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Complexes of MX3 (M = As, Sb or Bi; X = CI, Br or I) with the phosphine and arsine 
ligands o-C6H4(ER2)2, EMeg and MeC(CH2AsMe2)3 (E = P or As, R = Me or Ph) were 
synthesised and characterised by ^H- and ^'P{^H}-NMR and IR spectroscopy, microanalysis and 
X-ray crystallography. Most of the structurally characterized [MX3 {o-C6H4(ER2)2} ] complexes 
adopt a p^-halide bridged M2X6 dimer structure, with the bridge comprised of primary and 
secondary M-X bonds and the ligand bound cis. The [AsCl3(PMe3)] complex forms a weakly 
associated chain polymer in the solid state, comprised of planar AS2CI6 dimer units with axial, 
mutually anti PMes ligands. 

Complexes of SbXs (X = CI, Br or I) with the chalcogenoethers MeE(CH2)nEMe (E = S 
or Se, n = 2 or 3) were prepared and characterised by 'H-NMR, IR and microanalysis. X-ray 
diffraction studies upon a number of examples revealed a diverse array of extended structures. 
The [SbX3{MeS(CH2)nSMe}] (X = CI, n = 2; X = Br, n = 3) adducts exist as three-dimensional 
networks and display an unusual mixed bridging/terminal thioether bonding mode. The 
[SbCU {MeSe(CH2)3SeMe] complex adopts a one-dimensional chain comprised of Sb2Cl6 dimers 
linked by bridging MeSe(CH2)3SeMe ligands. Complexes of SbXg with the thiacrowns [N]aneS4 
(X = CI, Br; N = 12, 14 or 16) were characterised as above. All were of 1:1 stoichiometry except 
for the structurally characterised [(SbBr3)2([14]aneS4}] species which displayed a two-
dimensional sheet structure comprised of Sb2Br6 units linked by the macrocycle. 

Complexes of AsXs (X = CI, Br or I) with MeE(CH2)nEMe (E = S or Se, n = 2 or 3, 
[9]aneS3, [14]aneS4 (X = CI only), [8]aneSe2 (X = CI, Br), [16]aneSe4 (X = CI, Br) and 
[24]aneSe6 (X = CI, Br) were synthesised and characterised as above. [ASX3 {MeS(CH2)2SMe}] 
(X = Br, I) exist as discrete dimeric molecules similar to the [MX3 {o-C6H4(ER2)2} ] complexes, 
while [AsCl3([9]aneS3)] consists of an AsCl] unit face-capped by the ligand. The 
[AsCl3([14]aneS4)] complex exists as a two-dimensional sheet. [AsCl3([8]aneSe2)] displays a 
one-dimensional ladder motif with planar AS2CI6 units linked by mutually trans Se-ligands, while 
the [(AsXa): ([16]aneSe4)] (X = CI, Br) adducts are structurally very similar to 
[(SbBr3)2([14]aneS4}]. A novel mixed endo/exo coordination mode was observed in the 
[(AsCl3)4([24]aneSe6)] complex, with an AszClg dimer bound within the crown cavity and two 
ASCI3 units bound exodentate. 

The reaction of TlPFg with MeSe(CH2)nSeMe (n = 2 or 3) gave the complexes 
[Tl{MeSe(CH2)nSeMe}][PF6] in very low yield, with the bulk of the isolated solid being 
unreacted TlPFg. X-ray crystallography revealed that both of the adducts exist as extended 
coordination networks, with the [T1 {MeSe(CH2)2SeMe} ] [PFg] species adopting a sheet structure 
displaying a mixed bridging/terminal selenoether bonding mode and 
[Tl{MeSe(CH2)3SeMe}][PF6] forming a one-dimensional chain. In both examples, weak T1—F 
interactions supplement the Tl-Se bonding. 

The telluroethers PhTeMe and o-C6H4(CH2TeMe)2 react with Mel to give the telluronium 
species [PhTeMe2l] and [o-C6H4(CH2TeMe2l)2]. The structure of [PhTeMe2l] shows iodo-
bridged dimers linked into a sheet by weak Te—I interactions such that each iodine is 
bridging, while similar contacts in the [o-C6H4(CH2TeMe2l)2 ] species produce a pseduo-cubane 
Te4l4 unit. Reaction of PhTe(CH2)3TePh with I2 gave the [Ph(I)2Te(CH2)3Te(I)2Ph] adduct, 
characterised as above, which displays an extended cradle motif Complexes of MX3 with 
PhTeMe, MeTe(CH2)3TeMe and MeCCCHgTeMe); (M = Bi, X = Br for PhTeMe; X = Br and I 
where M = Sb, X = CI where M = Bi for MeTe(CH2)3TeMe; M = Bi, X = CI and Br for 
MeC(CH2TeMe)3) were characterised by IR spectroscopy and microanalysis, all of which were of 
1:1 stoichiometry. The [BiBr3(PhTeMe)] adduct forms a planar, bromo-bridged Bi2Br6 unit with 
axial, mutually anti PhTeMe ligands. These units are linked by weak Bi—Br contacts to give a 
stacked arrangement. 
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cyclam 1,4,8,11-tetraazacyclotetradecane 

dmpe 1,2-bis(dimethylphosphino)ethane 

dppm bis(diphenylphosphino)methane 
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diphos 1,2-bis(dimethylphosphino)benzene 
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1,4,7-trithiacyclononane 
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Me Methyl Et Ethyl 
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Chapter 1 Introduction 

1.1 The Elements of Group 15 

Group 15, the third column of the p-block of the Periodic Table, is comprised of 

the elements nitrogen, phosphorus, arsenic, antimony and bismuth (collectively termed 

the pnictogens). As for most p-block groups, there is a marked variation in both the 

chemical and physical properties of the group 15 elements as the group is descended. 

Phosphorus and arsenic are non-metals, antimony a metalloid (or semi-metal) and 

bismuth is considered metallic. Nitrogen, the lightest element of the group, is not 

included in this survey since its characteristics and chemistry bear little resemblance to 

those shown by the heavier congeners. Table 1.1 shows a selection of physical 

properties of the elements phosphorus through bismuth/ 

Element Electronic 

Configuration 

Electronegativity 

(Allred-Rochow) 

Covalent 

radius" 

(A) 

van der Waals 

radius 

(A) 

P [Ne]3s^3p^ 2.06 LIO 1.90 

As [Ar]3d'°4s^4p^ 2.20 L21 200 

Sb [Kr]4d'°5s^5p^ L82 1.41 2.20 

Bi [Xe]4f^yd^°6s^6p^ 1.67 L52 2.40 

For trivalent state 

Table 1.1 Physical properties of the group 15 elements. 

The group 15 elements form two series of halides, MX3 and MX5 (M = P, As, 

Sb or Bi; X = F, CI, Br or I), although not all are known. Oxidation states +3 and +5 

are possible, although the +3 oxidation state is the most common for arsenic, antimony 

and bismuth. 
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Chapter 1 Introduction 

In the +3 oxidation state the group 15 elements possess a lone pair of electrons, 

a feature which usually confers Lewis basicity upon a system. As the group is 

descended, however, the basicity decreases markedly, exemplified by the vast literature 

on metal-phosphine complexes compared to that for metal-stibine or bismuthine 

complexes. Experimental evidence for this reduction in basicity comes from ligand 

exchange studies upon [(C5H5)Fe(CO)2]^ complexes containing monodentate group 15 

ligands MR3 (M = N, P, As, Sb or Bi), where the a-donor ability was found to decrease 

in the order P > As > Sb > N > Bi.^ 

It is often assumed that this reduction in basicity (and hence cr-donor ability) is 

due to the lowering in energy of the lone pair as the group is descended. An alternative 

approach considers the increasingly poor hybridisation of valence s and p orbitals down 

the group. In this model, bonding occurs mainly via p orbitals with the lone pair 

residing in an orbital of predominantly s character. The poorer directional properties of 

s orbitals (compared t o s - p hybrids) accounts for poorer orbital overlap, weakening of 

bonds down the group, and concomitant reduction in basicity. The decrease in basicity 

is such that the predominant reactivity of SbXs and BiXs, in particular, is as Lewis 

acids. Consequently, the coordination chemistry of species such as MX3 and PhMX2 

(M = Sb or Bi) with phosphines (PR3), ethers (OR2) and sulfur-containing ligands is 

now well documented, and discussed later in this chapter. 

The lone pair is also an important consideration in the structural chemistry of 

group 15 halides and their complexes. Although pyramidal in the gas phase, the MX3 

molecules form weak, secondary M—X interactions to adjacent units in the crystalline 

state. Sawyer and Gillespie propose that these interactions form in the direction of 

maximum electron density of the lone pair, but not directly over it.^ Structural aspects 

of MX] molecules have been examined extensively by Galy and Enjalbert/ who 

concluded that these species adopt one of three coordination polyhedra; a trigonal 

antiprism a bicapped trigonal prism or a tricapped trigonal prism (Figure 1.1). The 

following general trends are apparent: the stereochemical activity of the lone pair 

decreases in the order As > Sb > Bi, with increasing coordination number, and with 

increasing atomic number of the halogen. 
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Chapter 1 Introduction 

Figure 1.1 The three coordination polyhedra observed for MX3 species/ 

In MX3 adducts, the stereochemical activity of the lone pair varies from 

compound to compound and it is difficult to predict the extent to which the 

coordination geometry of a particular complex will be distorted. However, from the 

above observations, a six-coordinate [8113(1)3] species would be expected to show the 

least lone-pair distortion of all the MX3 species considered. 

1.1.1 The Hard/Soft Acid/Base principle 

The hard/soft-acid/base (HSAB) principle, proposed by Pearson,^ is an 

extension of the Lewis and Chatt-Ahrland classifications of metal-ligand interactions.® 

Based upon the Lewis definition of acids and bases as electron pair acceptors and 

donors respectively, metal ions are classified as hard or soft acids and ligands as hard or 

soft bases. The definition of each class of acid and base is as follows: 

1) Hard acid; the acceptor atom is of high positive charge, small size and has no 

easily polarisable valence electrons. 

2) Soft acid: the acceptor atom is of low positive charge, large size and possesses 

polarisable valence electrons. 

3) Hard base: the donor atom is of high electronegativity, difficult to oxidise, not 

easily polarisable and has vacant orbitals of high energy. 

4) Soft base: the donor is of low electronegativity, easy to oxidise, readily 

polarisable and has low-lying vacant orbitals. 
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Chapter 1 Introduction 

A useful generalisation is that hard acids preferentially bond to hard bases and 

soft acids to soft bases, although there are many cases where the distinction between 

hard and soft is not clear. Some examples of hard, soft and so-called "borderline" acids 

and bases are shown in Table 1.2. 

Hard Borderline Soft 
Acids 

Ti%Fe^\ As^\ 
Gâ +, BFs 

N 0 \ Fê +, 
Pb^\Zn^\Ru% 

TI%Cu\yur,Ag+ 

Bases 
F l Cr , HQ-, NOsl 

HzO, OR2, NR3, 
CIO4I S04^-

Br-, NOzl 
Nz, N3-, SO3"-

ERz (E = S, Se, Te), 
E'Rs (E' = P, As, Sb), 

CO,CN-

Table 1.2 A selection of hard, soft and borderline acids and bases. 

From the above definitions, it is evident that hard-hard interactions result in 

mainly ionic bonding, and soft-soft combinations lead to covalent bonding. However, a 

hard-soft combination clearly leads to a mismatch in electronic properties of the acid 

and base, and so these interactions are less stable than hard-hard and soft-soft 

interactions. 

The HSAB principle has a number of implications for the systems considered in 

this study. For example, since the Sb(III) and Bi(in) species are considered to be 

borderline cases, the relative hardness of the ligand donor atom will be a major factor in 

determining whether a stable donor-acceptor interaction occurs. Furthermore, once the 

ligand is coordinated, the hardness of the central main group atom will be moderated by 

the hardness of the donor ligand. This is a synergic effect, with hard ligands making 

the central atom harder and soft ligands making it softer. Clearly such an alteration will 

influence the subsequent reactivity of the complex. The formation of secondary 

interactions, for example, may be affected by a change in hardness of the group 15 

atom. 
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Chapter 1 Introduction 

1.1.2 Bonding in MX3 species 

The bonding within hypervalent main group species was first explained in terms 

of valence bond theory, implying hybridisation of low-lying d-orbitals7 This approach 

was accepted until the mid-1950's, when an alternative scheme, which used only p-

orbitals, was proposed (independently) by Rundle and Pimental.®' ^ The Rundle-

Pimental (RP) model was initially applied to rationalise the geometry and bonding 

within the I3" species (formed from h + F), and subsequently used to explain or predict 

structural aspects of various other systems. The RP scheme invokes delocalised three-

centre o bonding (Figure 1.2); three p-orbitals combine to give one bonding (\j/i), one 

non-bonding (\)/2) and one anti-bonding (\|/3) molecular orbital, with the lower two 

orbitals occupied. 

® o c > ® ® o - j - | - <P, 

2 
Figure 1.2 Schematic diagram of the p-orbital 

overlaps in the RP bonding model. 

The basis of the model is still sound, and recent calculations have revealed that 

the d-orbitals used in valence bond theory are too high in energy to play any 

(significant) role in the bonding. 

Another model has also gained currency in explaining the structure and bonding 

within main group compounds. The Donor-Acceptor (DA) model considers a* anti-

bonding orbitals to function as acceptors toward ligand donor atoms. This broad 

approach was employed by Norman to explain the observed structural trends in a series 

of MX] species. The M-X <j* anti-bonding orbitals, situated trans to the primary M-X 

bonds, are considered as acceptors for ligand donation and the donor-acceptor 

interaction can be represented by a simple molecular orbital diagram (Figure 1.3). 
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a) h) 

w 
i 
3 

X 

Metal ^ 

Halide 

Figure 1.3 a) Schematic diagram of the M-X a anti-bonding orbitals. b) MO diagram 

showing the derivation of the M-X a* anti-bonding orbitals. 

Hoffmann et al have shown that the RP and DA models are, in fact, variations 

upon the same basic model (Figure IA)P ' The concept connecting the two models is 

orbital interaction between occupied levels on one fragment and unoccupied levels on 

another. In this scheme, one fragment possessing only a donor function (V|/D) interacts 

with a fragment containing both donor (\|/A) and acceptor (X|/A*) functions. The net 

result of this donor-acceptor interaction is the generation of three molecular orbitals 

(\|/i, i|/2 and \j/3) and the occupation of the previously empty \\/a* level. The resultant 

orbitals are equivalent to those shown in Figure 1.2 for the simple RP model. The 

extent of the contribution of \|/a and \|/a* to the HOMO of the complex (xj/a) determines 

the net bonding character of the donor-acceptor interaction. 
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M 

Metal 

M 

Vx 

HviMe 

® - o 

&"VD.c"V% 

\ ^ 3 

Va 

^'VD-f-'VA+c'VA 

/ ' VD 

Acceptor 

o V i f t V A 

OOo 
Complex Donor 

Figure 1.4 MO diagrams showing the equivalence of the DA and RP bonding models. 

This bonding scheme accounts for a number of structural details, such as 

coordination geometry, bond distances and the role of secondary M-X bonding within 

the MX3 species themselves. The concept of secondary bonding was developed by 

Alcock, and involves intermolecular hypervalent interactions between a p-block 

element and an electron pair donor (such as X, O, N or The secondary bond is 

weak compared to a "normal" equivalent covalent bond, but measures less than the sum 

of the van der Waals radii of the two atoms and can have significant effects upon the 

structure of molecules. Such bonding has been observed in the crystal structures of 

various Pb-, Sb-, Bi-, Te- and I-containing complexes. 

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

interactions; altering the group 15 atom for a fixed halogen, and vice versa. The iso-

morphous iodide structures of arsenic, antimony and bismuth illustrate the effect of 

descending group 15. For ASI3, there are three mutually cis primary As-I bonds with 

three longer, secondary As-I interactions trans to these bonds. The difference between 

primary and secondary bond distances. A, is 0.876 A . In SbIa, the basic structure is the 
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Chapter 1 Introduction 

same, but the difference between primary and secondary bonds lengths is smaller (A = 

0.450 A ) . In Bils there is no difference between primary and secondary bonding (A = 

0). The isomorphous SbCls and a-SbBr; structures show the effect of altering the 

halide. For SbCb, the difference between the three primary bonds and the three trans 

secondary bonds is 1.25 A while for SbBrs A = 1.10 A . 

Two important trends become evident. First, the heavier group members show 

a greater tendency toward secondary bonding and, second, the propensity for such 

bonding increases with increasing mass of the halide; the extreme case is seen for Bils, 

where the distinction between primary and secondary bonds is lost (indeed, it is 

probably more accurate to state that only primary bonding occurs in Bils). 

The DA bonding model relies upon X being more electronegative than M (since 

X = CI, Br or I in this discussion, this is always the case), thus the a-bonding orbital 

(Va) will be polarised toward the X atom, i.e. the lower energy atomic orbital (Figure 

1.3). The o* anti-bonding orbital (\|/A*) will be localised about the M atom so that, if 

this orbital is of sufficiently low energy, it can function as an acceptor orbital toward a 

donor. Hence the stronger the M-L interaction becomes (where L = ligand donor atom) 

the more the anti-bonding orbital is populated, and the primary M-X bond becomes 

weaker and longer (thus accounting for A = 0 in Bils). 

Clearly, the extent to which the M and X atomic orbitals overlap is an important 

factor. The effects of changing both the group 15 and halide species, outlined above, 

can be rationalised in terms of overlap efficiency. The outcome of altering the M(III) 

species for a given X atom is considered first. 

On descending the group the electronegativity of M(III) decreases (Table 1.1). 

The energy of the M valence orbitals is increased and thus, for a particular X atom, the 

extent of M-X atomic orbital overlap is reduced. The increasing size of M(III) orbitals 

down the group also results in poorer overlap. As a consequence, the a bonding orbital 

( \ ) / A ) is raised and the a* anti-bonding orbital (\|/A*) is lowered in energy. Since I | /A* is 

considered as the acceptor orbital, a lowering in energy (and thus an increase in 

availability) will lead to stronger secondary bonding. 

In accounting for the effect of changing X for a given M(III) atom, both the 

acceptor properties of M(III) and the donor capability of X must be considered. The 

heavier halides are better electron donors (since electronegativity decreases down a 
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Chapter 1 Introduction 

group) and thus have a greater tendency toward bridging. In addition, as halide orbitals 

become larger and more diffuse down group 17, overlap with the M(III) orbitals is 

reduced and thus the a* orbital is lowered in energy. Crucial, however, is the raising in 

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

the energy separation between M and X, increasing the a* anti-bonding orbital energy 

(thus decreasing its availability for interaction with a Lewis base) and reducing the 

polarisation of this orbital toward the M atom. Overall, the availability of the cr* anti-

bonding orbital is tempered by the reduced M-X orbital energy separation. 

Very recent work by Hoffmann has considered the implications of s-p mixing at 

the central atom in the non-bonding orbital. The most important effect of this was 

found to be destabilization of the non-bonding orbital, determined by the extent of 

overlap between the s orbital of the central atom and the p orbital of the terminal atom. 

However, this development does not necessarily alter the overall implications of the 

"classical" model (i.e. s-p mixing not considered) and it is this combined RP-DA 

approach, outlined above, that will be used in this work. 

1.2 Phosphine, Arsine and Chalcogeno-ether Ligands 

1.2.1 Tertiary Phosphines and Arsines 

In contrast to the elements of the d-block, the coordination chemistry of the 

heavier p-block elements with phosphine and arsine ligands is poorly developed. Such 

ligands are soft bases in terms of the HSAB principle (Table 1.2), and thus favour 

complex formation with softer acid centres. In this respect, the low-oxidation state d-

block elements are ideally suited to metal-ligand coordination, with the metal-ligand 

bonding adequately described by the Chatt and, more recently, Orpen-Connolly 

models.'^' However, p-block elements are also regarded as displaying soft to 

borderline acidity and, even though the bonding lacks the stabilising effect of m-back-

donation associated with d-block complexes, the relatively few reported examples of 

heavy p-block complexes containing phosphine or arsine ligands is surprising. 

Tertiary phosphines have been the most extensively studied since they are the 

strongest G-donors / 7i-acceptors (other things being equal) as defined by the above 
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bonding models. In addition, since the nuclear spin quantum number of the nucleus 

is non-zero (I = ^ , 100% abundant. Dp = 0.066), the availability of NMR greatly 

aids the study of phosphine complexes. Trialkyl phosphines and arsines are 

malodorous, air-sensitive and highly toxic. Many advances in coordination chemistry 

can be traced to studies of metal-phosphine and metal-arsine complexes, although such 

work has invariably involved d-block compounds. This progress continues, with 

recent highlights being the development of synthetic routes to chiral and macrocyclic 

phosphine ligands for catalytic applications. 

In addition to the electronic considerations mentioned above, steric effects also 

influence the M-P and M-As interaction. Tertiary phosphines and arsines possess three 

organyl substituents, and the steric properties of the ligand are greatly influenced by the 

size and shape of these groups. The Tolman cone angle concept attempts to establish a 

quantitative basis for these steric effects.^' The space occupied by the ligand is 

estimated by an imaginary cone, which extends from the metal to the hydrogen atoms 

of the ligand. The metal-phosphorus distance is fixed at 2.28 A, and so the cone angle 

is defined as the angle subtended at the metal centre (Figure 1.5). A different donor 

atom would require a different metal-ligand distance. Listings of cone angles for many 

tertiary phosphines have been published, with typical values ranging from 118° for 

PMeg to 212° for P(mesityl)3. The treatment of the ligands as solid cones tends to 

overestimate the steric effects, and a number of more sophisticated models have been 

developed. 

cone ang/e 

Figure 1.5 Definition of the cone angle 

for a symmetrical phosphine, PR3. 

2.28 A 
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Examples of d-block complexes containing antimony and bismuth donor 

ligands are comparatively sparse, although a review of the area has been published.^^ 

There are few reports of arsine complexes of p-block species, and even fewer examples 

of stibine and bismuthine complexes. The inherent instability of the Sb-C and Bi-C 

bond, coupled with poorer a-donor capability and often non-trivial synthetic 

procedures appears to have forestalled work in this area. 

1.2.1.1 Synthesis of Tertiary Phosphines and Arsines 

Procedures for the synthesis of mono-, bi- and poly-dentate phosphines and 

arsines can be broadly classified into three general types; reaction of 

halogenophosphine/arsine with organometallic reagents (RLi, RMgBr), reaction of 

alkali metal phosphide/arsenides R2EM (M = Li, Na, K) with organic halides or 

reduction of phosphine/arsine o x i d e s . T h e ease of oxidation of M(III) to M(V) is 

a complicating factor, and thus most phosphine and arsine syntheses are performed 

under anaerobic conditions. The synthetic procedures for a number of the phosphine 

and arsine ligands used in this study are discussed below. 

. 0-C6H4(PPh2)2^'' 

The route shown is adapted from that reported by McFarlane and McFarlane, 

who obtained o-C6H4(PPh2)2 by reaction of 0-C6H4F2 with Ph2PNa in liquid 

a m m o n i a . T h e air-stable ligand is isolated as a white solid in good yield, whereas 

reaction of the metal phosphide with 0-C6H4X2 (X = CI, Br) reportedly gives yields 

of < 1 Vo?̂  Other procedures are either multi-stage or similarly low yielding.^® 

THF 1) SuCl 
Li + PPhj ^ LiPPh^ 

2)|- II -

31 NMR 
- 13.3 ppm 
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« o-C6H4(PMe2)2 29 

Kyba reported the photolytic synthesis of the diphosphonate ester, which on 

reduction with a 1:1 mixture of LiA^/MesSiCl yields 1,2-bis(phosphino)benzene. 

