0.55 mmol) to give an orange-red solid (yield 0.21 g, 63 %). 

Required for [CeHuBraSbSea]: C = 11.9, H = 2.0 %; found: C = 11.6, H = 2.2 %. 

I). Synthesis of [Sbl3([8]aneSe2)] 

Method as for [SbCls{MeC(CH2SMe)3}] but using Sbl] (0.2 g, 0.40 mmol) and 

[8]aneSe2 (0.1 g, 0.40 mmol) to give a red solid (yield 0.20 g, 66 %). Required 

for [CoHizIsSbSea]: C = 9.7, H = 1.6 %; kund: C = 9.4, H = 1.6 %. 

m). Synthesis of [(SbCl3)2([16]aneSe4)] 

Method as for [SbCls {MeC(CH2SMe)3}] but using SbCls (0.2 g, 0.88 mmol) and 

[16]aneSe4 (0.43 g, 0.88 mmol) to give a white solid (yield 0.22 g, 35 %) (based 

on isolation of 2:1 ratio of SbCl3:ligand after initial mixture of 1:1). Required 

for [C,2H24Cl6Sb2Se4]: C = 15.3, H = 2.6 %; found: C = 15.6, H = 3.0 %. IR 

spectrum (Nujol mull, Csl plates): 304, 291 cm"'. 

n). Synthesis of [(SbBr3)2([16]aneSe4)] 

Method as for [SbCls {MeC(CH2SMe)3}] but using SbBrs (0.2 g, 0.55 mmol) and 

[16]aneSe4 (0.27 g, 0.55 mmol) to give a bright yellow solid (yield 0.20 g, 30 

%). Required for [Ci2H24Br6Sb2Se4]: C = 11.9, H = 2.0 %; found: C = 11.7, H = 

2.1 %. 
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o). Synthesis of [(Sbl3)2([16]aneSe4)] 

Method as for [SbCl]{MeC(CH2SMe)3}] but using Sblg (0.2 g, 0.40 mmol) and 

[16]aneSe4 (0.2 g, 0.40 mmol) to give an orange solid (yield 0.14 g, 23 %). 

Required for [Ci2H24l6Sb2Se4]: C = 9.7, H = 1.6 %; found: C = 9.3, H = 1.5 %. 

p). Synthesis of [SbCl3([24]aneSe6)] 

Method as for [SbCls{MeC(CH2SMe)3}] but using SbCls (0.2 g, 0.88 mmol) and 

[24]aneSe6 (0.64 g, 0.88 mmol) to give a white solid (yield 0.49 g, 58 %). 

Required for [CigH32Cl3SbSe6]: C = 22.6, H = 3.4 %; found: C = 22.4, H = 3.4 

%. IR spectrum (Nujol mull, Csl plates): 353, 336 cm"'. 

q). Synthesis of [SbBr3([24]aneSe6)] 

Method as for [SbCl3{MeC(CH2SMe)3}] but using SbBrg (0.2 g, 0.55 mmol) and 

[24]aneSe6 (0.4 g, 0.55 mmol) to give a bright yellow solid (yield 0.24 g, 40 %). 

Required for [CigH32Br3SbSe6]: C = 19.9, H = 3.0 %; fbund: C = 19.5, H - 2.9 

%. 

r). Synthesis of [Sbl3([24] aneSe^)] 

Method as for [SbClg {MeC(CH2SMe)3}] but using Sbis (0.2 g, 0.40 mmol) and 

[24]aneSe6 (0.3 g, 0.40 mmol) to give an orange solid (yield 0.27 g, 54 %). 

Required for [CigHssIgSbSeg]: C = 17.6, H = 2.6 %; fbund: C = 17.5, H = 2.5 %. 

6.4.2 X-ray Crystallography 

[SbCl3{MeC(CH2SMe)3}] and [Sbl3{MeC(CH2SMe)3}] 

Details of the crystallographic data collection and refinement parameters are 

given in Table 6.1. The crystals were grown by slow evaporation from a 

solution of each complex in MeCN. The selected crystals were coated with 

mineral oil and placed in a stream of N2 gas at 150 K. Data collection used a 

Rigaku AFC7S four-circle diffractometer and graphite-monochromated Mo-Ka 

X-radiation (k = 0.71073 A). The structure of [SbCl3{MeC(CH2SMe)3}] was 
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solved by direct methods^® whereas the structure of [Sbl] {MeC(CH2SMe)3}] was 

solved by heavy-atom Patterson methods/' In both cases the structure was 

developed by iterative cycles of full-matrix least-squares refinement and Fourier 

difference syntheses/^ All fully occupied non-H atoms were refined 

anisotropically. 

[SbBr3{MeC(CH2SeMe)3}] and [(SbBr3)2([16]aneSe4)] 

Details of the crystallographic data collection and refinement parameters are 

given in Table 5.4. Crystals of [SbBrs {MeC(CH2SeMe)3} ] and 

[(SbBr3)2([16]aneSe4)] were obtained by slow evaporation from solutions of the 

appropriate complexes in MeCN. For [(SbBr3)2([16]aneSe4)] data collection 

used a Rigaku AFC7S four-circle diffractometer but for 

[SbBr3 {MeC(CH2SeMe)3} ] an Enraf-Nonius Kappa-CCD diffractometer was 

used and graphite-monochromated Mo-Ka X-radiation (1 = 0.71073 A) at 150 

K. No significant crystal decay or movement was observed. The AFC7S data 

were corrected for absorption using \|/-scans. However, for 

[(SbBr3)2([16]aneSe4)] y-scans did not provide a satisfactory correction and with 

the model at isotropic convergence the data were corrected for absorption using 

DIFABS.^^ The structures were solved by heavy atom methods^' and developed 

by iterative cycles of full-matrix least-squares refinement and Fourier difference 

syntheses.^^ All fully occupied non-H atoms were refined anisotropically. 
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APPENDK 

All procedures involving air sensitive materials were performed under an 

inert atmosphere of N2 or argon using standard Schlenk techniques. All solvents 

were degassed prior to use by bubbling N2 through them. 

Infra-red spectra were measured as Csl discs, Nujol mulls or solutions in 

CH2CI2 using a Perkin-Elmer 1600 FTIR spectrometer. 

Mass spectra were obtained by fast atom bombardment (FAB) using 3-

NOBA (3-nitrobenzyl alcohol) as a matrix on a VG Analytical 70-250-SE 

Normal Geometry Double Focusing Mass Spectrometer, or by positive ion 

electrospray mass spectrometry in MeCN solutions (0.1 pm) on a Hewlett 

Packard Series 1050 mass spectrometer. 

Multinuclear NMR were recorded on a Bruker AM 360 spectrometer as 

solutions containing 5 % of the deuterated solvent as lock in 10mm outside 

diameter tubes. '^C{'H} NMR spectra were recorded at 90.4 MHz and 

referenced to Me^Si; NMR spectra were recorded at 145.8 MHz and 

referenced to 85 % H3PO4; ''Se{'H} NMR spectra were recorded at 68.68 MHz 

and referenced to Me2Se; ^^Mo spectra were recorded at 23.48 MHz and 

referenced to aq. Na2Mo04; '^^Te{'H} NMR spectra were recorded at 113.58 

MHz and referenced to Me2Te. 'H and '^C{'H} (ligands) were recorded on a 

Bruker AM 300 spectrometer operating at 300.13 MHz and 75.47 MHz 

respectively in 5mm tubes and referenced to Me4Si. 

Microanalyses were performed at Strathclyde University (Glasgow) or by 

Prof W. Levason at Southampton University. 
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