Treatment of the diprimary phosphine with two equivalents of "BuLi at - 78° C 

followed by addition of two equivalents of methyl iodide affords the secondary 

phosphine l,2-bis(methylphosphino)benzene, which is subsequently transformed 

into l,2-bis(dimethylphosphino)benzene by a similar deprotonation-methylation 

sequence. In contrast to the phenyl substituted analogue, o-C6H4(PMe2)2 is isolated 

by vacuum distillation as a very air-sensitive liquid. This ligand has also been 

prepared by a similar route to that used for o-C6H4(PPh2)2.^° 

• o-C6H4(AsMe2)2 

P(OMe)3 

31 

hv, 254 nm 

CI 65 = C 

NMR 
18.5 ppm 

PO(OMe) 

LiAlH 
Mê SiCl 

BuL / Mel 
PMC; 

PMe. 

3'P-{'H}NMR 
- 124.3 ppm 

3ip-{'H} NMR 
- 55.3 ppm 

Chatt and Mann first prepared o-C6H4(AsMe2)2 by a six-stage process starting 

from o-nitroaniline/^ however a more direct route was described by Nyholm et al.^^ 

This involves formation of iododimethylarsine by rapid addition of HCl(aq) and SO2 to 

an aqueous solution of sodium cacodylate, followed by reaction of Me2AsNa with 0-

dichlorobenzene {cf. routes to o-C6H4(PPh2)2 described above). The ligand is isolated 

as a pale yellow, air-sensitive liquid by in vacuo fractionation. 

Me2As(0)0Na + KI 
SO, 

aq. HCl 
Me^AsI 

l)Na/THF w AsMe. 

AsMe. 
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The coordination chemistry of o-C6H4(AsMe2)2 was developed by Nyholm, and 

the ligand was thought to be unique among phosphines and arsines in its ability to 

stabilize unusual coordination numbers and oxidation states. However the analogous 

phosphine o-C6H4(PMe2)2 has been shown to be as least as versatile in this regard. 

1.2.2 Chalcogenoethers 

In contrast to the rapid growth of phosphine and arsine coordination chemistry 

during the 20^ Century, the development of chalcogenoether ligands (R2E, E= S, Se or 

Te) has been slow. Indeed only in the past two decades have the first reviews 

concerning these species appeared.^^' The major reason for this imbalance is the 

generally accepted opinion that chalcogenoether ligands are poorer donors than 

phosphines and arsines. In addition, the toxicity, malodorous nature and commercial 

unavailability of these species have not enhanced their appeal. Recent progress in 

synthetic procedures and FT-NMR techniques, however, has provided impetus to this 

field. In particular, developments in the area of macrocyclic thio-ether ligands have 

prompted new synthetic efforts into seleno- and telluro-ether ligands, and 

improvements in ^^Se- and '^^Te-NMR methods have complemented this work. 

1.2.2.1 Synthesis of Chalcogenoethers 

The acyclic dithio- and diseleno-ethers used in this study are air-stable liquids, 

and the thia-macrocycles are air-stable white (often crystalline) powders. The 

telluroethers are moderately air-sensitive oils. The synthesis, bonding and coordination 

chemistry of acyclic and macrocyclic thioethers has been rev iewed,and Levason and 

co-workers have surveyed recent developments in selenoether and telluroether 

chemistry.^" '̂ Synthetic routes to the chalcogenoethers used in this study are discussed 

below. 
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# MeS(CH2)nSMe (n = 2 or 

1)Na/EtOH 
]H[S((:H2)oS;H »- ]VIeS;(C:H2),JS]V[e 

2)A4eI 

The acyclic dithioethers used in this work were readily prepared by reaction of 

the appropriate dithiol with sodium in ethanol, followed by treatment of the disodium 

salt with methyl iodide. Fractionation in vacuo affords the ligands as colourless (n = 2) 

or pale yellow (n = 3) liquids in > 70 % yield.^' 

. MeSe(CH2)nSeMe (n = 2 or 3)̂ ^ 

THF C1(CH2)„C1 
Se MeLiSe ^ MeSe(CH2)gSeMe 

MeLi 
n = 2,77Se NMR = 121 ppm 

11 = 3, ^'Se NMR = 74 ppm 

A number of routes to acyclic diselenoethers exist, with early examples being 

reported by Greenwood^^ and Westland/^ The diselenoethers used in this study were 

obtained by reaction of the appropriate a, co-dichloroalkane with a frozen THF solution 

of MeSeLi (prepared from MeLi and Se p o w d e r ) . T h e pale yellow liquid ligands are 

isolated in > 70 % yield by fractionation in vacuo. 

The mono- and ditelluroethers were prepared by an analogous procedure, using 

elemental tellurium and RLi (R = Me or Ph), but their synthesis is complicated by their 

moderate air-sensitivity and ready cleavage of the Te-C bond (for example, the 

attempted synthesis of RTe(CH2)2TeR leads to formation of the di-telluride R2Te2 and 

the elimination of ethene)/^ They are stable if handled under a nitrogen atmosphere. 

Page 15 



Chapter 1 Introduction 

• Macrocyclic Thioethers"'"^ 

The macrocyclic thioethers used in this study were obtained commercially. 

However, it is worth outlining the major synthetic procedures devised for these ligands 

since prior to these developments they were obtainable only via low yielding reactions. 

In contrast to the high yield synthesis of crown ethers by use of an alkali metal 

template, the lower affinity of sulfur for the alkali metals limits the use of this route for 

the preparation of sulfur macrocycles. As such, the competition between cyclisation 

and polymerization is more acute in thiacrown synthesis as witnessed by the very low 

yields reported in early work. For example, one of the first thiacrowns to be prepared 

was [ISJaneSfi, isolated in less than 2 % yield (this was later improved to ca. 30 % 

although the route required the use of mustard gas)."̂ ^ Initial routes to [QJaneSs gave a 

yield of less than 1 %, which was subsequently improved by performing the reaction 

under high dilution conditions. This process typically involves the very slow addition 

of the reactants to a large volume of solvent, and favors cyclisation over 

polymerization.'^ A major synthetic improvement was made by the development of 

CszCOs/DMF-promoted cyclisation, which allowed these once precious ligands to be 

isolated in ca. 70 % yields (shown below for [12]aneS4).'*^' 

CS2CO./DMF 
H S C C ^ S C C ^ S C C ^ S H — ^ [Cs][S(CH2)2S(CH2)2S(CH2)2S][Cs] 

cyclization 

Br(CH2)2Br 

[Cs][S(CH2)2S(CH2)2S(CH2)2S(CH2)2Br] 

s s 

' s s 

V__/ 
[12]aneS^ 

The major effect of the Cs"̂  ion is to render the thiolate ion highly nucleophillic 

and hence promote intra- over inter-molecular reaction of the acyclic [X(CH2)nS"][ Cs^] 

intermediate (X = CI, Br). Smaller alkali metal cations do not promote cyclisation to 

the same extent. 
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A template-based high yield synthesis of [9]aneS3 has also been reported, using 

the MO(CO)3 fragment as a template around which cyclisation of HS(CH2)2SH and 

Br(CH2)2Br occurs to give [Mo(CO)3([9]aneS3)]. Free [QJaneSs was obtained in ca. 60 

% yield by treatment of the complex with an equivalent of the acyclic thiolate/^ The 

synthesis of unsaturated thiacrowns has recently been reported/^ albeit in very low 

yield (18 % for 7 products) despite the use of CS2CO3. This was increased to 40 % by 

use of [15-crown-5] as a phase transfer catalyst. 

• Macrocylic Selenoethers 

IjNa/NH, 

fJCSe l&KZN 
Se Se + 

[SJaneScj 

18% 

^Se NMR = 137 ppm 

Se Se 

[16]aneSe^ 

4 0 % 

157 ppm 

[24]aneSeg 

15% 

153 ppm 

There have been only a small number of reports concerned with the synthesis of 

macrocyclic selenoethers, and thus the cyclisation mechanisms remain uncertain. The 

selenacrowns employed in this study, [8]aneSe2, [16]aneSe4 and [24]aneSe6, were 

obtained following the method described by Pinto et This involves Na/NH3(iiq) 

reduction of NCSe(CH2)3SeCN (prepared by reaction of KSeCN with Br(CH2)3Br in 

anhydrous DMF), and treatment of the resulting disodium salt with Br(CH2)3Br at ca. -

45° C over 3-5 hours. The crude mixture is purified by silica-gel flash chromatography 

to yield the ligands as pale yellow oils or waxy solids. The hydroxy-functionalised 

macrocycles [8]aneSe2(OH), [16]aneSe4(OH) and [16]aneSe4(OH)2 have recently been 

synthesised by the above method, using the appropriate HO-functionalised bis-

selenocyanate precursor. 
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1.2.2.2 Bonding in Chalcogenoether Complexes 

The valence electronic configuration of the donor atoms in ER2 species (E = S, 

Se, Te) is ns^ np'* nd°. Two of these electrons are employed in the two E-R bonds, 

leaving four electrons to occupy non-bonding orbitals on the chalcogen atom. The 

nature of these orbitals varies with the chalcogen. Thioethers are considered to possess 

sp^ hybrids, with the extent of hybridisation decreasing down the group. Hence, two 

hybrid lone pair orbitals are available for bonding. One of these is donated into the 

acceptor orbital of a metal atom upon E-M a-bond formation. The remaining lone pair 

has a number of consequences for the structure and bonding within the complex, the 

most intriguing being a-donation to a second metal centre to give a bridging ER2 unit. 

Otherwise the lone pair can act as a source of stereoelectronic repulsion if 

uncoordinated or, via hybridisation to sp^, as a 71-base toward vacant d-orbitals of 

suitable symmetry on a a-bonded metal centre (although there is little evidence that n-

donation is significant). A further aspect of M-ER2 bonding is the possibility of the 

chalcogeno-ether functioning as a 7i-acid. Such bonding can be described in terms of 

donation into E-C a*-anti-bonding orbitals, analogous to the Orpen-Connolly mode! for 

PR] species, although the extent of 71-acceptance by ER2 ligands is very much less than 

in phosphines.^^ The rr-acid/base characteristics of chalcogenoethers are unimportant in 

p-block complexes and, in general, this effect is regarded as being of marginal 

importance in d-block complexes. 

With regard to a-bond strength, Schumann and co-workers reported X-ray 

structural data and extended Hiickel molecular orbital calculations on the series 

[(C5H5Fe(CO)2EMe2]^ (E = S, Se, Te), and revealed that the strength of the Fe-E 

interaction increases in the order Fe-Te » Fe-Se > Fe-S.^^ A similar trend has been 

shown to operate in other low valent transition metal systems such as the 

[Mn(C0)3X(L-L)] series (X = CI, Br; L-L = dichalcogenoether).^^ This increasing cj-

donor capacity is due to the decreasing electronegativity down the group and generally 

applies to low oxidation state metals, where the d-orbital extension is greatest and 

allows maximum overlap with the large, diffuse Te o-bonding orbital. Studies using 

higher oxidation state metals (where the d-orbitals are more contracted) show the donor 

ability to be in the order S < Se > Te.̂ "̂  This is illustrated by the lack of telluroether 
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complexes of high oxidation state platinum group metals, while thio- and selenoethers 

form stable adducts with these metals. 

In the absence of d-electrons, the main contributions to M-E bond stability 

within the p-block complexes described in this work will be the extent of orbital 

overlap, electronegativity differences, HSAB and donor-acceptor interactions; however, 

at the outset, it is unclear as to the relative contribution of each of these factors. 

Although the presence of only two organyl substituents reduces steric 

considerations (in comparison to tertiary phosphines and arsines), the hybridisation of 

the chalcogen atom does have stereochemical consequences. Upon coordination to a 

metal the chalcogen adopts a pseudo-tetrahedral geometry and, assuming that the two 

substituents are different and the second lone pair remains non-bonded, becomes chiral. 

For an RER' ligand, chirality leads to the possibility of meso and DL stereoisomers. 

Rotation about the M-E bond is a low energy process for monodentate ligands and so 

the stereoisomers are indistinguishable by NMR in these systems. However, rotation is 

more difficult for chelating ligands and so the magnetically nonequivalent invertomers 

may be observed by NMR provided they do not rapidly convert by pyramidal inversion. 

The most common mechanism for this process involves the interchange of two 

degenerate configurations via a planar transition state (i.e. without bond cleavage. 

Figure 1.6). Alternative mechanisms, involving dissociation and recombination of one 

or more of the substituents, have been proposed however the strength of the metal-

chalcogen bond suggests that cleavage is not a favoured mechanism for inversion. 

" " X / — 
Me 

b) 

c r c i c i CI 
ineso D L 

m ^ m ' " s f ^ m ' r ' 

n V D 

Figure 1.6 a) View of the meso and DL invertomers and b) proposed mechanism for 

pyramidal inversion of coordinated chalcogenoethers. 
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Abel and co-workers were the first to observe inversion of a coordinated 

chalcogenoether (in the low temperature ^H-NMR spectrum of the chelate complex 

[PtCl2{MeS(CH2)2SMe}]),^^ and there have since been various studies into the factors 

influencing this process/"^ 

1.3 Coordination Chemistry of Arsenic, Antimony and Bismuth (III) Halides 

This section aims to provide a general (rather than comprehensive) overview of 

the coordination chemistry of MX3 species (M = As, Sb, Bi; X = F, CI, Br, I). Using 

selected examples, the discussion will focus chiefly upon neutral, structurally 

characterised complexes containing ligands related to the tertiary phosphines, arsines 

and chalcogenoethers used in this work (e.g. aza- and oxa-crown ethers, phosphine and 

arsine oxides etc.). A detailed review of the literature regarding MX3 complexes of 

such ligands is made in the relevant chapter. 

1.3.1 Complexes of Nitrogen Donor Ligands 

What appears to be the only structurally characterised example of an amine 

complex of AsXs is the discrete molecular species [AsCls^NMea)], reported by 

Webster. The arsenic(III) atom adopts a pseudo-trigonal bipyramidal structure, with 

the amine ligand and one chlorine atom bound axially, with two chlorine atoms and the 

lone pair in the equatorial plane. The structure of [SbCl3(PhNH2)] is similar.^^ The 

[SbF3(terpy)] (terpy = 2,2';6',2"-terpyridine) complex is also discrete, adopting a six-

coordinate pseudo-pentagonal pyramidal structure with the lone pair occupying one of 

the coordination s i t e s . T h e [SbCl3(bipy)] complex (bipy = 2,2'-bipyridine), in 

contrast, adopts a dimeric structure through weak Sb—CI interactions (3.34(2) A ) to 

give a distorted octahedral geometry at the antimony (III) atom.^^ 

The [As(cyclenH)] and [As(cyclamH)] species were prepared by treatment of 

the azamacrocycle with As(NHMe2)3.^^ Each arsenic atom has a distorted pseudo-

trigonal bipyramidal geometry with two of the ring nitrogens and a lone pair in the 

equatorial position and the two remaining ring nitrogen atoms in the axial positions. 

One of the axial nitrogens in each species is protonated, leading to a longer As—N 

interaction (e.g. 2.400(7) ca. 1.85 A for [As(cyclenH)]). 
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Willey and co-workers prepared and structurally characterised the yellow 

complexyflc-[BiCl3(Me3[9]aneN3)], in which the pyramidal B i d s unit is bound to the 

three nitrogen atoms of the aza-macrocycle, resulting in an octahedral coordination 

environment at bismuth and a half-sandwich structure (Bi-N 2.44(3) - 2.47(2) A).®° 

The [Bi(cyclen)(H20)(C104)3] complex displays a square-antiprismatic geometry at the 

bismuth atom, the upper square defined by coordination to the four nitrogen-donors of 

cyclen (Bi-N 2.375(10) - 2.412(9) A ) and the lower described by one oxygen from 

each of the three perchlorates and a water molecule [Bi-0 2.690(10) - 2.810(14) A].^' 

•12) /"sC(18! 

Ĉ(19l 
I % ) f ^ n i ) 

_ r ^ m minni 
C[2001̂  

"tdOOl 

Figure 1.7 View of the [BiClg {Meg[9]aneN3}] complex.^® 

Norman et al recently examined a range of BiXs, BiXiPh and BiXPhi 

complexes of substituted pyridine ligands (py = pyridine, 4-Mepy = 4-methylpyrictine, 

4-'Bupy = 4-fert-butylpyridine).®^ The complexes [Bil3(py)3] and [BiCl3(py)4] are 

discrete six- and seven-coordinate species respectively, while examples such as 

[BiBr2Ph(4-Mepy)2] and [Bil2Ph(4-Bu'py)2] show weak intermolecular Bi—X 

interactions, leading to dimers or oligomers (Figure 1.8). Subsequent work employed a 

combination of primary (Bi-bipy) and secondary (Bi—X) bonding to control the 

structure of the complexes ^raw5'-[BiX2Ph(bipy)]n, leading to linear chain coordination 

polymers. 
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Figure 1.8 View of the [BiBr2Ph(4-Mepy)2] and [Bil2Ph(4-Bu*py)2] complexes. 62 

1.3.2 Complexes of Oxygen Donor Ligands 

A number of MX3 (M = Sb, Bi) adducts of ethers such as THF, DMSO and 

diglyme (diglyme = Me0(CH2)20(CH2)20Me) have been reported. The structure of 

[SblsCTHF)] comprises an extended chain arrangement of Sbl3(THF) units, the 

antimony centres being bridged alternately by pairs of iodine atoms and thf ligands 

such that each antimony atom has an octahedral geometry.^ The [BiX3(THF)3]^ '̂ 

and [BiX3(DMSO)3] species^^ are monomeric octahedral (X = CI, Br) and the 

[BiCl3(THF)] and [Bil3(DMSO)2] adducts dimeric, displaying a pentagonal pyramidal 

and octahedral bismuth(III) geometry respectively. The [BiCl3(THF)2] adduct adopts a 

polymeric motif, comprising square-pyramidal monomer BiCl3(THF)2 units (two cis 

THF and two cis chlorines in the basal plane, one apical chorine) linked by very 

asymmetric chlorine bridges to give an overall seven-coordinate pentagonal pyramidal 

coordination geometry.^ 
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C(7) 

CIOBI 

CKIB) 

CH3A) 

Bi(IB) 

Figure 1.9 View of the chain structure of the [BiCl3(THF)2] complex. 66 

The triphenylphosphine and arsine oxide complexes [SbCl3(OEPh3)2] (E = P, 

As) and [SbCl3(C7H4N)2ClP(0)] have been described. The former species adopt square 

pyramidal structures with OEPhs ligands bound cis, while the latter shows a distorted 

trigonal bipyramidal geometry with the lone pair occupying an equatorial position.® '̂ 

Similar complexes of Bila have also been reported, including the dimeric cis-

[Bil3(OPPh3)3]2 and [Bi2l6(OAsPh3)2] species,™' and the polymeric 

[i;i2[60C)P(T\nVIe2)3]n.72 

Willey and co-workers reported structures of two ditertiary phosphine and 

arsine oxide adducts, apparently obtained by adventitious oxidation of the parent 

diphosphine and diarsine complexes [BiCls {Ph2PCH2PPh2}2] and 

[BiCl3(Ph2AsCH2CH2AsPh2)] during recrystallisation from boiling MeCN/^ The 

[BiCl3(Ph2P(0)CH2P(0)Ph2)2] species exists as an edge-shared bioctahedral dimer with 

the bidentate phosphine oxide chelated to the bismuth atom (2.31(3) - 2.42(2) A ) . 

The structure of [BiCl3{As(0)MePh2} {Ph2As(0)CH2CH2As(0)Ph2}]n consists 

of a polymeric chain with each bismuth atom bound to three chlorine and three ligand 

oxygen atoms (one from a As(0)MePh2 molecule and one each from two separate 

Ph2As(0)CH2CH2As(0)Ph2 ligands) in an approximately wer-octahedral geometry, 

with the Ph2As(0)CH2CH2As(0)Ph2 ligands bridging adjacent bismuth(III) centres. 

Both complexes are only slightly distorted from regular octahedral geometry, indicating 

no appreciable steric influence of the bismuth-based lone pair/^ 
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C{631 

Figure 1.10 View of the [BiClg {Ph2P(0)CH2P(0)Ph2}2] complex. 73 

0(343} .0(344} 
0(135) C[134) 

C(133) 
c(iaz) 
C(144J 
qi43) 

Aŝ 2J 0(21) 
C ( £ 2 1 J (X213] 

Figurel.ll View of a portion of the polymeric structure adopted by the 

[BiCl] {As(0)MePh2} {Ph2As(0)CH2CH2As(0)Ph2}]n complex/^ 
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Adducts of MX3 (M = As, Sb, Bi; X= F, CI, Br, I) with crown ethers have 

received much study, with most of the structurally characterised examples 

incorporating [12-crown-4], [15-crown-5] or [18-crown-6]. In the large majority of 

examples, the coordinated MX3 retains the pyramidal structure of the parent unit and is 

bound below the plane of the crown ether oxygen atoms to give a half-sandwich 

arrangement (analogous to the /he-[BiCl](Mes [9]aneNs)] complex shown in Figure 

1.7)/'^' For the MCI3 adducts of the above stated ligands, Alcock has observed that 

the M-0 interactions are much weaker than For example, in the SbClg 

complexes the Sb-0 distances range from 2.71 - 3.40 A (indicative of secondary 

interactions), while the Sb-Cl range is 2.38 - 2.42 A . The strength of the M-0 

interactions increase in the order Bi > Sb > As and [12-crown-4] > [15-crown-5] > [18-

crown-6]. 

A series of cationic complexes have been reported by Dehnicke et al, obtained 

by reaction of MCI3 with [12-crown-4] or [18-crown-6] in MeCN solution in the 

presence of SbClg (M= Sb, The [M([12-crown-4])2(MeCN)][SbCl6] species 

consist of the M atom sandwiched between two tetradentate crown units, with an 

MeCN molecule completing the nine-coordinate environment. The M-0 distances are 

typical of primary bonds (2.325(4) - 2.529(5) and 2.436(5) — 2.545(5) A for M = Sb 

and Bi respectively, in contrast to the MX3 complexes), with the lone pair apparently 

having no steric effect.^' The [SbCl2([18-crown-6]][SbCl6] species adopts an entirely 

different structure, with the antimony atom adopting a pseudo-trigonal pyramidal 

geometry comprised of two crown oxygen atoms bound axially (2.467(1) - 2.485(1) A ) 

and the two chlorine atoms and the antimony-based lone pair in equatorial positions. 

Four significantly weaker Sb-0 interactions (2.68(1) - 2.75(1) A ) , lead to eight-

coordination about the antimony atom.'^ 

The [(MCl3)2([dibenzo-24-crown-8])] (M = Sb, Bi) and [(SbBr3)2([dibenzo-24-

crown-8])] adducts have recently been described ([dibenzo-24-crown-8]= 

6,7,9,10,12,13,20,21,23,24,26,27-dodecahydrodibenzo[6,w][l,4,7,10,13,16,19,22]octa-

oxycyclotetracosine).'^ The pyramidal MCI3 species are bound to opposite sides of the 

crown ether, which adopts a sigmoidal conformation. Each metal is coordinated to five 

crown oxygen atoms (2.852(2) -3.1221(4) and 2.733(3) - 3.221(4) A for M = Sb and 

Bi respectively), two of which adopt a bridging mode. The SbBrg units in 
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[(SbBr3)2(dibenzo-24-crown-8] again reside on opposite sides of the crown, each one 

bound to four crown oxygens (2.893(7) - 3.183(8) A ) (Figure 1.12). The M-0 

distances in these compounds are very similar to those in the [MX3([18-crown-6])] 

complexes discussed above, indicating that the M-0 interactions are essentially 

secondary in nature. 

Figure 1.12 Views of the [(SbCl3)2(dibenzo-24-crown-8)] complex. 79 

In terms of acyclic polyether ligands, Rogers et al reported the synthesis and 

structural characterisation of tetraethylene glycol and pentaethylene glycol (EO4 and 

EO5 respectively) complexes of BiCls.̂ ® Both species are structurally very similar to 

the [BiCl3([15-crown-5)] complex, containing an eight-coordinate, distorted bicapped 

trigonal prismatic bismuth atom, bound to five oxygen donors and three chlorine atoms. 

The [BiCl3(E04)] complex exists as a hydrogen-bonded (O-Cl) tetramer, while the 

uncoordinated oxygen donor in the two forms of the [BiCl3(E05)] complex is also 

involved in either 0-Cl or 0 -H hydrogen bonding. The Bi-O interactions are quite 

long, in the range 2.672(8) - 2.828(8) A for [BiCl3(E04)] and 2.73(1) - 2.91(1) A for 

[BiCl3(E05)] (very similar to the distances reported by Alcock et al for crown ether 

complexes). 
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1.3.3 Complexes of Sulfur, Selenium and Tellurium Donor Ligands 

Reports of antimony(III) and bismuth(III) complexes of S-donor ligands (e.g. 

dithiocarbamates, thiolates, thiocyanates) are much more common than those 

containing nitrogen and oxygen atoms. However, the structure and bonding of many of 

these species are not directly related to the chalcogenoether species under study and 

thus, for brevity, only selected examples are discussed. In view of the lack of examples 

of AsXs complexes containing chalcogen-donor ligands, a general discussion of these 

adducts is made in the literature review in chapter 4. 

A number of N,N-dithiocarbamate and xanthate complexes have been reported, 

and the majority contain a six-coordinate M atom bound to three chelating R2NCS2 or 

ROCS2 ligands in a distorted octahedral g e o m e t r y . T w o unusual bismuth(III) 

complexes, containing both thiourea and thiocyanate ligands, were reported recently.^' 

The [Bi(S)NCS(dmit)3(H20)].H20 adduct exists as an irregular octahedral molecule 

containing dmit ligands bound in a mer configuration (Bi-S 2.649(6) - 2.891(9) A ) and 

a terminal (rather than bridging) N-bonded thiocyanate ligand (Figure 1.13), while the 

mer-[Bi(SCN)(NCS)2(dmit)3] complex contains two N-bound and one S-bound 

terminal thiocyanate ligands (Bi-S 2.789(3) - 2.870(4) A).̂ ^ 

Figure 1.13 View of the [Bi(S)NCS(dmit)3(H20)].H20 complex. 81 
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The antimony(III) thiolate complexes [Sb{S(4-MeC6H4)}3] and [Sb{S(o-

C6H3(Me)2)}3] were prepared by reaction of SbCls with the appropriate thiol.^^ Both 

adducts contain a trigonal-pyramidal antimony atom bound to three arenethiolate 

groups in a propeller motif (Sb-S ranges 2.4284(8) - 2.4393(7) A and 2.436(2) -

2.437(2) A respectively). The former species adopts an extended one-dimensional 

arrangement due to intermolecular Sb—S contacts (3.7732(8) A ) , while the latter 

shows evidence of intermolecular antimony—arene interactions. 

The reaction of BiCla with Pr"2P(S)P(S)Pr"2 gave the 1:1 adduct, which adopts a 

halide-bridged dimer structure where each bismuth is surrounded by four chlorine and 

two sulfur atoms, the latter chelating to give a five-membered ring.^^ Pohl reported the 

crystal structures of the dimeric [SbBr3(SPPh3)]2 species (Sb-S 2.964(2) A ) (Figure 

1.14), where an octahedral antimony geometry was completed by Sb-Ph interactions, 

and the tetrameric [SbBr3(SPMe2Ph)]4 (Sb-S 3.087(4) - 3.182(3) A).^ 

CM 

Figure 1.14 View of the [SbBr3(SPPh3)]2 complex. 

In contrast to the sulfur-containing ligands, examples of MX3 complexes 

containing selenium and tellurium ligands are rare. The [Sbl3(SePPh3)]2 complex was 

reported by Pohl and is isostructural with the sulfide complex discussed above.^ 

Attempts to synthesis a BiCl3 complex of the phosphine selenide SeP(NMe2)3 produced 

only the ionic species [(Me2N)3PSeSeP(NMe2)3] [ (BiCL^) : ] . IR and Raman data for 
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N,N-dialkyldiselenocarbamate complexes of arsenic(III), antimony(III) and 

bismuth(III) has been repor ted ,and Bochmann et al described a range of selenolate 

and tellurolate complexes of MX3, although no structural data were obtained.The 

tellurolate complexes were stable only at low temperature, decomposing to diaryl 

tellurides and elemental tellurium on warming to room temperature. 

Although not strictly a coordination complex, the [Sb(SeMe)3] species is worth 

highlighting.^^ This substituted stibine compound was obtained by reaction of 

elemental antimony with MeiSea, with the crystal structure revealing discrete trigonal-

pyramidal SbSe3 units (Sb-Se 2.568(1) - 2.588(1) A) . Intermolecular Sb—Se contacts 

complete a distorted octahedral geometry (Sb—Se 3.546(1) — 3.658(1) A ) . The reaction 

of di-(2-tolyl)telluride with tetra-(?7-propyl)dibismuthine produced the 

tellurobismuthine [("Pr)2BiTe(p-C6H4Me)] which was characterised by '^^Te-NMR (-

385 ppm).^^ Aside from solid-state materials and minerals this appears to be the sole 

example of a compound containing an M-Te bond. 

SeOcJ Se2bi 

2 568 . 

Stlla 

Figure 1.15 View of the [Sb(SeMe)3] species showing secondary Sb—Se 

interactions.^^ 
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1.4 Aims of this study 

The work described within this thesis is broadly concerned with the 

coordination and structural chemistry of a range of heavy p-block complexes 

containing group 15 and group 16 donor ligands. The aims of the study can be divided 

into three general themes. 

The preparation and structural characterisation of a series of MX3 complexes 

(M = Sb, Bi; X = CI, Br, I) of di-tertiary phosphine and arsine ligands is described in 

chapter 2. The main focus of this work was to examine the effect of using ligands 

containing rigid carbon backbones upon the structure of the complex so formed, and to 

compare these structures to those adopted by complexes with more flexible Iigan&. A 

further aim of this work was to examine the coordination chemistry of AsXs toward 

mono- and di-tertiary phosphine and arsine ligands, allowing comparison to the 

analogous SbXa and BiXs complexes. 

Building upon the examples of bismuth(III)-chalcogenoether complexes 

recently described by the Southampton research g r o u p , t h e main part of the work 

aimed to synthesise and structurally characterise a range of MX3 and TlPFe complexes 

of multidentate and macrocyclic chalcogenoether ligands (M = As, Sb; X = CI, Br, I). 

Chapter 3 details a study of antimony(III) halide adducts of some bidentate and 

macrocyclic thio- and seleno-ether ligands, and highlights the range of motifs observed 

in these complexes. The synthesis and structural diversity of a series of arsenic(III) 

halide complexes with similar ligands is explored in chapter 4 , while chapter 5 focuses 

upon the preparation and characterisation of some TlPFe adducts of selenoethers. The 

structures of all examples are rationalised in terms of a combination of primary and 

secondary bonding with respect to the bonding models outlined in section 1.1.2. 

Synthetic routes to telluroether species have been a strong interest within the 

Southampton research group for some time.^^ Chapter 6 describes the synthesis and 

structures of a range of telluroether-based complexes, from telluronium species to the 

first structurally characterised bismuth(III)-telluroether complex. Again, the aim was to 

assess the structures of these species in terms of primary and secondary bonding. 
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2,1 Introduction 

Initial studies of main group metal-phosphine complexes concentrated upon the 

group 13 and 14 metals, particularly aluminium(III), gallium(III) and tin(IV). Levason 

and McAuliffe reviewed the phosphine complexes of these and other p-block elements 

in 1976/ A further review, covering developments up to 1994, has also appeared? As 

discussed in Chapter 1, there are few reports of arsine, stibine and bismuthine 

complexes of main group elements. This chapter describes a synthetic and structural 

study upon a range of coordination complexes of arsenic(III), antimony(III) and 

bismuth(III) halides with mono- and bidentate tertiary phosphine and arsine ligands. 

2.1.1 Bismuth(III) Complexes 

Early work upon phosphine complexes of the group 15 element halides 

concerned complexes of the type [MCl3(PMe3)n] (M = P, As or Sb, n = 1 or 2), with the 

results based mainly upon vapour pressure measurements/ However, this work did 

little to spark continued interest in the coordination chemistry of the group. Complexes 

of BiX] (X = CI, Br or I) with dppe were reported by Alonzo et al, and were 

characterised by microanalysis, infrared spectroscopy and mass spectrometry/ 

Although no X-ray structural data were obtained, the authors proposed a ligand-bridged 

dimer structure for the chloro-complex. A report of the polymeric [{Bi2Br7(PMe3)2}n]"" 

anion by Norman and co-workers marked the first example of a structurally 

characterized bismuth-phosphine complex (and indeed, the first structurally 

characterised Bi-P bond).^ The [Bil4(PMe2Ph)2]" species has also been reported. ^ 

Norman et al also reported the first structurally characterised neutral 

bismuth(III) complex of a tertiary phosphine, [Bi2Br6(PMe3)4] (Figure 2.1).' This 

species was obtained by reaction of BiBrs in neat PMea, and adopts a halide-bridged, 

edge-shared, bioctahedral dimer structure (Bi-P 2.716(3) - 2.865(3) A ) , as does the 

mixed phosphine/phosphine oxide complex [Bi2Br6(PPhMe2)2(OPPhMe2)2]/ 
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C(21 

Br(2al 

C(4I /C(6I 

Figure 2.1 View of the structure of the [Bi2Br6(PMe3)4] complex.' 

However, the reaction of BiBrs with two equivalents of PEta in THF yielded the 

tetrameric [Bi4Bri2(PEt3)4] complex.^ The structure of this species is similar to that 

adopted by the tetrameric antimony and bismuth halogenoanions [£4X16]"̂ ',̂  and is best 

described as two halide linked, edge-shared bioctahedral units containing both and 

p^-bridging bromine atoms (Figure 2.2). The two crystallographically independent 

bismuth atoms are each bound to five bromines and one phosphorus atom, with no 

significant departure from octahedral geometry. 

O 

Figure 2.2 View of the structure of the [Bi4Bri2(PEt3)4] complex. 
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Complexes of aliphatic-backboned diphosphine ligands have also been reported, 

with the structure of the [Bi2Br6(dmpe)2] complex shown to be closely related to the 

[Bi2Br6(PPhMe2)2(OPPhMe2)2] and [Bi2Br6(PMe3)4] species.® This structural motif is 

common in MX3 complexes of tertiary phosphines and arsines, and merits further 

discussion. 

Norman has noted that two trends arise from the above examples.^ Firstly, the 

greater trans influence of a phosphine compared to a halide is apparent in the lengths of 

M-X bonds trans to M-P bonds (in general, such a bond is ca. 0.2 A longer than a M-X 

bond trans to a halide). Secondly, only the structural isomer A (of the four, A-D, 

shown in Figure 2.3) is commonly observed. Isomer C would be predicted on 

stereochemical grounds, and is observed for phosphine complexes of the Group 5 - 9 

metals.^ 

h,. •"J , x L,. 
X X 

I 
X X 

b 

L,. 
"u 

. .X, f X 

.X X . 

:e: 

l 
x ^ T ^ x ^ l ^ x 

Figure 2.3 Isomers A to D. 

As discussed in Chapter 1, the d-orbitals play little part in M-P bonding, with 

the vacant M-X a* anti-bonding orbitals being the acceptors of electron donation. 

These orbitals are of lower energy than M-P a*-antibonding orbitals, and so the 

phosphine ligand bonds trans to a halide, hence isomers C and D are discounted. 

Norman and Pickett propose that the preference for isomer A over isomer B is due to an 

electronic effect attributable to the large trans influence of the phosphine ligand.^ 
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If such a ligand were coordinated trans to a bridging halide, as is the case for 

isomer B, the bridges would weaken to such an extent as to create a pair of adjacent 

[MXiLa]^ species, along with a pair of X" anions. The close proximity of these ions is 

energetically unfavorable. The M(III) lone pairs, now more stereochemically active 

due to the decrease in formal coordination number, would point toward each other, 

leading to further repulsive effects (Figure 2.4). As is observed in practice, isomer A is 

the more common (but not exclusive) form in the solid state. 

^ '--.f 

X X 

E . O 
- I »»»» 

Figure 2.4 Weakening of the M-X-M bridge in an isomer B structure.^ 

Bismuth(III) complexes involving dppm and dppe ligands have been prepared 

and structurally characterised by Willey and co-workers. The structures of these 

species do not conform to the above rationale regarding preference for the isomer A 

motif The [Bi2Cl6(dppm)2] species consists of two bidentate dppm molecules spanning 

a coplanar, halide-bridged BiiClg unit in an isomer D arrangement (Bi-P 2.872(3) -

3.090(3) A ) (Figure 2.5). Chelation of this ligand to a single bismuth(III) centre (which 

would lead to a strained four-membered ring) is disfavoured hence the preference 

toward a bridging mode and adoption of a less strained six-membered ring.^" 

For the dppe complex two independent molecules exist in the asymmetric unit, 

identified as [Bi2Cl6(dppe)2] and [Bi2Cl6(dppe)3].'° The former adopts the isomer A 

structure, while the latter is a centrosymmetric dimer containing two mer-octahedral 

BiCl3(dppe) moieties bridged by a dppe molecule (Bi-P 2.654(8) - 2.973(9) A ) (Figure 

2.(0. 
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Figure 2,5 View of the [Bi2Cl6(dppm)2] complex. 10 

Figure 2.6 View of the a) [Bi2Cl6(dppe)2] and b) [Bi2Cl6(dppe)3] complexes. 10 

There has been little work upon tertiary arsine complexes of bismuth(III) or 

antimony(III) halides. Sutton studied the reactions of BiXs and SbXg with diars and 

concluded, on the basis of molecular weight and conductivity data, that the 1:1 

complexes were trigonal pyramidal monomers.However, the [Bi2l6(diars)2] complex 

was recently shown to adopt the dimeric isomer A structure (Bi-As 2.801(2) - 2.974(2) 

A).'^ There are no examples of BiXa complexes of tertiary stibines or bismuthines in 

the literature. 
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2.1.2 Antimony(III) Complexes 

Like the BiX; analogues, antimony(III) halide complexes of tertiary phosphines 

have only recently been isolated, though the formation of such complexes was 

postulated from NMR evidence by both Summers and Holmes.^ The first species to be 

structurally characterised was the monomeric [Sbl4(dmpe)]" anion, obtained from 

dissolution of the [Sbl3(dmpe)] complex in pyridine.'^ The antimony atom is 

coordinated to four iodine and one diphosphine ligand, and shows significant distortion 

from octahedral geometry. This was rationalised in terms of an arrested double Sn2 

transition state for the nucleophillic substitution of two iodide ligands by a dmpe 

molecule. The anion [Sb2Br7(PEt3)2]" has also been reported, and consists of discrete 

dinuclear units containing three p^-bridging bromides.® 

The direct reaction of Sbis and PMea in THF yielded the [SbzIeCPMes)!]. THF 

adduct.^ Single crystal X-ray diffraction revealed the structure to consist of a weakly 

interacting polymer of dimers, with one unbound THF molecule of crystallisation per 

dimer (Figure 2.7). Each dimeric unit is comprised of two edge-sharing square 

pyramidal antimony atoms coordinated to an apical phosphine (2.633(6) - 2.627(5) A) 

and four basal iodines. Two weak, intermolecular antimony-iodine bridges form the 

polymer (3.547(2) - 3.698(2) A). 

Figure 2.7 View of the [Sb2l6(PMe3)2] complex (THF molecules not shown). 
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The same authors have reported two independent polymorphs of 

[SbBr3(dmpe)].^ The first of these, [Sb2Br6(dmpe)2], is isomorphous with the 

corresponding bismuth(III) complex (i.e. an isomer A dimer), however the second 

isomer, [Sb4Bri2(dmpe)4], adopts a tetrameric arrangment (Figure 2.8). The central part 

of the tetramer is similar to the isomer A dimer, although the halide bridge is highly 

asymmetric. This unit is linked through near-linear Br-Sb-Br bridges to two 

SbBr3(dmpe) species. The Br-Sb-Br bridges are both trans to a coordinated phosphine 

and thus long (3.000(2) - 3.333(2) A), and the authors suggest that the greater Sb-Sb 

separation (due to near-linear Br-Sb-Br bridges) serves to reduce the effect of any 

destabilising lone pair-lone pair repulsion (akin to that proposed in Figure 2.4).^ 

Bn, 

R 

P 

B r ^ B r 

Sb' Bn 

B r 

Br iP-—, 

I 
Br % 

Sb* 

Br 

P ^ 
Br 

Br 

Figure 2.8 View of one of the polymorphs of the [Sb4Bri2(dmpe)4] complex (methyl 

groups omitted).^ 
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Denker et al have reported the synthesis and crystal structures of the 

[Sbl2Me(SbMe3)] and [Sbl3(SbMe3)(THF)]2 complexes/'*' The former contains two 

crystallographically independent molecules of similar geometry but in different 

environments. Both of these species adopt a distorted pseudo-trigonal bipyramidal 

structure with trimethylstibine, the methyl group and the lone pair in the equatorial 

positions and iodine atoms bound ax ia l ly .The difference between the two molecules 

is the extent of the secondary interactions, with one molecule forming an Sb—I contact 

of 3.480(1) A trans to the Sb-Sb bond and two further such contacts (3.903(1) -

3.970(1) A ) to give an array of tetrameric units. The other molecule is associated with 

only one neighbour, through a Sb—I contact of 4.234(1) A , to give a dimer (Figure 

2.9). The Sb-Sb distances are similar in each molecule (2.859(1) - 2.868(1) A) . 

swk) 

Figure 2.9 View of the secondary interactions in the [Sbl2Me(SbMe3)] complex. 14 

The [Sbl3(SbMe3)(THF)]2 complex exists as a centrosymmetric, edge-sharing 

bioctahedral dimer, comprised of two terminal and two bridging iodines in equatorial 

positions with SbMes and THF molecules bound axially (Sb-Sb 2.8430(10) A , Sb-0 
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2.850(10) A ) to give a slightly distorted octahedral geometry (Figure 2 . 1 0 ) / ^ This 

structure can be viewed as being similar to that of the [Sbl3(PMe3)2].THF adduct 

reported by Norman, the major difference being that the coordinated THF molecule in 

the present complex prevents the formation of intermolecular Sb—I contacts. 

Figure 2.10 View of the structure of [Sbl3(SbMe3)(THF)]/^ 

2.1.3 Arsenic(III) and Phosphorus(III) Complexes 

Studies involving arsenic(III) halides acting as Lewis acids towards either 

amine, phosphine or arsine species are very rare. The [AsXs {o-C6H4(AsMe2)2}] 

complexes were isolated by Sutton and assigned the same structure as those for the 

corresponding SbXs and BiXs species.'^ In later work. Summers and Sisler studied the 

reactions of AsXs with PMes and AsMes.^ Depending upon the AsXs : ligand ratio 

used for the PMea species, the 1:1 or 1:2 adducts were obtained, however only the- 1:1 

product was obtained from the AsMes system. These adducts were characterised by 

^H-NMR spectroscopy, conductivity and microanalysis, although no structural 

predictions were made. 

Page 45 



Chapter 2 Group 15 Halide Complexes of Phosphines and Arsines 

Recently, Baum and co-workers reported the first structurally characterised 

AsXs complex of a tertiary arsine (Figure 2.11).'® The [As2Cl6(AsEt3)2] species adopts 

a dimeric p^-dichloro edge-bridged motif showing a distorted square pyramidal arsenic 

geometry with two terminal and two bridging halides in the basal plane and two AsEts 

molecules bound in axial, mutually anti positions (As-As 2.469(3) A), similar to the 

[Sbl3(PMe3)2].THF adduct. However, in the present case there is no evidence for 

intermolecular As—CI interactions. The angles about the As(Cl)2As bridge are highly 

distorted from 90 ° (Asl-Cll-AsT 99.45(5), Cll-Asl-Cll ' 80.55(5) °) and the AsEts 

groups appear to tilt toward the vacant site on the opposite arsenic atom, suggesting 

that the arsenic-based lone pair is localized along the vector of the bridge. This product 

was obtained regardless of the reaction stoichiometry. Prior to the work reported in this 

chapter, there were no structurally characterised [AsXs(phosphine)] complexes in the 

literature. 

Figure 2.11 View of the [As2Cl6(AsEt3)2] complex. 16 
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As recently as 2002, Mixller and co-workers reported the X-ray crystal 

structures of [PBr3(PMe3)] and [PBr2Bz(PMe3)], the first such complexes to be 

structurally characterised (Bz = 3, 5-dimethylbenzyl) (Figure 2.12).'^ The 

[PBr3(PMe3)] adduct exists as dimer, similar to the [Sbl3(PMe3)2].THF and 

[As2Cl6(AsEt3)2] species, although without the intermolecular contacts of the former. 

The [PBr2Bz(PMe3)] complex adopts a pseudo-trigonal bipyramidal geometry with the 

phosphorus-based lone pair occupying one of the equatorial positions. The bonding in 

these species was described as intermediate between the two extremes of a neutral 

donor-acceptor complex and an ion pair. Of the two adducts, the [PBr2Bz(PMe3)] 

complex was more extensively dissociated, the longest P-Br bond being 2.957(2) A as 

opposed to 2.677(2) A in [PBr3(PMe3)]. The authors ascribe this difference to the 

poorer acceptor properties of PBr2Bz compared to PB^,. There are no examples of 

PX3-ASR3 complexes in the literature. 

cii 

Figure 2.12 View of the a) [PBr3(PMe3)] and b) [PBr2Bz(PMe3)] complexes. 17 
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2.2 Results and Discussion 

2.2.1 Antimony(III) and Bismuth(III) - Phosphine Complexes 

The reaction of MX3 (M = Sb or Bi; X = CI, Br or I) in anhydrous MeCN (X = 

CI, Br) or THF (X = I) solutions with one molar equivalent of L (L = o-C6H4(PMe2)2 or 

o-C6H4(PPh2)) in anhydrous CH2CI2 solution immediately produced a yellow or orange 

solid of general formula [MX3(L)] in moderate yield. Use of a two-fold excess of 

ligand failed to produce 1:2 complexes. The solids were filtered under vacuum, 

washed with anhydrous hexane and dried in vacuo. Anhydrous EtOH was occasionally 

used as solvent, the products obtained being independent of solvent. On account of the 

moisture sensitivity of MX3 and the [MX3(L)] adducts, all reactions were performed 

under an atmosphere of dry N2 using standard Schlenk techniques, and the complexes 

were stored in a dry, N2-filled glove box. 

In general, the [MX3(L)] complexes were very poorly soluble in chlorocarbons, 

MeN02 or MeCN. 'H-NMR spectra (where obtainable) showed resonances little 

shifted from those for the uncomplexed ligand, indicating solution lability. The 

[SbX3{o-C6H4(PMe2)2}] complexes (X = CI or Br) were slightly soluble in MeN02, 

although ^^P{'H}-NMR spectra recorded at 300 K showed only weak signals due to 

diphosphine dioxide and, at higher frequencies, halogenated phosphine impurities 

(R3PX^). Spectra obtained at 250 K revealed a sharp singlet at 4.0 ppm (X = CI) and -

6.5 ppm (X = Br) due to the coordinated ligand. These values are shifted from the free 

ligand resonance of-55.3 ppm. The other complexes were not sufficiently soluble to 

allow useful low temperature NMR studies. 

The infrared spectra of the chloro-derivatives, obtained in nujol, show weak, 

broad features in the range 230 - 280 cm"' which may be attributed to v(M-Cl) modes; 

analogous modes for the parent BiCls species were assigned at 242 and 288 cm"̂  by 

Oertal.'^ The absence of a strong peak in the range 1200-1100 cm'% due to phosphine 

oxide, indicates that the solids do not undergo rapid oxidation. The complexes degrade 

upon prolonged exposure to air, indicated by a colour change from pale yellow orange 

to brown and the growth of a broad peak ca. 1200-1100 cm"^ in the IR spectrum. 
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Diffuse reflectance UV-visible spectra were obtained for the [BiXs {o-C6H4(PPh2)2} ] 

adducts, but show only weak, ill-defined absorptions tailing into the visible region. 

Since IR, NMR and UV spectroscopy provided little structural information, 

single crystal X-ray diffraction studies were required for more complete structural 

characterisation. The very poor solubility of the complexes in non-coordinating 

solvents meant that crystals were only obtainable direct from the reaction mixture. A 

typical crystallisation attempt involved the slow evaporation of solvent from a solution 

of the starting materials in a N2-filled glove box. By this procedure, a set of pale 

yellow block crystals was obtained for the [SbBr] {o-C6H4(PPh2)2}] adduct. 

The [SbBr3{o-C6H4(PPh2)2}] complex adopts an edge-shared, p,-dichloro-

bridged, bioctahedral dimer structure (Figure 2.13, Table 2.1), as observed by Norman 

and others for species such as [M2Br6(dmpe)2] and [Bi2Br6(PMe3)4]/' ̂  

B r ( l a ) 
C ( l O a ) 

Sbri) Sb( 1 a) 

C(9a) 

C ( 8 a ) 

<^^C(2a) 

C(la) 

C(10) 

Figure 2.13 View of the structure of [SbBrg {o-C6H4(PPh2)2}] with the numbering 

scheme adopted. Ellipsoids drawn at 40 % probability, with phenyl groups and H-

atoms omitted for clarity. 
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The Sb-P bond lengths (2.91(2) - 3.01(2) A ) are somewhat longer than those 

observed in the isomorphous [Sb2Br6(dmpe)2] complex (2.575(3) - 2.659(3) A), 

indicating that the alkyl substituted phosphine is a stronger donor toward SbBrs.^ The 

P-C bond distances are little changed from those observed in the uncoordinated 

phosphine (average 1.820 v^. 1.842 A).^^ However, the Sb-Br distances and Sb(p-

Br)2Sb bridge asymmetry (2.540(9) - 2.657(9) and 2.679(8) - 3.51(1) A , A = 0.83 A ) 

are similar to those in the [SbzBrg {Me2P(CH2)2PMe2}2 adduct (2.695(1) - 2.828(1) and 

3.003(1) - 3.595(1) A , A = 0.77 A).^ Thus the bridges in these SbXs adducts are much 

more distorted than in [Bi2Br6{Me2P(CH2)2PMe2}2] (A = 0.46 A ) . 

Sb(l) Br(l) 2.540(9) Sb(l) Br(3a) 3.513(1) 

Sb(l) Br(2) 2.657(9) Sb(l) P(l) 3.011(2) 

Sb(l) Br(3) 2.679(8) Sb(l) P(2) 2.919(2) 

Br(l) Sb(l) Br(2) 88.01(3) Br(l) Sb(l) Br(3) 91.49(3) 

Br(l) Sb(l) Br(3a) 172.21(2) Br(l) Sb(l) P( l ) 81.90(4) 

Br(l) Sb(l) P(2) 79.36(4) Br(2) Sb(l) Br(3) 100.02(3) 

Br(2) Sb(l) Br(3a) 87.22(3) Br(2) Sb(l) P( l ) 98.82(4) 

Br(2) Sb(l) P(2) 160.56(4) Br(3) Sb(l) Br(3a) 83.31(3) 

Br(3) Sb(l) P(l) 159.85(4) Br(3) Sb(l) P(2) 95.13(4) 

Br(3a) Sb(l) P(l) 104.93(4) Br(3a) Sb(l) P(2) 106.8(2) 

Table 2.1 Selected bond distances (A) and angles (°) with e.s.d.'s for [SbiBrglo-

C6H4(PPh2)2}2] 
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In an attempt to obtain a crystalline sample of the [BiCl3{o-C6H4(PPli2)2}] 

complex, a 1:1 ratio of the starting materials was dissolved in anhydrous THF and the 

solution layered with anhydrous hexane. A set of crystals suitable for X-ray diffraction 

studies were obtained, however the complex contained the diphosphine dioxide species, 

o-C6H4(P(0)Ph2)2. IR spectra of the free o-C6H4(PPh2)2 ligand did not show bands in 

the 1200 cm"' region due to P=0, thus adventitious air is the most likely oxygen source. 

Similar in situ oxidation of the [BiCl3({Ph2PCH2PPh2})] and 

[BiCl3(Ph2As(CH2)2AsPh2)] complexes has been reported by Willey and co-workers.^° 

The X-ray crystal structure of the [Bids {o-C6H4(P(0)Ph2)2}(THF)] species 

shows a distorted octahedral geometry around the bismuth atom (Figure 2.14, Table 

2.2), and is similar to that recently reported for the [Snl4(o-C6H4{P(0)Ph2}2)2] 

complex.^' Coordination of the diphosphine dioxide ligand to the bismuth atom is 

through two mutually cis oxygen atoms (Bi-Op 2.444(2) - 2.470(3) A), forming a 

seven-membered chelate ring. These bonds are significantly longer than analogous 

bonds in the complex [BiCl3{Ph2P(0)CH2P(0)Ph2}] (2.31(3) - 2.42(1) A) which, 

unlike the present complex, has close to idealised octahedral geometry and adopts the 

isomer A s t r u c t u r e . T h e Bi-Op bond length is also longer than that found in the (p-

Br)2 bridged square pyramidal [(BiPhBr2)2(OPPh3)2] complex (2.390(9) A).^^ 

p(i) C(6) 

C(5) 

C(4) 

Figure 2.14 View of the structure of [Bids {o-C6H4(P(0)Ph2)2}(THF)]. Details as for 

Figure 2.13, phenyl groups omitted for clarity. 
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The BI-OxHF bond distance is 2 . 7 0 9 ( 6 ) A, similar to the maximum BI-OTHF 

bond length of 2 . 7 0 0 ( 7 ) A observed in recent structural studies upon THF adducts of 

BiXs, although the average BI-OTHF distance was ca. 2 . 6 2 A in these species. 

Bi(l) (:i(i) 2.518(2) ]3i(l) ()(1) 2.470(5) 

]3i(l) Cl(2) 2.576(2) ]3i(l) 0(2) 2.444(5) 

Bi(l) Cl(3) 2.593(2) 131(1) 0(3) 2.709(6) 

(:i(l) Bi(l) C%2) 89.11(8) (:i(l) Bi(l) Cl(3) 96J^{^ 

(]1(1) Bi(l) 0(1) 92.9(1) (:i(l) BKl) 0 ( 2 ) 83.0(1) 

(:i(i) Bi(l) 0(3) 168.6(1) Cl(2) BKl) Cl(3) 99.26(8) 

Cl(2) BKl) 0(1) 97.0(1) Cl(2) BKl) 0 ( 2 ) 168.7(1) 

Cl(2) Bi(l) 0(3) 79.5(1) Cl(3) Bi(l) OKI) 161.5(1) 

Cl(3) Bi(l) 0(2) 89.7(1) Cl(3) Bi(l) CK3) 86/Kl) 

()(1) Bi(l) 0(2) 75.4(3) 0(1) Bi(l) 0 ( 3 ) 87.9(2) 

0(2) BKl) CK3) 10&2CO 

Table 2.2 Selected bond distances (A) and angles (°) with e.s.d.'s for [Bids{o-

C6H4(PCM%tk}Cn3FW. 

Bulk samples of the diphosphine dioxide complexes were obtained, in moderate 

yield, as white or pale yellow solids by addition of an anhydrous THF solution of BiXs 

(X = CI or Br) to an equimolar THF solution of the diphosphine dioxide ligand 

followed by treatment of the mixture with hexane. Microanalyses corresponding to 1:1 

stoichiometry were obtained for all freshly prepared solids. A strong, broad peak ca. 

1150 cm ' in the nujol IR spectra confirmed the presence of the coordinated 

diphosphine dioxide ligand, shifted from ca. 1200 cm'^ for the uncoordinated ligand. 

Features in the range 230-280 cm"', attributable to Bi-Cl stretches, were also observed 

in the chloro-derivative. The diphosphine dioxide complexes were more soluble in 
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halocarbon solvents than the analogous phosphine species and were thus amenable to 

both 'H and NMR spectroscopy. The 'H NMR spectrum confirms the 

presence (X = CI) or absence (X = Br) of a coordinated THF molecule, while the 

NMR spectrum, obtained in CH2CI2 at room temperature, reveals a sharp 

singlet at 5 34.5 ppm. This value is only slightly shifted from the resonance of 

uncoordinated o-C6H4(POPh2)2 (5 33.6 ppm), consistent with other complexes of this 

ligand.^^' Despite the enhanced solubility of the phosphine oxide complexes, no 

crystals of the bromo-complex could be isolated. It is likely that the THF-free bromide 

analogue adopts the isomer A structure, with dimerisation via bridging bromide ligands 

replacing the weak Bi-THF interaction. In effect, the weakly bound THF molecule 

blocks the bridging site. 

Very small, pale yellow plate crystals of [BiCla {o-C6H4(PPh2)2}] were obtained 

as for the [SbBrg {o-C6H4(PPh2)2} ] complex. Although weakly diffracting, the crystals 

were of suitable quality for X-ray diffraction studies. Unfortunately the data obtained 

were of rather low quality (R = 0.12) and thus comparisons of bond distances and 

angles with other similar MX3 species are not warranted. However, the data were 

sufficient to establish the overall coordination geometry at the bismuth atom, revealing 

that the structure is very similar to that of the [SbBrs {o-C6H4(PPh2)2}] complex (i.e. a 

bioctahedral dimer in the isomer A motif). 
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2.2.2 Antimony(III) - Arsine Complexes 

The reaction of SbXs (X = CI, Br or I) with one molar equivalent of L (L = o-

C6H4(AsMe2)2, Ph2As(CH2)2AsPh2 or MeC(CH2AsMe2)3), both in anhydrous EtOH 

solution, produced white or yellow solids of general formula [SbX3(L)] in moderate 

yield. Use of a twofold excess of ligand failed to produce 1:2 complexes. The solids 

were isolated and stored as for the SbXs and BiXa complexes discussed in section 2.2.1. 

Microanalytical data corresponding to 1:1 stoichiometry were recorded for all freshly 

prepared solids, and nujol IR spectra revealed weak, broad bands in the range 230 -270 

cm"' due to Sb-Cl stretches. Again, very low solubility in non-donor solvents 

prevented NMR studies and production of crystals by normal recrystalisation 

techniques. However, slow evaporation of solvent from the SbCl3-o-C6H4(AsMe2)2 

reaction solution yielded a set of colourless, block crystals of the [SbzCle {o-

C6H4(AsMe2)2}] adduct suitable for X-ray diffraction studies. 

The solid-state structure of the complex reveals an extended coordination 

network, consisting of SbCli {o-C6H4(AsMei)} fragments weakly cross-linked into a 

two-dimensional chain by SbCU units (Figures 2.15 and 2.16, Table 2.3). Such a motif 

is unexpected and in stark contrast to the analogous [Bil] {o-C6H4(AsMe2)2}] 

complex. The donor set of the SbCl2{o-C6H4(AsMe2)} moiety is comprised of the 

terminal chlorine Cl(l) (2.580(2) A) , the bridging primary chlorine Cl(2) (2.573(2) A) , 

two weakly bonded bridging chlorine atoms Cl(3) and Cl(5a) (3.141(2), 3.020(3) A ) 

and a symmetrically bound, chelating diarsine (2.664(1) A) , with the SbCl2{o-

C6H4(AsMe2)} fragments linked to SbCU units by Sb(p-Cl)Sb bridges. The geometry 

about the central antimony atom is severely distorted from octahedral, although it is 

unclear as to whether the distortion is due to lone pair effects or a consequence of the 

novel coordination environment. The SbCU unit consists of terminal chlorines Cl(4) 

and Cl(6) (2.352(3) - 2.366(3) A ) and primary bridging chlorines Cl(3) and Cl(5) 

(2.603(3) - 2.618(2) 2.603(3)), with a weak, secondary Sb-Cl contact Cl(2) (3.267(3) 

A ) completing the square pyramidal donor set. Microanalytical data consistent with a 

2:1 SbCl3:o-C6H4(AsMe2)2 ratio were obtained. 
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Sb(2a) Cl(6) 

Cl(2a) 

Cl(5a) 

Sb(la) 

Figure 2.15 View of the structure of the asymmetric unit of [SbzClg-jo-

C6H4(AsMe2)2}]. Details as for Figure 2.12, methyl groups omitted for clarity. 

Sb(ia) 

CK4)_^b(2) 

Figure 2.16 View of a portion of the extended network adopted by [Sb2Cl6{o-

(:6H4(/L&Me2)2}]. 
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Sb(l) As(l) 2.663(1) Sb(l) As(2) 2.664(1) 

Sb(l) Cl(l) 2.580(2) Sb(l) Cl(2) 2.573(2) 

Sb(l) Cl(3) 3.141(2) Sb(l) Cl(5a) 3.020(3) 

Sb(2) Cl(3) 2.618(2) Sb(2) Cl(4) 2.366(3) 

Sb(2) Cl(5) 2.603(3) Sb(2) Cl(6) 2.352(3) 

Sb(2) Cl(2a) 3.267(3) 

As(l) Sb(l) As(2) 81.23(3) As(l) Sb(l) Cl(l) 82.45(6) 

As(l) Sb(l) Cl(2) 80.69(7) As(l) Sb(l) Cl(3) 72.06(6) 

As(l) Sb(l) Cl(5a) 156.49(6) As(2) Sb(l) Cl(l) 84.07(7) 

As(2) Sb(l) Cl(2) 82.51(6) As(2) Sb(l) Cl(3) 153.21(6) 

As(2) Sb(l) Cl(5a) 75.65(6) Cl(l) Sb(l) Cl(2) 159.84(9) 

Cl(l) Sb(l) Cl(3) 94.17(7) Cl(l) Sb(l) Cl(5a) 99.14(9) 

Cl(2) Sb(l) Cl(3) 91.08(7) Cl(2) Sb(l) Cl(5a) 92.04(9) 

Cl(3) Sb(l) Cl(5a) 130.77(8) Cl(3) Sb(2) Cl(4) 87.83(9) 

Cl(3) Sb(2) CI(6) 89.27(9) Cl(3) Sb(2) Cl(5a) 177.20(9) 

Cl(3) Sb(2) Cl(2a) 81.22(7) Cl(4) Sb(l) Cl(5) 90.81(1) 

Cl(4) Sb(2) Cl(2a) 168.81(9) Cl(5) Sb(2) Cl(2a) 100.02(9) 

Cl(6) Sb(2) Cl(4) 94.19(9) Cl(6) Sb(2) Cl(5) 88.48(1) 

Cl(6) Sb(2) Cl(2a) 83.57(9) Sb(l) Cl(2) Sb(2a) 156.55(1) 

Sb(2) Cl(5) Sb(la) 172.53(1) 

Table 2.3 Selected bond distances (A) and angles (°) for [Sb2Cl6 {o-C6H4(AsMe2)2}]. 
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The present structure provides the first example of a coordination polymer 

derived from an [MX3(L)] complex although, in view of the preference for the isomer 

A dimer structure in the solid state, it is likely that the extended chain structure is due to 

degradation of a parent dimeric molecule. 

Attempts to crystallise the [SbCl3(Ph2As(CH2)2AsPh2)] complexes produced a 

few large, colourless needle crystals suitable for X-ray diffraction studies. However, 

data analysis revealed the crystals to be uncomplexed l,2-bis(diphenylarsino)ethane 

and subsequent attempts produced crystal of insufficient quality.^^ Attempts to isolate 

crystals of the [Bids{o-C6H4(AsMe2)2}] complex for comparison with [Bilsjo-

C6H4(AsMe2)2}] were plagued by similar problems, although microanalytical data 

confirms a 1:1 stoichiometry for the bulk sample. 

2.2.3 Arsenic(III) - Phosphine and Arsine Complexes 

Reaction of AsXg (X = CI, Br and I) with one molar equivalent of L (L = PMes, 

AsMes, o-C6H4(PMe2)2, o-C6H4(PPh2)2, o-C6H4(AsMe2)2 or MeC(CH2AsMe2)3) in 

anhydrous CH2CI2 or EtsO (X = CI and Br) or THF solutions (X = I) produced white or 

pale yellow solids in moderate to good yield. In some cases (L = PMes, AsMes, 0-

C6H4(PMe2)2) the reactions were performed at low temperature {ca. -30° C) using a 

solid CO2/CCI4 slush bath. The solids were isolated and stored as previously. Use of 

two molar equivalents of PMea affords products of composition [AsX3(PMe3)2] (X = 

CI, Br) whereas reaction of AsCla with one equivalent of PMes gives the 1:1 product. 

No 1:1 adduct was obtained from the reaction of AsBra with PMes. Reaction of AsXs 

with AsMea affords only the 1:1 product [AsX3(AsMe3)], using either a 1:1 or 1:2 

AsXgiAsMe] ratio. These observations are in accord with those of Summers and 

Sisler.^ 

The complexes were very poorly soluble in non-donor solvents, however 

^'P{'H} NMR spectra of the [AsCl3(PMe3)n] (n = 1 or 2) adducts each showed a broad 

singlet at 27 ppm. This signal is lost upon addition of excess PMes, with a broad 

resonance developing at lower frequency, indicative of fast-exchange with free PMes 

(- 62 ppm). The ^^P{'H}-NMR spectra of [AsBr3(PMe3)2] showed a singlet at 16 ppm. 

'H-NMR spectra show two overlapping doublets for [AsClaCPMcs}] and 

[AsCl3(PMe3)2], consistent with the presence of both 1:1 and 1:2 species in each case. 
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Only one doublet is observed for [AsBr3(PMe3)2] (Jpn =12 Hz). For the [AsXs {o-

C6H4(PPh2)2}] complexes ^'P{'H}-NMR spectra show a mixture of products, including 

halogenated o-C6H4(PPh2)2, indicating that these adducts rapidly decompose in solution 

Infrared spectra of the chloro- and bromo-complexes show very broad features in the 

ranges 420-380 and 270-260 cm"' respectively, which are assigned as v(As-X) bands. 

The IR spectra are otherwise uninformative. Satisfactory microanalytical data were 

obtained for all freshly prepared solids. 

As for the insoluble SbXs and BiXs complexes discussed previously, the 

techniques of NMR and IR spectroscopy provide very little information regarding the 

structural properties of these [AsXaL] complexes. Thus, emphasis was placed upon 

production of single crystals suitable for X-ray diffraction studies. A set of modest 

quality crystals of [AsClsCPMes)] was obtained by slow evaporation of a solution of 

AsCls in anhydrous CH2CI2 layered onto a solution of PMcs in toluene in an N2 purged 

glove box. 

The asymmetric unit contains two discrete, crystallographically independent 

[AsCl3(PMe3)] units, and the As-P bond distances are very similar (As(l)-P(l) 

2.380(5), As(2)-P(2) 2.388(5) A ) . The [AsCl3(PMe3)] complex exists in the solid state 

as an edge-shared, p-dichloro-bridged dimer with a planar Cl2As(p-Cl)2AsCl2 core and 

a single PMe3 ligand axially coordinated to each As atom, the phosphines adopting 

mutually anti positions (Figure 2.17, Table 2.4). 

The As(|Li-Cl)2As core of the dimer containing As(2) is quite symmetrical 

(2.795(5), 2.908(5) A , A = 0.113 A ) , with terminal As-Cl bond distances of 2.298(5) 

and 2.270(5) A . The bond angles about the As(2) atom show no significant departure 

from a regular octahedron (although the bridge angles are somewhat distorted), and the 

arsenic-based lone pair is likely to occupy the vacant axial coordination site. The bond 

length distribution at As(l) is more distorted with an asymmetric As(p-Cl)2As bridging 

unit (2.625(6), 2.907(6) A , A = 0.282 A ) , while the terminal As-Cl distances differ by 

ca. 0.1 A (2.333(6), 2.242(5) A) , although the angles about As( l ) are similar to those in 

the As(2) dimer. 
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Cl(la)U 

(:(3) 

C(2) 

Cl(3a) 

!^As(la) ci(2) 
A8(l) Cl(3) 

Cl(2a) 

C(la) 

Cl(6a) 

u 
C(6a) ^ H 

C(4a) II 
II 

Cl(4a) 

Figure 2.17 View of the packing of [AsClsCPMea)] showing the long range 

As(l) "Cl(4) intermolecular contact and orthogonal arrangement of dimer units. 

Ellipsoids shown at 40 % probability, H-atoms omitted for clarity. Atoms marked (a) 

are related by the symmetry operation -x, -y, -z. 

The packing of the two discrete dimeric units is unusual, with the As(l) and 

As(2) dimers disposed almost orthogonally and a long range, intermolecular As-Cl 

contact of ca. 3.43 A between As(l) and Cl(4). This motif is repeated to give infinite 

chains of weakly associated dimers (Figure 2.18). This intermolecular As-Cl contact is 

within the sum of the van der Waal's radii for As and CI (3.60 A),^^ and indicates that 

the sixth coordination site on As(l) is occupied by a secondary interaction, which 

probably stabilizes the observed orthogonal chain arrangement. Thus, As(l) adopts a 

[5+1] coordination environment. 
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])(!) 2.380(5) As(l) (:i(l) 2.333(6) 

As(l) Cl(2) 2.625(6) As(l) Cl(2a) 2.907(6) 

yis(i) Cl(3) 2.242(5) As(l) Cl(4) 3.432(5) 

As(2) P(2) 2.388(5) As(2) Cl(4) 2.298(5) 

As(2) Cl(5) 2.795(5) As(2) CK5a) 2.809(5) 

As(2) Cl(6) 2.270(5) PO) (](!) 1.776(3) 

Cl(l) As(l) C%2) 175.6(2) (:i(l) As(l) Cl(2a) 9&0C0 

(:i(l) As(l) Cl(3) 92.8(2) (31(1) As(l) P( l ) 84.4(2) 

(:i(i) As(l) Cl(4) 81.3(1) Cl(2) As(l) Cl(2a) 8L4Gy 

Cl(2) As(l) Cl(3) 87.4(2) Cl(2) As(l) Cl(4) 103.1(2) 

Cl(2) As(l) P(l) 91.1(2) Cl(2a) As(l) Cl(3) 167.5(2) 

Cl(2a) As(l) P(l) 91.9(2) Cl(3) As(l) P( l ) 9L9C0 

Cl(3) As(l) Cl(4) 83.0(3) Cl(4) /LS(1) P(l ) 164.6(2) 

Cl(4) As(2) Cl(5) 174.7(2) Cl(4) As(2) Cl(5a) 94.3(2) 

Cl(4) As(2) CK6) 95.6(2) Cl(4) As(2) P(2) 8&1C0 

Cl(5) As(2) Cl(5a) 8L2C0 Cl(5) As(2) Cl(6) 8&7C0 

C%5) As(2) P(2) 9&8C0 Cl(5a) As(2) Cl(6) 169.4(2) 

Cl(5a) As(2) P(2) 85JC0 C%6) As(2) P(2) 91.2(5) 

As(l) Cl(2) As(la) 9&6Cg As(2) (]1(5) As(2a) 9&,8C0 

Table 2.4 Selected bond distances (A) and angles (°) for [AsClsCPMea)]. 
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% 
JO f 

% 
Figure 2.18 View of the extended chain structure of the [AsCl3(PMe3)] complex. 

No such long range As—CI interaction is observed for As(2), and this arsenic 

atom is thus regarded as five-coordinate (hence the weakly bound chains are not cross-

linked). The occupation of the sixth As(l) coordination site by a secondary interaction 

has implications for the stereochemical activity of the As(l)-based lone pair, since it 

cannot occupy an open vertex (as is observed in the As(2) dimer), and hence the 

distorted bond length distribution about As(l) may be evidence of a lone pair effect. 

It is useful to compare the structure of the [Sb2l6(PMe3)2].THF complex to 

[AsCl3(PMe3)], since the antimony species also shows secondary interactions (Figure 

2.7).^ In this case, long range Sb—I contacts between dimer units form a loosely bound 

polymer but the individual dimers are crystallographically identical and they align in a 

parallel (rather than orthogonal) fashion. The individual [AsCl3(PMe3)] dimer units 

may also be compared to the structure of [AsCl3(AsEt3)] reported by Baum (Figure 

2.11).'® The latter species is similar to [AsCl3(PMe3)] in that it adopts a (p-Cl): bridged 

square pyramidal geometry with four terminal chlorine atoms in the basal plane and 

apical, mutually anti AsEts ligands. However, the latter are tilted slightly toward (and 

thus partially block) the vacant coordination site on the arsenic atom, hence no 

intermolecular interaction is observed. A final comparison may be made to the recently 

reported [PBr3(PMe3)] species (Figure 2.12)/^ the structure of which is very similar to 

the individual [AsCl3(PMe3)] dimer. A major difference, however, is the much higher 
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degree of asymmetry in the bridging P(p-Br)2P unit (3.327(2), 2.677(2) A , A = 0.650 A 

c/^ A = 0.282 A for the most distorted [AsCl3(PMe3)] dimer). This reflects the bonding 

situation in the [PBr3(PMe3)] adduct, which is considered to be intermediate between 

neutral covalent and i o n i c . N o intermolecular contacts were observed for this species. 

Crystals of [AsXg {o-C6H4(AsMe2)2}] (X = Br and I) were obtained by slow 

evaporation of a solution of the appropriate complex in CH2CI2 in a N2 purged glove 

box. Although not formally isostructural, the complexes [AsBr3{o-C6H4(AsMe2)2}] 

(Figure 2.19, Table 2.7) and [ASI3 {o-C6H4(AsMe2)2}] (Figure 2.19, Table 2.8) adopt 

very similar structures. Like the [Bi2l6 {o-C6H4(AsMe2)2} ] adduct, both complexes 

exist as isomer A, edge-shared, bioctahedral |LX-dihalo-bridged dimers with each As 

atom bound to two bridging halides, two cis terminal halides and two As donor atoms 

from the chelating diarsine ligand. 

C(7a) 
C(6a) 

C(4a) 

C(lOa) 

C(8a) 

B r ( l a ) 

AsCD 
As(2a) 

As(la) 

Br{3a) 

As(3) 

C(5a) 

C(6) C ( 7 ) 
Br(2a) 

C(10) 

Figure 2.19 View of the structure of [AsBrs {o-C6H4(AsMe2)2} ]. Ellipsoids shown at 40 

% probability, H-atoms omitted for clarity. Atoms marked (a) are related by the 

symmetry operation -x, -y, -z. 

The range of bond distances at each central As atom is noteworthy. The As(p-

X)2As bridging unit is highly asymmetric (2.830(2), 3.345(2) A, A = 0.515 A for X= 

Br; 2.845(1), 3.434(1) A , A = 0.588 A for X = I), while the terminal As-X distances 

differ by ca. 0.4 A in the bromo-species (2.463(2), 2.886(2) A ) and ca. 0.2 A in the 
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iodo-analogue (2.8376(11), 3.0202(11) A) . The As-As distances involving the AsXs 

unit and the chelating diarsine ligand are also unequal, differing by ca. 0.1 A in both 

complexes (2.448(2), 2.537(2) A for X = Br; 2.4785(12), 2.6067(12) A for X = I). 

These As-As distances are comparable to the only other structurally characterised 

arsenic-arsine bond length of 2.469(3) A (in the [AsCl3(AsEt3)] complex), and also lie 

in the range observed in various tetra-alkyl and tetra-aiyl diarsines. For example, the 

As-As bond distance in Me2AsAsMe2 is 2.429(1) A , while that in Mes2AsAsMes2 is 

2.472(3) A (Mes = C6H2(Me)3).̂ ^ 

As(l) Br(l) 2.463(2) As(l) Br(2) 2.886(2) 

As(l) Br(3) 2.830(2) As(l) Br(3a) 3.345(2) 

As(l) As(2) 2.448(2) As(l) As(3) 2.537(2) 

B^l) As(l) Br(2) 90.56(6) B^T) As(l) Br(3) 167.30(7) 

BrU) As(l) Br(3a) 99.87(7) B^l) As(l) As(2) 90.00CO 

Br(l) As(l) As(3) 86.67(6) Br(2) As(l) Br(3) 98.85(6) 

Br(2) As(l) Br(3a) 118.56(6) B^Y) As(l) As(2) 78.37(6) 

Br(2) As(l) As(3) 163.85(8) B^3) As(l) Br(3a) 83.16(6) 

Br(3) As(l) As(2) 83.62C0 Br(3) As(l) As(3) 81.93^0 

Br(3a) As(l) As(2) 159.97(7) Br(3a) As(l) As(3) 77.58(5) 

As(2) As(l) As(3) 85J20% As(l) B42) As(la) 9&84#0 

Table 2.7 Selected bond distances (A) and angles (°) with e.s.d.'s for [AsBrs {o-

C6H4(AsMe2)2}]. 
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C(2) ^ ( i ) 
Q 

1(2) 

C ( l O a ) 
A s ( l ) 

C(8a) 

A s ( l a ) 

C(3a) 
C ( 1 0 ) 

C(]a) 
I(2a) C(2a) 

Figure 2.20 View of the structure of [Asia {o-C6H4(AsMe2)2} ]. Details as for Figure 

2.19. 

As(l) 1(1) 

As(l) 1(2) 

As(l) As(2) 

2.8456(11) 

2.8376(11) 

2.6067(12) 

As(l) I(la) 

As(l) 1(3) 

As(l) As(3) 

3.434(1) 

3.0202(11) 

2.4785(12) 

1(1) As(l) I(la) 84.52(3) 1(1) As(l) 1(2) 171.52(4) 

1(1) As(l) 1(3) 89.24(3) 1(1) As(l) As(2) 87.29(4) 

1(1) As(l) As(3) 92.74(4) 1(2) As(l) I(la) 94.19(3) 

1(2) As(l) 1(3) 98.91(3) 1(2) As(l) As(2) 84.23(4) 

1(2) As(l) As(2) 86.27(4) 1(3) As(l) I(la) 114.36(3) 

1(3) As(l) As(2) 164.40(4) 1(3) As(l) As(3) 80.79(3) 

As(2) As(l) I(la) 80.44(3) As(2) As(l) As(3) 84.19(4) 

As(l) As(l) I(la) 164.49(4) As(l) 1(1) As(la) 95.48(3) 

Table 2.8 Selected bond distances (A) and angles (°) for [Asl3{o-C6H4(AsMe2)2}]. 
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The bond length distribution parallels that seen in the [M2Br6(dmpe)2], [Bizlajo-

C6H4(AsMe2)2}2] and [Sb2Br6 {o-C6H4(PPh2)2} 2] species, in that there is one short and 

one long bond within each of the three bond types, M-X bridging, M-X terminal and 

M-E (M = As, Sb or Bi; X = CI, Br or I; E = P or As donor atom).^' Two main factors 

appear to be responsible for this. Firstly, the dimer units are formed through weak 

association of two square pyramidal units hence the asymmetry of the p,-halo bridges 

arises from a combination of primary and secondary bonding. In addition, a phosphine 

or arsine donor atom exerts a greater trans influence than a halide.^ The distortion in 

bond distances and angles about the central As atoms could be due to stereochemical 

activity of the lone pair, localised particularly within the triangular face defined by 

Br(l), Br(2) and Br(3a) for [AsBrg{o-C6H4(AsMe2)2}] and 1(1 a), 1(2) and 1(3) for 

[Asl] {o-C6H4(AsMe2)2}]. 

The bonding within the [SbBrs {o-C6H4(PPh2)2}], [BiClg {0-

C6H4(P0Ph2)2}(THF)], [Sb2Cl6{o-C6H4(AsMe2)2}] and [AsX3{o-C6H4(AsMe2)2}] 

complexes can be rationalized in terms of the simple DA model outlined in chapter 1, 

where the M-X a* anti-bonding orbitals function as acceptors toward electron density 

from a donor. The ligand donor atoms are bound trans to an M-X bond, indicating 

donation into an M-X a* anti-bonding orbital. However, the [AsCl3(PMe3)] dimer does 

not adopt the isomer A structure and instead exists as a planar AszClg unit with axial, 

mutually anti phosphines. This structure is also adopted by the [Bi2Cl6(dppm)2], 

[Sb2l6(PMe3)2], [As2Cl6(AsEt3)2] and [PBr3(PMe3)] complexes (although the structure 

of [Bi2Cl6(dppm)2] is probably governed by steric factors). 

It is very unlikely that an orbital other than the M-X a* anti-bonding orbital acts 

as an acceptor in these examples, since this is the lowest energy orbital available. 

Indeed, the weak, near linear As(l)—Cl(4) contact which links the [AsCl3(PMe3)] 

dimers suggests that the PMcs ligand does, in fact, donate into an As-Cl a* orbital. 

This As—CI interaction may be weakened by the strong trans influence of PMc]. A 

similar situation is observed in the [Sb2l6(PMe3)2] complex (i.e. donation into a cj 

orbital derived from a secondary M—X bond) (Figure 2.7).^ However, this is not so 

for the As(2) dimer where the As-based lone pair is assumed to occupy the vacant sixth 

coordiniation site trans to the PMes ligand. 
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2.3 Conclusions 

The reaction of MX3 with o-C6H4(ER2)2 and MeC(CH2ER2)3 ligands (E = P or 

As; R = Me or Ph) produces 1:1 adducts regardless of reaction stoichiometry. It was 

anticipated that the rigid aromatic back-bone of the o-C6H4(ER2)2 ligands may induce 

higher ligand: MX3 ratios compared to those established in complexes of the flexible 

aliphatic back-boned ligands (a consequence of the so-called "o-phenylene backbone" 

e f f e c t ) . T h e failure to observe anything other than 1:1 stoichiometry is probably due 

to the nature of the primary bonding interactions in these systems. These occur in the 

pyramidal MX3 unit, with the remaining sites on the (distorted) octahedral coordination 

sphere being filled by weaker secondary bonds to the neutral ligand and bridging halide 

atom. With such a bonding scheme, alterations in donor atom, ligand geometry and/or 

organyl substituent have much less effect on the present complexes than is observed for 

d-block metal complexes of these ligands (although a trend toward flattened M2X6 units 

is observed when the ligand is PMes). 

Tie fact that the [SbBrstg-CtHjCPPhib}], [BiClsfg-C&HjCPPhzb}] iud 

[AsX] {o-C6H4(AsMe2)2} ] (X = Br or I) complexes adopt the isomer A dimer structure 

implies that the other [MX3(dipnictine)] adducts are likely to exist in this motif. Indeed 

it is likely that this also applies to the [SbXs {o-C6H4(AsMe2)2} ] complexes, despite the 

extended structure observed for the 2:1 chloro-species. However, it is equally likely 

that other structural motifs exist for this range of MX3 adducts, particularly in view of 

the increased secondary bonding capacity of the MX3 fragment as group 15 is 

descended. In other words it appears that, in solution, a range of structures exist in 

dynamic equilibrium, with solubility and stability factors (and experimental conditions) 

governing the structure of the species obtained in the solid-state. 

The synthesis of a series of AsXs complexes of phosphines and arsines 

demonstrate that the non-metallic AsXs fragment is a reasonable Lewis acid, giving 

modest yields of products. The crystal structure of [AsCl3(PMe3)] reveals a weakly 

linked extended chain motif, and it is tempting to propose such a structure for the 

analogous [AsX3(AsMe3)] species. However, it is equally likely that the latter is 

structurally very similar to the [AsCl3(AsEt3)] complex.'® 
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2.4 Experimental 

General experimental conditions are given in the Appendix. Phosphine and 

arsine ligands were prepared using literature m e t h o d s / e x c e p t PMes and AsMes 

which were obtained commercially (Aldrich and Strem). Anhydrous arsenic, antimony 

and bismuth(III) halides were obtained from Aldrich and used as received. Standard 

Schlenk techniques were used throughout, and all preparations and manipulations v/ere 

performed under a N2 atmosphere. All preparations used the same general method, 

with minor modifications noted under individual complexes. 

Bismuth Halide Complexes 

[BlCl3{(o-C6H4(PPh2)2}]. A solution ofo-C&HWfPPhzh (0.20 g, 0.45 mmol) in CH2CI2 

(10 cm^) was added drop wise at room temperature to a stirred solution of Bids (0.14 g, 

0.45 mmol) in MeCN (10 cm^). The resultant bright yellow precipitate was filtered off, 

washed with CH2CI2 and dried in vacuo. 0.28 g, 83 %. Calculated for C3oH24BiCl3P2: 

C, 47.3; H, 3.1; Found C, 47.0; H, 3.0 %. IR/cm'̂ : 260,250,236 v(Bi-Cl). 

[BiBr3{o-C6H4(PPh2)2}]. Procedure as above. Yellow powder. Yield 75 %. 

Calculated for C3oH24BiBr3P2: C, 40.3; H, 2.7; Found C, 40.0; H. 2.6 %. 

[Bil3{o-C6H4(PPh2)2}]. Procedure as above, using THF solutions of Bils and o-

C6H4(PPh2)2. Orange powder. Yield 54 %. Calculated For C3oH24Bil3P2: C, 34.8; H, 

2.3; Found C, 34.8; H, 2.0 % 

[BiCl3{o-C6H4(PMe2)2}]. To an anhydrous MeCN solution (10 cm^) of BiCla (0.053 g, 

0.17 mmol) was added an equimolar solution of o-C6H4(PMe2)2 in MeCN (3 cm^). The 

solution was concentrated in vacuo and the cream coloured solid separated, washed 

with CH2CI2 and dried in vacuo. Yield 75 %. Calculated for CioHi6BiCl3P2: C, 23.4; 

H, 3.1; Found: C, 23.2; H, 3.2 %. m/crn ': 263, 251,237 v(Bi-Cl). 

[BiBr3{o-C6H4(PMe2)2}]. Procedure as above. Pale brown solid. Yield 67 %. 

Calculated for CioHigBiBrsPi: C, 18.6; H, 2.5; Found: C, 18.2; H, 2.4 %. 
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[Bil3{o-C6H4(PMe2)2}]. Procedure as above, using THF solutions of Bilg and o-

C6H4(PMe2)2.Yellow-green solid. Yield 45 %. Calculated for CioHieBilgPi: C, 15.2; 

H, 2.0; Found: C, 15.3; H, 2.0 %. 

[BiCl3(THF){o-C6H4(POPh2)2}]. A solution of o-C6H4(PPh2)2 (0.14 g, 0.30 mmol) in 

THF (10 cm^) was added dropwise to a stirred solution of BiCla (0.09 g, 0.30 mmol) in 

THF (10 cm^). Hexane (10 cm^) was added and the solution allowed to stand 

overnight. The resultant white solid was filtered off, washed with hexane and dried in 

vacuo. Yield 52 %. Calculated for C34H32BiCl303P2 C, 47.1; H, 3.7; Found; C, 48.1; 

H, 4.3 %. 'H-NMR: 6 1.87 (m), 3.7 (m), 7.3 -7.6 (m) ppm. ^^P{^H}-NMR (300K) 6 

34.5 ppm. IR/cm'̂ : 1165 sh, 1156 v(P-0); 274, 236 v(Bi-Cl). 

[BiBr3{o-C6H4(POPh2)2}]. Procedure as above. Pale yellow solid. Yield 65 %. 

Calculated for C3oH24BiBr302P2 C, 38.8; H, 2.6; Found: C, 38.4; H, 2.8 %. 'H-NMR: 6 

7.3-7.6(m). ^^P{'H}-NMR(300K,CH2Cl2)6 35.0. 1160sh, 1148v(P-0) 

Antimony Halide Complexes 

[SbCl3{o-C6H4(PPh2)2}]. To an anhydrous MeCN solution (10 cm^) of SbCls (0.09 g, 

0.37 mmol) was added an anhydrous CH2CI2 solution (5 cm^) of o-C6H4(PPh2)2 (0.17 g, 

0.37 mmol). The resultant pale yellow solution was concentrated in vacuo to produce a 

grey powder, isolated as above. Yield 67 %. Calculated for C3oH24Cl3P2Sb: C, 53.4; 

H, 3.6; Found: C, 53.6; H, 3.6 %. IR/cm267,240 ,228 v(Sb-Cl). 

[SbBr3{o-C6H4(PPh2)2}]. Procedure as above. Yellow powder. Yield 83 %. 

Calculated for C32H2gBr3P2Sb: C, 39.3; H, 2.9; Found: C, 40.6; H, 2.7 %. 

[Sbl3{o-C6H4(PPh2)2}]. Procedure as above, using THF solutions of Sblg and o-

C6H4(PPh2)2. Yellow powder. Yield 49 %. Calculated for CsiHzelsSb: C, 36.0; H, 2.5; 

Found: C, 36.6; H, 2.5 %. 
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[SbCl3{o-C6H4(PMe2)2}]. To an anhydrous THF solution (10 cm^) of SbCls (0.25 

mmol) was added an equimolar solution of o-C6H4(PMe2)2 in CH2CI2 (3 cm^). The 

resultant white solid was filtered, washed with CH2CI2 and dried in vacuo. Yield 80%. 

Calculated for CioHigChPzSb: C, 28.2; H, 3.8; Found: C, 28.5; H, 3.8 %. ^'P{'H}-

NMR (MeN02, 250 K): 6 4.0 ppm. IR/cm ': 257, 243, 230 v(Sb-Cl). 

[SbBr3{o-C6H4(PMe2)2}]. Procedure as above. Yellow powder. Yield 51 %. 

Calculated for CioHigBrsPiSb: C, 21.5; H, 2.9; Found: C, 22.4; H, 3.0 %. ^^P{'H}-

NMR (MeN02,250 K): 8 -6.5 ppm. 

[Sbl3{o-C6H4(PMe2)2}]. Procedure as above, using THF solutions of Sblg and 0-

C6H4(PMe2)2- Orange powder. Yield 64 %. Calculated for CioHielsPzSb: C, 17.1; H, 

2.3; Found: C, 16.7; H, 2.3 %. 

[SbCl3{o-C6H4(AsMe2)2}]. To an anhydrous ethanol solution (10 cm^) of SbCla (0.124 

g, 0.54 mmol) was added an ethanol solution (3 cm^) of o-C6H4(AsMe2)2 (0.154 g, 0.54 

mmol) resulting in a white crystalline precipitate which was filtered and dried in vacuo. 

Yield 68 %. Calculated for CioHigAszClsSb: C, 23.2; H, 3.5; Found: C, 23.0; H, 3.1 %. 

IR/cm ': 265,240,230 v(Sb-Cl). 

[SbBr3{o-C6H4(AsMe2)2}]. Procedure as above. Yellow powder. Yield 82 %. 

Calculated for CioHioAsiBrsSb: C, 18.5; H, 2.8; Found: C, 18.6; H, 2.4 %. 

[Sbl3{o-C6H4(AsMe2)2}]. Procedure as above, using THF solutions of Sbis and 0-

C6H4(AsMe2)2. Bright yellow powder. Yield 60 %. Calculated for CioHi6As2l3Sb: C, 

15.2; H, 2.3; Found: C, 15.3; H, 1.9 %. 

[Sb2Cl6{o-C6H4(AsMe2)2}]. Slow evaporation of solvent from a warm solution of 

[SbCls {o-C6H4(AsMe2)2}] yielded colourless, block crystals. Yield 60 %. Calculated 

for CioHieAszCleSbz: C, 16.2; H, 2.2; Found: C, 15.8; H, 2.0 %. 264,251,231 

v(Sb-Cl). 
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[SbCla{PhzAs(CH2)2AsPh2}]. Procedure as above, using an ethanol solution of SbClg 

and a CH2CI2 solution of Ph2As(CH2)2AsPh2. White powder. Yield 57%. Calculated 

for C26H24As2Cl3Sb: C, 43.7; H, 3.4; Found: C, 43.6; H, 3.1 %. m/crn'^: 256,244,230 

v(Sb-Cl). 

[SbBrg{Ph2As(CH2)2AsPh2}]. Procedure as above. Yellow powder. Yield 72%. 

Calculated for C26H24As2Br3Sb: C, 36.8; H, 2.9; Found: C, 37.0; H, 3.2 %. 

[SbCl3{MeC(CH2AsMe2)3}]. Procedure as above. White powder. Yield 56 %. 

Calculated for CnH27As3Cl3Sb: C, 21.6; H, 4.5; Found: C, 21.1; H, 4.3; %. IR/cm"': 

265,249, 232 v(Sb-Cl). 

[SbBr3{MeC(CH2AsMe2)3}]- Procedure as above. Yellow powder. Yield 34 %. 

Calculated for CiiH27As3Br3Sb: C, 17.7; H, 3.7; Found; C, 17.7; H, 3.5 %. 

Arsenic Halide Complexes 

[AsCl3{o-C6H4(AsMe2)2}]. Addition of a CH2CI2 solution (10 cm^) of o-

C6H4(AsMe2)2 (0.071 g, 0.25 mmol) to a CH2CI2 solution (10 cm^) of AsCls (0.045 g, 

0.25 mmol) immediately produced a white powder which was filtered, washed with 

hexane dried in vacuo. Yield 0.08g, 68 %. Calculated for C10H16AS3CI3: C, 25.7; H, 

3.5; Found: C, 25.4; H, 3.6 %. ^H-NMR: 5 1.55 (br, AsMe, 12H), 7.3 - 7.6 (br m, o-

C6H4,4H) ppm. m/crn ': 419, 386 v(As-Cl). 

[AsBr3{o-C6H4(AsMe2)2}]. White powder. Yield 82 %. Calculated for CioHieAs^Brs: 

C, 20.0; H, 2.7; Found: C, 20.2; H, 3.0 %. 6 1.25 (s, AsMe, 12H), 7.2 - 7.6 

(m, 0-C6H4, 4H) ppm. IR/cm"': 263 v(As-Br). 

(Asl3{o-C6H4(AsMe2)2}]. Procedure as above, using anhydrous THF solutions of ASI3 

and o-C6H4(AsMe2)2. Yellow powder. Yield 81 %. Calculated for C10H16AS3I3: C, 

16.2; H, 2.2; Found: C, 16.6; H, 2.5 %. 'H-NMRj 8 1.22 (s, AsMe, 12H), 7.2 - 7.6 (m, 

0-C6H4, 4H) ppm. 
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[AsBr3{MeC(CH2AsMe2)3}]. Procedure as for [AsBrg {o-C6H4(AsMe2)2}]. Yellow 

powder. Yield 53 %. Calculated for CiiH27As4Br3: C, 18.9; H, 3.9; Found: C, 18.9; H, 

3.8 %. 'H-NMR: 6 1.12 (s, CMe, 3H), 1.62 (br, AsMe, 9H), 2.15 (br, CH2, 6H) ppm. 

IR/cm'^: 265 v(As-Br) 

[Asl3{MeC(CH2AsMe2)3}]. Addition of a CH2CI2 solution (10 cm^) of 

MeC(CH2AsMe2)3 to a THF solution (10 cm^) of Asia gave a yellow solution. This 

solution was slowly concentrated in vacuo to leave a yellow powder which was filtered, 

washed with CH2CI2 and dried in vacuo. Yield 82 %. Calculated for CnH27As4l3; C, 

15.7; H, 3.2; Found: C, 16.2; H, 3.5 %. 'H-NMR: 8 1.10 (s, CMe, 3H), 1.32 (br, AsMe, 

9H), 1.97 (br, CH2, 6H) ppm. 

[AsCl3{o-C6H4(PPh2)2}]. Addition of a CH2CI2 solution (lOcm^) of o-C6H4(PPh2)2 

(0.156 g, 0.35 mmol) to an equimolar CH2CI2 solution (10 cm^) of AsCls (0.064 g, 0.35 

mmol) produced a pale green solution. Removal of solvent in vacuo gave a yellow-

green waxy solid, which was triturated in anhydrous hexane to obtain a yellow powder, 

which was filtered, washed with CH2CI2 and dried in vacuo. Yield 74 %. Calculated 

for C30H24ASCI3P2: C, 57.4; H, 3.9; Found: C, 57.0; H, 3.6 %. IR/cm ': 412, 388 v(As-

Cl). 

[AsBr3{o-C6H4(PPh2)2}]. Procedure as above. Yellow powder. Yield 64 %. 

Calculated for C3oH24AsBr3P2; C, 47.3; H, 3.2; Found; C, 48.0; H, 3.3 %. IR/cm'^ 268 

v(As-Br). 

IAsl3{o-Cf,H4(PPh2)2}]. Procedure as above, using THF solutions of ASI3 and 0-

C6H4(PPh2)2. Yellow powder. Yield 78 %. Calculated for C30H24ASI3P2: C, 39.9; H, 

2.7; Found: C, 40.2; H, 2.7 %. 
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[AsCl3{o-C6H4(PMe2)2}]. Addition of a chilled diethyl ether solution (10 cm^) of 

AsCls (0.036 g, 0.20 mmol) to a cold (-30 ° C) diethyl ether solution (10 cm^) of o-

C6H4(PMe2)2 (0.039 g, 0.20 mmol) immediately produced a white powder. The solvent 

was removed and the solid dried in vacuo. Yield 58 %. Calculated for 

C]oHi6AsCl3P2.&^ EtzO; C, 33.2; H, 4.7; Found: C, 33.1; H, 4.8 %. 'H-NMR: 6 1.20 (t, 

C^^CHzO 6H), 2.0 (m. Me, 12H), 3.45 (q, CHsC^O, 4H), 7.6 - 8.1 (m, 0-C6H4, 4H) 

ppm. ^^P{^H}-NMR: 6 32 ppm. m/crn'̂ : 412, 388 v(As-Cl). 

[AsCl3(PMe3)]. Addition of a chilled diethyl ether solution (lOcm^) of AsCh (0.09g, 

0.50 mmol) to a cold toluene solution of PMe3 (0.5 mmol, 0.50 cm^ 1.0 moldm"^ 

solution of PMes in toluene) immediately produced a white powder. Solvent removed 

and product dried in vacuo. Yield 40 %. Calculated for C3H9ASCI3P: C, 14.0; H, 3.5; 

Found: C, 13.0; H, 3.5 %. 6 2.15 (d, 12Hz), 2.20 (d, 12Hz), ^'P{'H}-NMR: 

6 27 ppm. IR/cm'̂ : 409,380 v(As-Cl). 

[AsCl3(PMe3)2]. Procedure as above, using 2 equivalents of PMe3. White powder. 

Yield 65 %. Calculated for C6H18ASCI3P2: C, 21.6; H, 5.4; Found: C, 21.8; H, 5.3 %. 

^̂ P{̂ H} NMR 6: 28 ppm. ^H-NMR: 8 2.15 (d, 12Hz), 2.20 (d, 12Hz). ^^P{̂ H}-NMR: 

5 28 ppm. IR/cm'^ 413, 382 v(As-Cl).. 

[AsBr3(PMe3)2|. Procedure as above. White powder. Yield 61 %. Calculated for 

CsHigAsBraPz: C, 15.4; H, 3.9; Found: C, 15.5; H, 3.6 %. ^H-NMR: 6 2.20 (d, 12Hz). 

^'P{'H}-NMR 6: 16 ppm. IR/cm ': 267 v(As-Br) 

[AsClsCAsMcs)]. Procedure as for [AsCl3(PMe3)]. 1:1 product obtained irrespective of 

the reaction stoichiometry. White powder. Yield 67 %. Calculated for C3H9AS2CI3: C, 

11.9; H, 3.0; Found: C, 11.6; H, 2.7 %. IR/cm'̂ : 419, 382 v(As-Cl). 

[Asl3(AsMe3)]. Procedure as for [AsCl3(PMe3)2], using THF solutions of ASI3 and 

AsMes. Yellow powder. Yield 47 %. Calculated for C3H9AS2I3: C, 6.3; H, 1.6; Found; 

C, 5.9; H, 1.8 %. 'H-NMR: 6 1.20 (S, Me) ppm. 
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2,5 X-ray Crystallography 

General experimental X-ray data collection conditions are given in the 

Appendix. Details of the crystallographic data collection and refinement parameters for 

data discussed in this Chapter are given in Tables 2.9 to 2.11. Data collection used a 

Rigaku AFC7S four-circle diffractometer. No significant crystal decay or movement 

was detected during data collection. 

Structure solution and refinement were routine except for [SbBrsfo-

C6H4(PPh2)2}], where DIFABS absorption correction was applied.^'^^^ For all 

structures, fully occupied non-hydrogen atoms were refined anisotropically. Hydrogen 

atoms were added in fixed, calculated positions with d(C-H) = 0.96 A . 
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[SbBr3{o-C6H4(PPh2)2}2] [BlCl3{oC6H4(P(0)Ph2)2}2(THF)] 

Formula C3oH24Br3P2Sb C34H32BiCl303P2 

Formula Weight 807.93 865.88 

Crystal System Triclinic Monoclinic 

Space Group f - 1 (#2) f2;/» (# 14) 

a! A 11.025(5) 12.043(2) 

6/A 13.726(5) 19.467(2) 

c /A 10.797(4) 14.530(2) 

92.83(4) 90 

106.39(4) 101.80(2) 

yr 107.59(3) 90 

[ / /A^ 1478(1) 3334.7(9) 

z 4 4 

H (Mo-Ka)/ cm"' 51.32 56.47 

Unique obs. reflns. 5503 6074 

Obs. reflns. 

[ /> 2(7(7)] 5205 3648 

R 0.108 0.033 

Rw 0.121 0.033 

Table 2.9 X-ray data collection and refinement parameters for the [SbCls {o-

C6H4(PPh2)2}] and [BiCl3{o-C6H4(P(0)Ph2)2}2(THF)] complexes. 
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[BlCl3{o-C6H4(PPh2)2}] [AsCl3(PMe3)] 

Formula C3oH24BiCl3P2 C3H9ASCI3P 

Formula Weight 76L81 2 5 7 J 6 

Crystal System Monoclinic Monoclinic 

Space Group f 2 i / c (# 14) (# 14) 

a/ A 22.770(1) 12.002(6) 

6/A 10.911(5) 12.297(6) 

c/ A 24.243(2) 12.328(4) 

90 9 0 

93.582(3) 91.97(4) 

yr 90 9 0 

[ / /A^ 6011.4(5) 1819(1) 

z 8 8 

p (Mo-Ka)/ cm"' 62457 47^W 

Unique obs. reflns. 13491 3 3 7 7 

Obs. reflns. [ /> 2a(i)] 4254 1706 

R 0 J ^ 9 0.073 

Rw 0 J 2 2 0 .089 

Table 2.10 X-ray data collection and refinement parameters for the [BiClg {o-

C6H4(PPh2)2}] and [AsCl3(PMe3)] complexes. 

Page 75 



Chapter 2 Group 15 Halide Complexes of Phosphines and Arsines 

[ AsBr3 {o-C6H4( AsMe2)2} I [AsIglo-CglLiCAsMez):}] 

Formula CioHieAssBrs C10H16AS3I3 

Formula Weight 600.71 741.71 

Crystal System Monoclinic Monoclinic 

Space Group f2 i /M (# 14) (# 14) 

<2/ A 9.8794(3) 8.7874(2) 

6/A 16.0455(6) 12.0405(3) 

c/ A 11.3094(4) 16.7508(5) 

90 90 

110.973(1) 90.9090(7) 

yr 90 90 

C//A^ 1673.99(9) 1772.09(7) 

z 4 4 

p (Mo-Ka)/ cm"' 153.43 108.33 

Unique obs. reflns. 3929 3757 

Obs. reflns.[/> 2a(7)] 2324 2525 

R 0.073 0.037 

Rw 0.078 0.046 

Table 2.11 X-ray data collection and refinement parameters for the [AsBrafo-

C6H4(AsMe2)2}] and [Asia {o-C6H4(AsMe2)2}] complexes. 
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3.1 Introduction 

The preceding chapter described a synthetic and structural study of arsenic(III), 

antimony(III) and bismuth(III) halide complexes of tertiary phosphine and arsine 

ligands. In the solid state these complexes displayed a rather limited number of 

topologies, broadly based upon an edge-shared, bioctahedral dimer motif Recently, 

within the Southampton research group, a series of bismuth(III) halide complexes of 

multidenate thio- and seleno-ether ligands has been synthesised and structurally 

characterized,''^ and shown to adopt a much wider range of structures than the 

phosphine and arsine complexes discussed in Chapter 1? In order to further develop 

the coordination chemistry of these chalogenoether ligands with p-block elements, and 

to probe the effect of changing the stereoelectronic properties of the group 15 atom 

upon the structural motifs adopted by these adducts in the solid state, a series of 

antimony(III) halide complexes containing multidentate and macrocyclic thio- and 

seleno-ether ligands have been prepared. This chapter describes the synthesis and 

structural properties of such complexes. 

Antimony(III) is regarded as a borderline hard/soft acid in terms of the HSAB 

principle (Table 1.2) and is thus expected to preferentially coordinate ligands bearing 

softer donor atoms such as sulfur and phosphorus over those containing harder donors, 

for example, nitrogen or oxygen. Studies of antimony(III) complexes of dithio-

oxamide and dithiomalonamide ligands [RHNC(S)C(S)NHR and 

RHNC(S)CCH2(S)NHR], where both N and S donor atoms were potentially available 

to the antimony(III) atom, confirmed this. In all cases, bidentate ligand attachment via 

the two sulfur donor atoms was observed, with the nitrogen donors uncoordinated."^ 

3.1.1 p-Block Complexes of Thioether Ligands 

As highlighted by a recent review there are few crown thioether complexes of 

p-block elements/ especially in comparison to the vast number of transition metal 

complexes reported for these ligands. The only structurally characterised complexes of 

the group 13 metals containing crown thioether ligands are [AlMe3([12]aneS4)],^ 

[(AlMe3)4([14]aneS4)]/ [InCl3([9]aneS3)]/ [Tl([9]aneS3)][PF6]/ 
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[Tl([ 1 SjaneSe)][PFg]/" and [Tl([24]aneS8)][PF6]/' while examples from group 14 are 

restricted to the tin(IV) and lead(II) complexes [SnCl4(l,5-dithiacyclooctane)2],'^ 

[(SnCl3)3([9]aiieS3)]2[SnCl6]/^ [(SnCL,)2([18]aneS6)]/ [Pb([9]aneS3)2(C104)2]'^ and 

[Pb2([28]aneS8)(C104)4].'' A series of tin(IV) halide complexes containing acyclic 

thio-, seleno- and telluro-ether ligands have been synthesised and structurally 

characterised/^ and a number of diiodine charge transfer adducts of thiacrowns have 

been reported, for example [N]aneS4.l2 (N = 12, 14 or 16) and [ISJaneSe-Ia, forming 

polymeric networks through iodine-sulfur interactions/^' Aside from the 

antimony(III) and bismuth(III) halide complexes described in section 3.1.2, these 

appear to be the only examples of chalcogenoether complexes of the p-block elements. 

3.1.2 Bismuth(III) and Antimony(III) Halide Complexes of Thioether Ligands 

Prior to the work described herein there were no examples of antimony(III) 

complexes containing acyclic thio- or seleno-ether ligands. Only complexes of 

macrocyclic thioethers have received any study, with reports of the synthesis and X-ray 

structural characterization of [SbCl3([9]aneS3)], [(SbCl3)2([18]aneS6)],'^ 

[BiCl3([12]aiieS4)], [BiCl3([15]aneS5)]^° and [BiCl3([18]aiieS6)]^' by Willey gf a/, 

[Sbl3([9]aneS3)] by PohP^ and [(BiCl)2([24]aneS8)] by Schroder and co-workers.'' 

In the solid state, [SbCl3([9]aneS3)] adopts a chain structure with each SbCls 

fragment bound in an endocyclic manner to the three sulfur donors of one [9]aneS3 unit 

and to a bridging sulfur from an adjacent ligand to give seven-coordinate antimony(III) 

(Figure 3.1). Coordination of antimony to sulfur is weak, with Sb-S distances in the 

range 3.156(3)-3.460(3) 
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A 

Figure 3.1 View of the structures of a) [SbCl3([9]aneS3)] and b) 

[(SbCl3)2([18]aneS6)]. 19 

The [(SbCl3)2([18]aneS6)] complex contains two SbClg units each bonded to 

three separate sulfur atoms in an irregular /ac-octahedral conformation.'^ A similar 

geometry was observed for [SbCl3(EtNHCSCSNHEt)i.5] and [SbCl3(l,4-

dithiacycloheptane)].^^ The crystal structures of the [Sbl3([9]aneS3)], 

[BiCl3([12]aneS4)], [BiCl3([15]aneS5] and [BiCl3([18]aneS6)] adducts all show a 

pyramidal MX3 unit bound in an endocyclic manner to three, four, five or six co-planar 

sulfur donors respectively from the macrocycle to give an approximate half-sandwich 

structure. The Bi-S distances are in the range 2.987(3) - 3.346(8) A. The structure of 

the related [(BiCl3)2([24]aneS8)] adduct is comprised of two separate BiCb units bound 

to five sulfur donors (two of which bridge the bismuth atoms). " The BiCl3 units are 

disposed on opposite sides of the mean plane of the crown (Bi-S 3.134(2) - 3.313(2) 

A), in a similar manner to the [(SbCl3)2([dibenzo-24-crown-8)] complex (Figure 1.12). 

There are no reports of antimony(III) halide complexes of monodentate thio- or 

seleno-ethers. The sole example of such a bismuth(III) halide adduct, the ionic 

[SMe3]2[Bi2l8(SMe2)2] species, was reported by Norman and co-workers in 1993.̂ "̂  

The bismuth-containing dianion was described as a complex of with two 

molecules of SMez, adopting a centrosymmetric, edge-shared bi-octahedral structure in 

which the SMe2 ligands are weakly bound (Bi-S 3.054(8) A) in mutually anti positions. 
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As mentioned above, a series of structurally characterised [61X3(L)] complexes 

was reported recently (L = acyclic bi- or tri-dentate thio- or seleno-ether ligand; X = CI, 

Br or I) and it is appropriate to highlight the broad range of unusual structural motifs 

adopted by these bismuth(III) adducts. The first such compound to be structurally 

characterised was the {MeS(CH2)3SMe}4]n.MH20 species/ This compound 

adopts an infinite three-dimensional lattice with large channels, consisting of an open 

cradle Bi4Cl4 unit connected to other such units by bridging dithioether ligands 

(2.857(7) - 2.977(7) A ) (Figure 3.2). Each bismuth atom is coordinated to two 

terminal and two ^-bridging chlorines and two sulfur atoms, giving a highly distorted 

octahedral environment. Long range Bi—CI interactions (Bi-Cl 3.268(7) A ) link across 

the Bi4Cl4 units to give a pseduo-cubane core. 

Figure 3.3 View of a) the repeat unit of the [Bi4Cl 12{MeS(CHz)]SMe)4] complex and 

b) a portion of the full lattice.' 
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In contrast, the [BiBr3{MeS(CH2)2SMe}2] complex is a discrete molecular 

compound in the solid state, containing two chelating dithioether ligands? The 

coordination geometry about the seven-coordinate bismuth(III) atom is distorted 

pentagonal bipyramidal, with three terminal bromines and four sulfur atoms comprising 

the donor set (Figure 3.4). Unusually, both the meso and DL invertomers of the di-

thiooether are present in the same molecule. The Bi-S bond lengths are asymmetric, in 

the range 2.918(5) - 3.090(5) A. 

Figure 3.4 View of the structure of the [BiBrg {MeS(CH2)2SMe}2] complex. 

The [BiBr3{MeS(CH2)3SMe}] complex adopts an infinite two-dimensional 

sheet motif, derived from planar Bi2Br6 units linked by bridging dithioether ligands.^ 

The ligands occupy mutually trans coordination sites to give a distorted octahedral 

geometry about the bismuth(III) atom (Bi-S 2.880(4) - 2.931(4) A) (Figure 3.5). 
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Figure 3.5 View of the extended structure of the [BiBr3{MeS(CH2)3SMe}] complex. 

Alteration of the terminal substituent of the ligand, from Me to Ph, has a 

significant effect upon the structural arrangement adopted. The complex 

[Bi2Br6{PhS(CH2)2SPh}] displays a novel motif in which bridging dithioether ligands 

crosslink chains of mutually orthogonal Bi2Br6 units, giving an infinite sheet array 

(Figure 3.6). The Bi(III) donor set comprises one sulfur atom and one terminal and 

four bridging bromine atoms, with the thioether ligand cis to the terminal bromine.^ 

Figure 3.6 View of the extended structure 

of the [Bi2Br6{PhS(CH2)2SPh}] complex.^ 
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A change in the number of donor atoms available per ligand also has a dramatic 

effect on the observed coordination geometry. The structure of 

[SbCls{MeC(CH2SMe)3}], containing a tripodal thioether ligand, shows a five-

coordinate antimony centre forming an infinite helical structure derived from linking of 

these units by bridging tripodal ligands (Sb-S 3.106(2) - 3.172(2) A) . The ligand binds 

as bidentate donor such that each SbCls unit coordinates to sulfur atoms from different 

ligands (Figure 3.7). The remaining sulfur donor is very weakly associated with the 

antimony atom (3.462(2) A ) . The [Sblg{MeC(SCH2SMe)3}] adduct also exists as a 

coordination polymer, but in this case the antimony atoms are six-coordinate via two 

sulfur donors, two bridging iodine atoms and two terminal iodine ligands. Again, one 

sulfur donor is unbound and thus the ligand acts in a bridging bidentate fashion (Sb-S 

2.973(6)-3.021(6) A). 

FS(3*) Q 

Figure 3.7 View of the extended structures of a) [SbCl] {MeC(CH2SMe)3} and b) 

[Sbl3{MeC(SCH2SMe)3}] complexes. 
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In related work, Rabinovich and co-workers observed that the reaction of BiCls 

with the silicon-apex tripodal thioether MeSi(CH2SMe)3 produced an extended chain 

structure containing single p-Cl bridged ClzBi-Cl-BiClz f r a g m e n t s . T h i s leads to two 

distinct octahedral bismuth coordination environments, one with bidentate ligand 

attachment to one tripod and to one bridging and three terminal chlorines, and the other 

showing bidentate coordination to a tripod ligand, monodentate attachment to another 

and three terminal chlorines. 

3.1.3 Bismuth(III) and Antimony(III) Halide Complexes of Selenoether Ligands 

A series of bismuth(III) and antimony(III) halide complexes of muhidentate and 

macrocyclic seleno-ether ligands has been reported recently by the Southampton 

research group, many of them structurally characterised.^®' Although a part of the 

overall synthesis and characterisation program, these complexes were prepared in 

parallel to the work discussed later in this Chapter (i.e. complexes of bidentate thio- and 

seleno-ethers and thiacrowns).^^' 

The [BiX3{MeSe(CH2)3SeMe}] species (X = CI or Br) adopt very similar 

structures to the [BiBr3{MeS(CH2)3SMe}] complex described above [Bi-Se 2.978(2) -

3.036)2) A ] (Figure 3.5).^ The [Bids{MeC(CH2SeMe)3}] adduct contains a seven-

coordinate bismuth atom, with BizClg units bridged by the tripod selenoether to give a 

two-dimensional network, the ligand chelating to one bismuth centre in a bidentate 

manner and binding to an adjacent bismuth via the remaining Se-donor (Bi-Se 2.962(4) 

- 3.156(4) A ) . In contrast, the [Bi2l6{MeC(CH2SeMe)3}] complex is structurally very 

similar to the edge-shared, bioctahedral, isomer A dimer [MX3(L)] complexes 

discussed in chapter 2 (L - R3P or R3AS). As in the thioether tripod complexes 

discussed above, the tripod selenoether behaves as a bidentate chelate to the bismuth 

atom with one Se-donor uncoordinated, resulting in a discrete molecular species rather 

than an extended coordination network (Bi-Se 2.96(1) - 3.19(1) A)? 
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The structures of both the [BiCl3([8]aneSe2)] and [BiBr3([16]aneSe4)] species 

show exocyclic coordination of the ligand (Figure 3.8). In both examples, the bismuth 

atom is at the centre of a trans 863X4 donor set, with two selenium donors per ligand 

uncoordinated in the [BiBr3([16]aneSe4)] complex. Both species adopt an unusual one-

dimensional ladder arrangement, with the co-planar BizXs units ("rungs") linked by 

trans bridging selenoether ligands ("uprights") (Bi-Se 2.952(2) - 3.095(2) A over both 

adducts). The [BiX3([24]aneSe6)] complexes have also been synthesized and 

characterized by microanalysis and IR spectroscopy.^ 

SE(2W 

Figure 3.8 View of the ladder-type 

structure of [BiBr3([16]aneSe4)].^ 

The [SbBr3{MeC(CH2SeMe)3}] complex exists as a chain polymer, with a six-

coordinate antimony atom in a distorted octahedral environment. The donor set 

comprises three terminal bromines and three /ac-coordinated selenium atoms. Each 

tripodal ligand donates all three selenium atoms, two coordinating to an SbXg unit in a 

bidentate manner with the remaining donor attached monodentate to a separate 

antimony atom. The Sb-Se distances are in the range 3.162(3) - 3.195(4) A , and thus 

similar to those observed in the structurally similar [SbCl] {MeC(CH2SMe)3} ] complex 

(Figure 3.7a). However, in the latter example, the antimony coordination geometry was 

described as five-coordinate on account of one of the Sb-S interactions being much 
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longer than the other two {ca. 3.13 A compared to 3.46 A ) whereas the similarity of the 

Sb-Se distances in the present complex makes a six-coordinate description more 

appropriate. 

The macrocyclic seleno-ethers [SJaneSea, [16]aneSe4 and [24]aneSe6 formed 

either 1:1 or 2:1 M:L complexes, characterised by microanalysis and IR spectroscopy, 

although only the [(SbBr3)2([16]aneSe4)] adduct was structurally characterised (Figure 

3.9). This species adopts a two-dimensional sheet array with SbBrs units weakly bound 

to two mutually cis selenium donors from separate macrocycles, giving a distorted 

square pyramidal geometry about the antimony atom (2.989(1) - 3.193(1) A) . 

Figure 3.9 View of a portion of the two-dimensional lattice sheet adopted by 

[(SbBr3)2([16]aneSe4)].^^'^^ 
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In summary, all but one of the reported MX3 complexes of acyclic multidentate 

chalcogenoether ligands display infinite one-, two- or three-dimensional structures 

comprised of primary M-X bonding and weaker, secondary M—S/Se interactions (the 

[BiBr3{MeS(CH2)2SMe}2] complex is a discrete, pentagonal bipyramidal molecule). 

This is in contrast to the examples containing thia-crown ligands where discrete face-

capped molecular species predominate, although the M—S bond distances are similar 

to those in the acyclic complexes. The only structurally characterised selena-crown 

complex, [(SbBr3)2([16]aneSe4)], adopts a two-dimensional lattice structure. 

3.2 Results and Discussion 

3.2.1 Antimony(III) Halide Complexes of Thio- and Seleno-ethers 

The reaction of SbXs (X = CI, Br or I) in anhydrous MeCN (X = CI, Br) or THF 

(X = I) solutions with one molar equivalent of L (L = MeS(CH2)2SMe, MeS(CH2)3SMe 

MeSe(CH2)2SeMe or MeSe(CH2)3SeMe) in anhydrous CH2CI2 produced, following 

removal of solvent in vacuo, white (X = CI) or pale orange-yellow (X = Br or I) solids 

in moderate yield. Most of these reactions yielded oils upon solvent removal and so 

trituration in anhydrous hexane was necessary in order to isolate a powder, which was 

isolated by vacuum filtration, washed with anhydrous CH2CI2 and dried in vacuo. 

Satisfactory microanalyses were obtained for all freshly prepared solids, the majority of 

the adducts having empirical formula [SbX3(L)]. Attempts to obtain a solid product 

from the reaction of SbCls with MeSe(CH2)2SeMe produced only an intractable wax, 

and the attempted reaction of SbFs with MeS(CH2)2SMe or MeSe(CH2)2SeMe resulted 

only in re-isolation of SbF3 (as assessed by trace carbon and hydrogen values in the 

microanalyses). 

Due to the moisture sensitivity of the SbXg and [SbX3(L)] species, all reactions 

were carried out under an atmosphere of dry N2 using standard Schlenk techniques, and 

the complexes were stored in a dry, nitrogen filled glove-box. Under these conditions 

both the acyclic and macrocyclic thioether complexes appeared indefinitely stable, 

however the selenoether adducts became black and oily after about one week, 

indicating significant decomposition. 
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As for the MXs-phosphine and arsine complexes discussed in Chapter 2, the 

majority of the thio- and seleno-ether complexes were very poorly soluble in non-

coordinating solvents such as CHCI3 and CH2CI2 and thus no useful structural 

information could be obtained from NMR spectroscopy. Where room temperature 'H-

NMR spectra were obtainable only resonances attributable to free ligand were 

observed, suggesting extensive dissociation. The infrared spectra of the chloro 

derivatives, obtained as nujol mulls, show very weak, broad features in the range 300-

230 cm"' which may be tentatively assigned to v(Sb-Cl) modes. Crystalline adducts 

were obtained by slow evaporation of an anhydrous MeCN solution of the reactants (in 

a 1:1 ratio) in a glove box. This method yielded crystals of sufficient quality for single 

crystal X-ray diffraction studies of the complexes [SbCl] {MeS(CH2)2SMe}], 

[SbBr3{MeS(CH2)3SMe}], and [SbCl3{MeSe(CH2)3SeMe}], all of which gave 

satisfactory microanalyses. 

The structure of the [SbCl3{MeS(CH2)2SMe}] complex shows a distorted fac 

octahedral coordination environment about the antimony atom, with the donor set 

comprised of three terminal chlorides from the parent SbCls fragment, and one terminal 

monodentate and two n^-bridging sulfur donor atoms (Figure 3.12, Table 3.1). The 

methyl groups of MeS(CH2)2SMe adopt the DL conformation. All of the coordinated 

sulfur atoms are from separate ligands, thus each dithioether adopts an unusual bonding 

mode in which one of the sulfurs is bound terminally and the other uses both lone pairs 

to bridge two adjacent antimony atoms. This bifurcated arrangement generates an 

infinite three-dimensional coordination network (Figure 3.13). The only previous 

example of such a bonding mode for these ligands was observed in the 

[Agn{MeS(CH2)3SMe}n][BF4]n complex, an infinite chain polymer. 
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S(2a) 

Cl(3) 

C ( 4 ) 

S b ( l a ) 

Sb(lb) 

Figure 3.12 View of the asymmetric unit of [SbCls {MeS(CH2)2SMe}] with numbering 

scheme adopted and nearest symmetry related neighbours. Atoms marked (a) are 

related by V2 + x, Vi - y, -z, and atoms marked (b) are related by —x, % + y, V2 - z. 

Sb(ld) 

s® 

& Sb(Ic) 

Figure 3.13 View of a portion of the three-dimensional lattice adopted by 

[SbCl3{MeS(CH2)2SMe}]. 
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Sb(l) Cl(l) 2.384(2) Sb(l) S(l) 3.170(2) 

Sb(l) Cl(2) 2.411(2) Sb(l) S(2a) 3.094(2) 

Sb(l) Cl(3) 2.428(2) Sb(l) S(2b) 3.294(2) 

Cl(l) Sb(l) Cl(2) 90.57(8) Cl(2) Sb(l) S(2b) 76.91(7) 

Cl(l) Sb(l) Cl(3) 91.02(7) Cl(3) Sb(l) S ( l ) 176.89(3) 

Cl( l ) Sb(l) S(l) 86.69(6) Cl(3) Sb(l) S(2a) 80.24(7) 

Cl(l) Sb(l) S(2a) 74.73(7) Cl(3) Sb(l) S(2b) 80.62(7) 

Cl(l) Sb(l) S(2b) 164.23(7) S(l) Sb(l) S(2a) 97.12(6) 

Cl(2) Sb(l) Cl(3) 94.54(8) S(l) Sb(l) S(2b) 102.10(3) 

Cl(2) Sb(l) S(l) 87.58(7) S(2a) Sb(l) S(2b) 116.47(2) 

Cl(2) Sb(l) S(2a) 164.20(7) Sb(la) Sb(2) Sb(lb) 108.88(7) 

Table 3.1 Selected bond lengths ( A ) and angles (°) for [SbClg {MeS(CH2)2SMe}]. 

The dithioether is weakly bound to antimony, with Sb-S bond distances in the 

range 3.094(2) - 3.294(2) A , indicative of secondary interactions. The Sb-Cl bond 

lengths in the complex (2.384(2) - 2.428(2) A ) are very similar to those observed in the 

parent pyramidal SbCla unit (2.340(2) - 2.368(1) A ) , as are the Cl-Sb-Cl bond angles 

(90.57(8) - 94.58(8)° in the present complex vj:. 90.98(5) - 95.70(5) ° in SbCls).̂ ^ The 

extent of stereochemical activity of the antimony-based lone pair is unclear. The 

distorted angle of 116.47(4) ° subtended at S(2a)-Sb(l)-S(2b) could indicate that the 

lone pair is localised in this area, although this may simply be a consequence of the 

highly unusual bonding mode of the dithioether ligand. The infinite network adopted 

by [SbClg {MeS(CH2)2SMe}] contrasts sharply with the analogous B ids compound 

[BiCl3{MeS(CH2)2SMe}2], a discrete molecule containing a seven-coordinate bismuth 

atom (discussed in section 3.1.2 and shown in Figure 3.4).^ It seems likely that this 
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dramatic change in structure for a relatively small alteration in stercoelectronic 

properties of the central atom is, in the main part, due to the smaller radius of the 

antimony(III) centre compared to bismuth(III) (covalent radii 1.41 vs. 1.52 A) / ' with 

the latter more able to accommodate seven-coordination (although 

[BiCl3{MeS(CH2)2SMe}2] is the only structurally characterised example of an MX3 

complex of an acyclic dichalcogenoether in which the ligand chelates to a single MX3 

unit to give a discrete molecular species).'"^ 

In contrast to the three-dimensional network of [SbCls {MeS(CH2)2SMe}]. the 

[SbBrg{MeS(CH2)3SMe}] complex adopts a two-dimensional sheet array. The 

antimony(III) donor set is similar to that of the [SbCl3{MeS(CH2)2SMe}] species, with 

three mutally fac terminal bromines and three sulfur donors from separate dithioether 

ligands completing a distorted octahedral geometry (Figures 3.14 and 3.15, Table 3.2). 

The mixed terminal/bridging dithioether bonding mode is again evident, and the Sb-S 

bond distances are similar to those in [SbCl]{MeS(CH2)2SMe}] (Table 3.1), indicative 

of secondary Sb—S interactions, however in this case the shortest bond is to a terminal 

sulfur-donor atom (3.155(5) - 3.291(5) A) . The Sb-Br lengths are similar to those in 

the parent halide. The methyl groups of the dithioether ligands again adopt the DL 

conformation. 
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Sb(lb) 

Sb(la) 

Br(3) 

S(la) 

Br(2) 

Figure 3.14 View of the asymmetric unit of [SbBrg {MeS(CH2)3SMe}] with numbering 

scheme adopted and nearest symmetry related neighbours. Atoms marked (a) are 

related by + x, - y, -z, and atoms marked (b) are related by —x, % + y, 14 - z. 

Br(Ja) 

Sb(la) 

Figure 3.15 View of a portion of the three-dimensional lattice adopted by 

[SbBra {MeS(CH2)3SMe}]. 
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Sb(l) Br(l) 2.572(2) Sb(l) S(l) 3.291(5) 

Sb(l) Br(2) 2.503(3) Sb(l) S(la) 3.253(5) 

Sb(l) Br(3) 2.575(2) Sb(l) S(2) 3.155(5) 

Br(l) Sb(l) Br(2) 95.30(8) Br(2) Sb(l) S(2) 82.0(1) 

Br(l) Sb(l) Br(3) 92.49(8) Br(3) Sb(l) S( l ) 80.3(1) 

Br( l ) Sb(l) S(l) 78.2(1) Br(3) Sb(l) S(la) 87.1(1) 

Br(l) Sb(l) S(la) 177.2(1) Br (3) Sb(l) S(2) 173.1(1) 

Br(l) Sb(l) S(2) 82.8(1) S(l) Sb(l) S(la) 104.4(7) 

Br(2) Sb(l) Br(3) 93.46(9) S(l) Sb(l) S(2a) 103.6(1) 

Br(2) Sb(l) S(l) 170.6(1) S(la) Sb(l) S(2a) 97.4(1) 

Br(2) Sb(l) S(la) 81.9(1) 

Table 3.2 Selected bond lengths (A) and angles (°) for [SbBrs {MeS(CH2)3SMe}]. 

The cis angles at antimony are in the range 80.3(1) — 104.4(7) °. It is again 

uncertain as to the location of the antimony-based lone pair, although substantial 

distortions from octahedral geometry may suggest that it points out of the face of the 

triangle defined by the atoms S(l) - S(la)-S(2a) (S(l)-Sb(l)-S(la) 104.4(7)°, S(l)-

Sb(l)-S(2a) 103.6(1)°, S(la)-Sb(l)-S(2a) 97.4(1) °). As before, alternative explanations 

may exist. For example, aside from the constraints imposed by the unusual bonding 

mode, the lone pair of the terminal sulfur atom S(2a) may cause some distortion of the 

octahedral antimony(III) environment. Although a coordination network, the 

analogous bismuth(III) complex [BiBrg {MeS(CH2)3SMe}] differs from the present 

species in that it consists of planar, edge-shared Bi^Brg units bridged by mutually trans, 

terminal dithioether ligands (Figure 3.5).^ 
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An alteration in ligand architecture (from a C2 to C3 linkage between the donor 

atoms) appears to have less of an effect upon the structure of SbXs complexes than on 

the analogous BiXs species. A change in the ligand donor atom, however, leads to the 

adoption of an entirely different structure to that of the [SbCls {MeS(CH2)2SMe}] or 

[SbBr3{MeS(CH2)3SMe}] adducts. 

The complex [SbCl3{MeSe(CH2)3SeMe}] exists as a one-dimensional chain, 

derived from bridging diselenoether ligands linking Cl2Sb(jj.^-Cl)2SbCl2 units. The \x̂ -

bridging chlorines form an edge-shared bioctahedral dimer in the isomer A 

configuration (discussed in Chapter 2). The octahedral antimony(III) donor set consists 

of two terminal and two bridging chlorines, and two mutually cis selenium atoms from 

separate MeSe(CH2)3SeMe ligands, with the methyl groups of the selenoether adopting 

the meso conformation. This motif is repeated to give an infinite coordination polymer 

(Figure 3.16, Table 3.3). 

Se(2) 

C l ( 2 a ) I S e ( 2 a ) 

Cl(la) \ ci(3) 

S X l a ) Cl(3a) 

C l ( 2 ) 

Figure 3.16 View of a portion of the one-dimensional chain structure adopted by 

[SbCl3{MeSe(CH2)3SeMe}] with the numbering scheme adopted. Ellipsoids shown at 

40 % probability, H-atoms omitted for clarity. Atoms labeled (a) are related by the 

symmetry operation -x, -y, -z 
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Sb(l) Cl(l) 2.388(3) Sb(l) Cl(3) 2.424(3) 

Sb(l) Cl(2) 2.451(3) Sb(l) Se(l) 3.204(2) 

Sb(l) Cl(2a) 3.263(3) Sb(l) Se(2) 3.244(2) 

Cl(l) Sb(l) Cl(2) 88.1(1) Se(l) Sb(l) Cl(2) 80.42(8) 

Cl(l) Sb(l) Cl(2a) 159.19(9) Se(l) Sb(l) Cl(2a) 77.85(7) 

Cl(l) Sb(l) Cl(3) 94.5(1) Se(l) Sb(l) Cl(3) 169.69(9) 

CI(2) Sb(l) Cl(2a) 76.8(1) Se(2) Sb(l) Cl(l) 80.66(8) 

Cl(2) Sb(l) Cl(3) 89.3(1) Se(2) Sb(l) Cl(2) 163.15(8) 

Cl(2a) Sb(l) Cl(3) 99.5(1) Se(2) Sb(l) Cl(2a) 117.01(1) 

Se(l) Sb(l) Se(2) 110.96(5) Se(2) Sb(l) Cl(3) 79.18(9) 

Se(2) Sb(l) Cl(l) 85.68(8) 

Table 3.3 Selected bond lengths (A) and angles (°) for [SbCls {MeSe(CH2)3SeMe}]. 

The Sb-Se bond distances indicate weak, secondary interactions and are similar 

to those in the [SbX3(dithioether)] complexes discussed above (although slightly more 

symmetric) but much longer than a typical Sb-Se distance of 2.580(2) A found in, for 

example, [Sb(SeMe)3].^^ The Sb-Cl bond lengths in the Sb(p^-Cl)2Sb unit are very 

asymmetric (2.451(3) - 3.236(2) A , A = 0.785 A) , again typical of a bridge derived 

from a combination of primary and secondary Sb-Cl interactions. 

As for the thioether complexes, the antimony coordination geometry is distorted 

from regular octahedral, but particularly so in the region of the Sb(|j,^-Cl)2Sb bridge 

(Cl(l)-Sb(l)-Cl(2a) 159.2(6)°, Cl(2)-Sb(l)-Cl(2a) 76.7(7)°). Thus, in the absence of 

the mixed bridging/terminal bonding mode observed in the [SbCl] {MeS(CH2)2SMe}] 

and [SbBr3{MeS(CH2)3SMe}] complexes, the location of the lone pair can be stated 

with greater (but not absolute) certainty and it is likely to be localised along the vector 

of the Sb(|_i^-Cl)2Sb bridge. It is noteworthy that the secondary Sb(l)-Cl(2a) interaction 
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is formed in the general direction of the site attributed to the lone pair (although it is 

assumed to avoid the direction of maximum lone pair density, in accord with the 

observations of Sawyer and Gi l l e sp ie ) .The structure of the present complex differs 

markedly from that of the analogous bismuth(III) adduct [BiBrg {MeSe(CH2)3SeMe}], 

which forms a two-dimensional sheet network in which the ligands occupy mutually 

trans coordination sites, isostructural with [BiBrs{MeS(CH2)3SMe}] (Figure 3.5).^ 

All members of the range of complexes [MX3 {MeE(CH2)3EMe}] (M = Sb or 

Bi; X = CI or Br; E = S or Se) contain a six-coordinate central atom, thus it is unlikely 

that the broad differences in structure can be rationalised solely in terms of the steric 

properties of the MX3 unit. Whereas the thio- or seleno-ether ligands are coordinated 

mutually trans in the majority of the bismuth(III) complexes , t hey exclusively adopt 

a cis configuration in the analogous antimony(III) adducts. Furthermore, to date, the 

mixed terminal/bridging thioether bonding mode has only been observed in SbXs 

complexes. These are both major factors in accounting for the diverse range of 

structures displayed by the two classes of adducts. 

The fact that the mixed terminal/bridging dithioether bonding mode has so far 

only been observed in SbX] complexes may have its origins in the reduced Lewis 

acidity of the SbXs fragment compared to BiXg. In all of the structurally characterised 

BiX] complexes the chalcogenoether ligand is bound to one (or more) bismuth atom(s) 

through two fairly symmetrical Bi-S/Se bonds, whereas the Sb-S bonds in 

[SbCl] {MeS(CH2)2SMe} ] and [SbBrg {MeS(CH2)3SMe}] are asymmetric (ranges of 

0.136 A and 0.200 A respectively). This could indicate that maximum Lewis acid-base 

interactions are achieved through the binding of one sulfur atom more strongly than the 

other two (i.e. one "full" Sb-S bond and two "fractional" Sb-S bonds). The "fractional" 

sulfur donors still have sufficient electron density available to weakly donate to an 

adjacent antimony atom, giving rise to the mixed terminal/bridging bonding mode and 

a coordination network motif Similar bonding was not observed in the 

[SbCla{MeSe(CH2)3SeMe}] adduct and the two Sb-Se distances are very symmetric 

(range 0.04 A ) suggesting that MeSe(CH2)3SeMe may be a stronger a-donor toward 

SbXs than MeS(CH2)„SMe. In contrast, the Lewis acidity of the BiXs species is such 

that two "full" Bi-S bonds are required to realise maximum donor-acceptor interactions. 
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It is stressed, however, that the difference between "full" and "fractional" bonding is 

small, and that M E bonds in general should be regarded as weak, secondary 

interactions. 

3.2.2 Antimony(III) Halide Complexes of Macrocylic Thioether Ligands 

The reaction of SbXs (X = CI or Br) in anhydrous MeCN solution with one 

molar equivalent of Lc (Lc = [12]aneS4, [14]aneS4 or [16]aneS4) in anhydrous CH2CI2 

solution produced white (X = CI) or pale yellow (X = Br) solids upon slow removal of 

solvent in vacuo. These solids were isolated by vacuum filtration, washed with 

anhydrous CH2CI2 and dried in vacuo. Satisfactory microanalyses were obtained for all 

freshly prepared solids, the majority of the adducts having empirical formula 

[SbX3(Lc)] although for [(SbBr3)2([14]aneS4)] only the 2:1 species was isolated. 

Reaction of SbFs with [14]aneS4 under similar conditions resulted in the re-isolation of 

SbFs. 

Only the adduct [(SbBr3)2([14]aneS4)] yielded crystals suitable for X-ray 

diffraction studies, obtained by slow evaporation of an anhydrous MeCN solution of 

the reactants in a 1:1 ratio. Like the bidentate thio- and seleno-ether ligand complexes 

discussed above, the [(SbBr3)2([14]aneS4)] adduct can be described as a coordination 

network, and in this example the network extends in three dimensions. The repeat unit 

of the network is derived from weakly associated edge-shared 8528:482 bioctahedra, 

with each SbBrs unit bound exocyclic to the [14]aneS4 ring. The structure of this 

complex is quite different to those observed for the acyclic dithioethers, with two 

terminal and two p^-bridging bromine atoms and two terminal, mutually cis sulfur 

donors from separate thiacrown ligands completing the octahedral antimony 

coordination sphere. Each [14]aneS4 unit contributes one sulfur donor per antimony, 

with the ligand bridging four distinct antimony atoms in total (Figures 3.16 and 3.17, 

Table 3.4). 
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C(5a) 

Sb(la) 

Br(l) 

S(2) 

Sb(Ia) 

Br(3a) 

Bl(2) 

Figure 3.16 View of the asymmetric unit of [(SbBr3)2([14]aneS4)].with numbering 

scheme adopted and nearest symmetry related neighbours. Atoms marked (a) are 

related by -x, -y, -z and atoms marked (b) are related by -x, ^ + y, % -z. 
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Figure 3.17 View of a portion of the lattice of [(SbBrs)! ([14]aneS4)]. 
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Sb(l) Br(l) 2.5335(2) Sb(l) Br(3a) 3.497(2) 

Sb(l) Br(2) 2.2.548(2) Sb(l) S(l) 3.143(4) 

Sb(l) Br(3) 2.609(2) Sb(l) S(2) 2.954(3) 

Br(l) Sb(l) Br(2) 92.23(7) Br(2) Sb(l) S(2) 80.68(8) 

Br(l) Sb(l) Br(3) 93.02(6) Br(l) Sb(l) Br(3a) 84.99(6) 

Br(l) Sb(l) Br(3a) 175.56(6) Br(3) Sb(l) S ( l ) 88.79(8) 

Br(l) Sb(l) S(l) 76.60(9) Br(3) Sb(l) S(2) 173.68(8) 

Br(l) Sb(l) S(2) 83.00(8) S(l) Sb(l) S(2) 95.21(9) 

Br(2) Sb(l) Br(3) 94.62(6) Br(3a) Sb(l) S ( l ) 105.30(8) 

Br(2) Sb(l) Br(3a) 83.99(6) Br(3a) Sb(l) S(2) 98.62(7) 

Br(2) Sb(l) S(l) 170.38(8) Sb(l) Br(3) Sb(la) 95.01(6) 

Table 3.4 Selected bond lengths (A) and angles (°) for [(SbBr3)2([14]aneS4)]. 

The edge-shared bioctahedral dimers adopt the isomer A configuration and the 

bridging SbiBri unit is very asymmetric (2.609(2) - 3.497(2), A = 0.888 A) . The 

thiacrown ligands are bound to antimony through weak, secondary bonds (2.954(3) -

3.143(4) A ) although the coordination is stronger than in the [SbCl3([9]aneS3] (X = CI 

or I) and [(SbCl3)2([18]aneS6)] species, where the Sb-S distances are in the range 

2.968(2) - 3.460(3) A. The Sb-S bonds are also slightly shorter than those in the 

acyclic dithioether complexes [SbCl] {MeS(CH2)2SMe} ] and [SbBrs {MeS(CH2)3SMe}] 

discussed previously. 

The crystal structure of the free [14]aneS4 species shows that the molecule 

exists in an exodentate conformation, with the four sulfur atoms at the comers of the 

rectangular molecule and the sulfur-based lone pairs pointing away from the 

macrocyclic cavity/^ This conformation is also preferred by the similar [12]aneS4 and 
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[ISJaneSs ligands/^ however Wiley reported that the B ids moiety in the 

[BiCl3([12]aneS4)] and [BiCl3([15]aneS5)] complexes was bound below the mean plane 

of the macrocyclic cavity to give a half-sandwich structure, implying some degree of 

rearrangement of the ligand backbone upon coordination to bismuth.^" The inflexible 

nature of the trigonal pyramidal Bids unit was held responsible for this coordination 

mode. The thiacrown exists as an exodentate conformer in the [(SbBr3)2([14]aneS4)] 

compound, and evidently coordination to the antimony atom has little effect on the 

conformation of the macrocycle. This implies that the interaction of [14]aneS4 with 

SbBra is substantially less than with BiXg. A further structural consideration is the 

different chelate ring sizes available within each thiacrown cavity. For example, 

endodentate coordination of MX3 to [9]aneS3, [12]aneS4 or [ISJaneSs gives an 

energetically favoured five-membered chelate ring (as observed in the [Sbl3([9]aneS3)], 

[BiCl3([12]aneS4)] and [BiCl3([15]aneS5)] species)̂ ®"̂ ^ whereas similar coordination to 

[14]aneS4 can give both five- and six-membered chelate rings. Since the structures are 

comprised of very weak Sb-S and Sb-Se interactions, such a chelate effect may 

influence the overall structure adopted by the complex. 

The present complex is structurally very similar to the recently reported 

[(SbBr3)2([16]aneSe4)] (Figure 3.9).^^ However an important distinction between the 

two structures is the lack of secondary Sb—Br bridging interactions in the selenium-

donor complex, with the antimony atom adopting a five-coordinate, distorted trigonal 

bipyramidal geometry. The Sb-Se distances (2.989(1) - 3.193(1) A) are similar to the 

Sb-S distances in [(SbBr3)2([14]aneS4)] (Table 3.4). The [BiBr3([16]aneSe4)] complex 

adopts an entirely different structure, with near planar BizBrg units linked by bridging 

ligands to generate a one-dimensional ladder-type array (Figure 3.11).^ 
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3.3 Conclusions 

The work discussed here represents the first structural survey of antimony(III) 

halide complexes of bidentate thio- and seleno-ethers. The insoluble nature of the 

adducts is presumably a consequence of their polymeric nature, and limits the available 

characterisation techniques to microanalysis, IR spectroscopy and single crystal X-ray 

diffraction, and hence only those species which yielded suitable crystals under the 

conditions employed can be discussed in detail (although the stoichiometry of the 

products obtained from all of these reactions is not in question). The fact that X-ray 

crystallography is the only method available for structural characterisation also limits 

the extent to which broad conclusions can be drawn, since coordination isomers may be 

generated under different experimental or crystallisation conditions. 

The structures of the SbXg complexes containing acyclic bidentate ligands are 

not generally similar to those of the analogous BiXs species. For the dithioether 

complexes [SbBrs{MeS(CH2)3SMe}] and [SbCls{MeS(CH2)2SMe}] complexes infinite 

two- and three-dimensional coordination networks are obtained respectively, with the 

sulfur-donors bound via an unusual mixed terminal/bridging bonding scheme such that 

one end of the ligand acts as a bifurcated donor, while the other binds terminally. The 

adoption of this mode overrides the expected preference for chelation of the flexible 

bidentate ligand. This bonding mode is not observed in the analogous bismuth(III) 

complexes.'"^ The diselenoether complex [SbCl3{MeSe(CH2)3SeMe}] displays a n\ore 

conventional bonding mode with the ligands linking SbXs units to generate a one-

dimensional chain structure. 

Although the [(SbBr3)2([14]aneS4)] complex is the only structurally 

characterised example of all the [SbX3(Lc)] complexes prepared in this study (Lc = 

[12]aneS4, [14]aneS4 or [16]aneS4), comparison to previously reported 61X3 structures 

allows some tentative conclusions to be drawn. It seems likely that the combination of 

weak, secondary Sb—S interactions, the conformation of the free macrocycle and the 

size of chelate ring potentially available upon endodentate coordination (along with 

other factors such as solubility) influences the overall structure adopted in the crystal. 

Hence, [(SbBr3)2([14]aneS4)] exists as a coordination network with exo-bound SbBr3 

units while the [BiX3([12]aneS4)] species, for example, adopts a discrete, half-sandwich 
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structure with S4-chelation to the bismuth atom/° Examination of the (as yet 

unreported) [BiX3([14]aneS4)] structures would provide insight into the importance of 

macrocycle conformation relative to M-S bond strength in the determination of overall 

structure. 

The main features in common amongst these complexes is the retention of the 

trigonal pyramidal SbXg unit of the parent halide, and the occurrence of weak, 

secondary Sb—S or Sb—Se interactions on the opposite face leading to the sulfur- or 

selenium-donor atoms occupying mutually cis coordination sites. The bonding within 

these complexes is consistent with the DA model outlined in Chapter 1, in that the 

ligand donates into a M-X a* anti-bonding orbital to give delocalised 3-centre 4-

electron bonds. The small structural changes in the parent SbXs unit indicate that this 

donation is weak. In view of the few structural examples available it is not yet possible 

to compile an order of chalcogenoether donor strength toward SbXg. 
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3.4 Experimental 

General experimental conditions are given in the Appendix. Antimony(III) 

halides were obtained commercially from Aldrich and used as received. Thio- and 

seleno-ether ligands were prepared using literature methods^^' except [12]aneS4, 

[14]aneS4 and [16]aneS4 which were obtained from Aldrich. Standard Schlenk 

techniques were used throughout, and all preparations and manipulations were 

performed under a Ni atmosphere. 

[SbCl3(MeS(CH2)2SMe)]. A solution of MeS(CH2)2SMe (0.12 g, 1 mmol) in M e C N (3 

cm^) was added to a stirred and chilled solution of SbCls (0.22 g, 1 mmol) in MeCN 

(10 cm^). The resultant clear, colourless solution was stirred in an ice bath for 10 

minutes, then in a water bath at 50° C for 30 minutes and then stirred at room 

temperature overnight. Solvent volume was reduced in vacuo and the residue layered 

with anhydrous hexane to produce a crop of colourless block crystals directly suitable 

for X-ray diffraction studies, which were isolated by vacuum filtration, washed with 

anhydrous CH2CI2 and dried in vacuo. Yield 0.28 g, 80 %. Calculated for 

C4HioCl3S2Sb: C, 13.7; H , 2.9. Found: C, 13.8; H , 2.9 %. ^H-NMR: 6 2.2 (s, 6H), 2.8 

(s,4H). IR/cm- ' :270,243v(Sb-Cl ) . 

[SbBr3{MeS(CH2)2SMe}J. Procedure as above. Removal of solvent yielded a yellow 

gum, which was triturated in anhydrous hexane (approx. 10 cm^) to produce a pale 

yellow powder, isolated as above. Yield 31 %. Calculated for C4HioBr3S2Sb: C, 9.9; 

H, 2.0. Found: C, 9.7; H, 2.0 %. ' H - N M R : 6 2.3 (s, 6H), 2.9 (s, 4H) . 

[Sbl3{MeS(CH2)2SMe}]. To a chilled and stirred solution of Sbis (0.3 g, 0.6 mmol) in 

anhydrous THF (10 cm^) was added an equimolar solution of MeS(CH2)2SMe in THF 

(5 cm^). The orange-yellow solution was stirred at room temperature for 1 hour and 

solvent slowly removed in vacuo to produce an orange powder, which was isolated as 

above. Yield 68 %. Calculated for C4Hiol3S2Sb; C, 7.3; H, 1.5. Found; C, 7.9; H, 1.2 

%. ^H-NMR: 8 2.2 (s, 6H), 2.7 (s, 4H). 
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[SbCl3{MeS(CH2)3SMe}]. Procedure as for [SbBr3{MeS(CH2)2SMe}]. White 

powder. Yield 67 %. Calculated for CsHiaClsSsSb: C, 16.5; H, 3.3. Found: C, 16.2; 

H, 3.2 %. 6 1.9 (q, 2H), 2.1 (s, 6H), 2.6 (t, 4H). IR/cm-\ 254,235 v(Sb-Cl). 

[SbBr3{MeS(CH2)3SMe}]. Procedure as above. White powder. Yield 51 %. 

Calculated for CgHnBrgSiSb: C, 12.1; H, 2.4. Found: C, 12.6; H, 2.4 %. 'H-NMR: 5 

I.9 (q, 2H), 2.1 (s, 6H), 2.6 (t, 4H). 

[SbBr3{MeSe(CH2)2SeMe}]. Procedure as above. Yellow solid. Yield 31%. 

Calculated for C4HioBr3SbSe2: C, 8.3; H, 1.8. Found: C, 8.8; H, 1.9 %. 

[Sbl3{MeSe(CH2)2SeMe}]. Procedure as above, using a THF solution of Sbis and a 

CH2CI2 solution of MeSe(CH2)2SeMe. Orange powder. Yield 82%. Calculated for 

C4Hiol3SbSe2: C, 6.7; H, 1.4. Fmmd: C, 6.3; H, 1.3 %. 'H-NMR: 6 2.1 (s, 6H), 2.9 (s, 

4H). 

[SbCl3{MeSe(CH2)3SeMe}]. A solution of MeSe(CH2)3SeMe (0.3 g, 1.30 mmol) in 

CH2CI2 (5 cm^) was added to a stirred and chilled solution of SbCls (0.3 g, 1.30 mmol) 

in MeCN (15 cm^). The resultant clear, colourless solution was stirred for 1 hour at 

room temperature and solvent slowly removed in vacuo, resulting in deposition of 

colourless block crystals directly suitable for X-ray diffraction studies. Yield 71 %. 

Calculated for CsHizClsSbSe;: C, 13.1; H, 2.6. Found: C, 13.4; H 2.5 %. 266, 

243 v(Sb-Cl). 

[SbCl3([12]aneS4)]. To an anhydrous MeCN solution of SbCla (0.048 g, 0.21 mmol) 

was added an equimolar MeCN solution of [12]aneS4. The resultant clear, colourless 

solution was stirred at room temperature for 1 hour and solvent removed in vacuo to 

leave an off-white powder, isolated as for [SbCl3(MeS(CH2)2SMe)]. Yield 63 %. 

Calculated for CgHi6Cl3S4Sb: C, 20.5; H, 3.4. Found: C, 21.0; 3.5 %. IR/cm'^: 253, 

244, 230 v(Sb-Cl). 
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[SbBr3([12JaneS4)|. Procedure as above. Pale yellow powder. Yield 57 %. Calculated 

for C8Hi6Br3S4Sb: C, 16.0; H, 2.7. Found: C, 16.5; 2.6 %. 

[SbCl3([14]aneS4)]. Procedure as above. White powder. Yield 35 %. Calculated for 

CioH2oCl3S4Sb: C, 24.2; H, 4.0. Found: C, 23.8; H, 3.9 %. 267, 249, 231 

v(Sb-Cl). 

[(SbBr3)2([14]aneS4)] Procedure as above. Pale yellow crystals. Yield 40 %. 

Calculated for CioH2oBr6S4Sb2.MeCN; C, 14.0; H, 2.2. Found: C, 14.1; 2.3 %. 

[SbCl3([16]aneS4)]. Procedure as above. White powder. Yield 30 %. Calculated for 

Ci2H24Cl3S4Sb: C, 27.5; H, 4.6. Found: C, 27.2; 4.3 %. 253, 234 v(Sb-Cl). 

[SbBr3([16]aneS4)]. Procedure as above. Pale yellow powder. Yield 35 %. Calculated 

for Ci2H24Br3S4Sb: C, 21.9; H, 3.7. Found: C, 21.8; 3.6 %. 

3.5 X-ray Crystallography 

General experimental X-ray data collection conditions are given in the 

Appendix. Details of the crystallographic data collection and refinement parameters for 

data discussed in this Chapter are given in Tables 3.5 and 3.6. Data collection used a 

Rigaku AFC7S four-circle diffractometer. No significant crystal decay or movement 

was detected. 

Structure solution and refinement were routine^^' except for 

[SbCl]{MeS(CH2)2SMe}], where a \)/-scan absorption correction was applied/^ and 

[SbBr3([14]aneS4)] where a DIFABS absorption correction was applied."*' For all 

structures, fully occupied non-hydrogen atoms were refined anisotropically and 

hydrogen atoms were added in fixed, calculated positions with <i(C-H) = 0.96 A. 

Refinement of the Flack parameter indicated the correct choice of enantiomorph for 

[SbCl3 {MeS(CH2)2SMe} 
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[SbCl3{MeS(CH2)2SMe}] [SbBr3{MeS(CH2)3SMe}] 

Formula 

Formula Weight 

Crystal System 

Space Group 

a! A 

6 /A 

c / A 

r / ° 

[ / / A ^ 

z 

p (Mo-Ka)/ cm'^ 

Unique obs. reflns. 

Obs. reflns.[7 > 2a(/)] 

R 

Rw 

C4HioCl3S2Sb 

350.35 

Orthorhombic 

f 2 i 2 i 2 i ( # 19) 

8.925(3) 

15.098(2) 

8.224(3) 

90 

90 

90 

1108.2(4) 

4 

35.22 

1169 

1093 

0.028 

0.029 

C5Hi2Br3S2Sb 

497.73 

Orthorhombic 

fMa2i (# 33) 

14.105(2) 

9.446(1) 

9.781(1) 

90 

90 

90 

1303.2(3) 

4 

116.11 

1364 

1022 

0.041 

0.049 

Table 3.5 X-ray data collection and refinement parameters for the 

[SbCl3{MeS(CH2)2SMe}] and [SbBr3{MeS(CH2)3SMe}] complexes. 
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[SbCl3{MeSe(CH2)3SeMe}] [(SbBr3)2([14]aneS4)] 

Formula C5Hi2Cl3Se2Sb CioH2oBr6S4Sb2 

Formula Weight 458.18 991.43 

Crystal System Monoclinic Monoclinic 

Space Group f2 i /c (# 14) f 2 i / » (# 14) 

a! A 9.622(5) 6.897(6) 

6 /A 12.882(3) 13.30(1) 

c/ A 10.376(4) 13.78(1) 

90 90 

101.89(4) 103.27(7) 

yr 90 90 

1258.5(8) 1230(2) 

z 4 2 

p, (Mo-K<x)/ cm"' 85.59 123.02 

Unique obs. reflns. 2344 4314 

Obs. reflns.[/> 2a(i)] 1934 3040 

R 0.041 0.065 

Rw 0.053 0.072 

Table 3.6 X-ray data collection and refinement parameters for the 

[SbCl3{MeSe(CH2)3SeMe}] and [(SbBr3)2([14]aneS4)]complexes. 
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Chapter 4 Arsenic(III) Halide Complexes of Thio- and Seleno-ethers 

4.1 Introduction 

The previous chapter detailed a synthetic and structural study of antimony(III) 

halide complexes of multidentate and macrocyclic thio- and seleno-ether ligands. An 

unexpectedly diverse range of structural motifs was displayed by these adducts; 

unexpected because the SbXs unit demonstrated a reasonably powerful Lewis acidity, 

similar to that of BiXs, and diverse due to the variety of coordination modes and 

geometries displayed by this fragment (often within the same molecule). With this in 

mind, the next logical step in the study of group 15 halide complexes of 

chalcogenoethers was to examine the effect of further reducing the acceptor properties 

of the MX] moiety. Given that examples of AsXs adducts of phosphine and arsine 

ligands were reported in Chapter 2, this non-metallic species provides a means of 

probing the structures adopted by a system lying near the extreme of Lewis acidity for 

group 15 halides. 

The coordination and structural chemistry of arsenic(III) halides has received 

relatively little coverage in the literature. Aside from the obvious disadvantages of 

being highly toxic compounds, the lack of structural information is mainly due to the 

fact that many of the adducts were isolated prior to the advent of modem instrumental 

techniques (and, in particular, ready access to single crystal X-ray diffraction). The 

poor acceptor properties of the non-metallic AsXg (X = CI, Br and I) species has also 

contributed to the lack of comprehensive study. In contrast, the Lewis acidity of 

antimony(III) and bismuth(III) halides is now well established/ with recent work by 

the Southampton group^' ^ and others'* illustrating the broad range of structures adopted 

by complexes of these species with phosphine, arsine and chalcogenoether Ugands. 

Examples of As(III) functioning as a Lewis base are numerous (e.g. arsine ligands), 

however there are few reports of As(III) acting as a Lewis acid. Thus, the question of 

whether AsX] displays similar coordination chemistry with chalcogenoether ligands 

(and thus adopts similar structural motifs) to its heavier congeners still remains. This 

chapter describes a synthetic and structural study of a range of arsenic(III) halide 

complexes of bidentate and macrocyclic thio- and seleno-ethers. 
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4.1.1 Arsenic(III) Halide Complexes of Group 16 Donor Ligands 

As stated in Chapter 1, the coordination chemistry of arsenic(III) halides and 

related species is sparse in comparison to that of SbXs and BiXs. The current literature 

regarding MX3 complexes of multidentate and macrocyclic chalcogenoethers has been 

discussed in Chapter 3, and so this section aims to outline the structural and 

coordination chemistry of AsXg complexes containing chalcogen-donor ligands. 

Coverage of the literature is not intended to be comprehensive, and the discussion uses 

selected examples to illustrate trends or key points. 

With regard to group 16 donor ligand adducts of arsenic(III) halides, only 

examples of oxygen- and sulfur-donor systems have appeared in the literature. In terms 

of oxygen-donor ligands, the IR and Raman spectra of the [AsX] {(0Bu)3P}2] (X = CI 

and Br) adducts were reported by Long.^ The only subsequent study of oxygen donor 

ligand complexes was made by Alcock and co-workers, who reported the crystal 

structures of [AsCl3(12-crown-4)] and [AsCl3(15-crown-5)].^ Like their SbCla and 

Bids analogues, both complexes adopt a half-sandwich structure, with the crown 

ligand capping the trigonal pyramidal AsCls unit and As-O bonds becoming weaker 

with increasing crown cavity size, in the range 2.776(6) - 2.915(6) A for [AsCl3(12-

crown-4)] and 2.994(4) - 3.156(4) A for [AsCl3(15-crown-5)]. No adduct was isolated 

from the AsCl3/[18]-crown-6 reaction system.® 

Early work upon sulfur-donor ligands concerned the complexes formed by N, 

N-dialkyldithiocarbamates, with a non-chelated pyramidal structure proposed for 

[As(S2CNEt2)3], on the basis of higher than expected dipole moment values.^ In fact the 

crystal structure of this complex, obtained some years later, showed the 

dithiocarbamate ligand to behave as a very asymmetric bidentate chelate, with As-S 

bond distances ranging from 2.344(3) to 2.904(4) A ) (Figure 4.1).^ 
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Figure 4.1 View of the [As(S2CNEt2)3] complex.®" 

An X-ray structural study of the arsenic-xanthate complex [As(S2CO'Pr)3] also 

revealed three asymmetrically chelating xanthate ligands (As-S 2.305(2) and 2.978(2) 

A ) arranged in a distorted octahedral geometry.^ A stereochemically active lone pair 

was held responsible for the distortion. 

Drager reported the crystal structure of 2-chloro-1,3,6,-trithi-2-arsaoctane, 

which adopts an eight-membered ring in a distorted boat conformation/° The 

coordination geometry about the arsenic(III) atom was considered to be pseudo-trigonal 

bipyramidal, with a 1, 5-transannular As-S interaction (2.719(2) A ) forming part of the 

donor set (Figure 4.2). 

2.719 

2.248 
2.259 

Figure 4.2 View of the [AsCl{S(CH2)2S(CH2)2S}] complex. 10 

Page 117 



Chapter 4 Arsenic(III) Hahde Complexes of Thio- and Seleno-ethers 

The reaction of dimethylarsenic(III) halides with thiourea (tu) produced 1:1 and 

1:2 complexes formulated as [Me2As(tu)]^X" and [Me2As(tu)]'^X'.tu.'' The cationic 

nature of these species was confirmed by the absence of an As-X band in the 

vibrational spectra and a single crystal X-ray structure (As-S 2.320(2) A) . A series of 

neutral [AsX3(tu)] complexes was subsequently reported, and characterised by 

microanalysis, IR, Raman and NMR spectroscopy.'^ A trigonal-bipyramidal geometry 

was proposed on the basis of vibrational spectroscopic data, although the crystal 

structure of the [AsCl3(dmit)] complex revealed a halide-bridged dimer (As-S 2.304 A ) 

(Figure 4.3).'^ 

c2 ca 

Figure 4.3 View of the [AsCl3(dmit)] complex.'^ 

The reaction of toluene-3,4-dithiol (Hitdt) with AsCla, reported by Willey and 

co-workers, produced the [AsCl(tdt)] adduct.'^ The crystal structure of this species 

shows a pseudo-tetrahedral arsenic(III) centre, with the dithiol ligand coordinated 

symmetrically (2.226(3) - 2.209(3) A ) and the lone pair occupying the remaining site 

(Figure 4.4). The authors suggest that the [AsCl(tdt)] molecules are packed together 

via weak As—Ph interactions, the As-C distances ranging from 3.32(1) to 3.63(1) A for 

the six phenyl-ring carbon atoms. 
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Figure 4.4 View of the stacking arrangement in the [AsCl(TDT)] complex. 13 

In recent work, ethanedithiolato alkyldithiophosphate derivatives of arsenic(ni) 

were obtained by reaction of ethane-1,2-dithiolato arsenic(III) chloride and sodium 

alkylenedithiophosphate in refluxing benzene (Figure 4.5).''* From ^^P{'F[}-NMR and 

IR data the authors proposed a pseudo-trigonal bipyramidal geometry about the 

arsenic(III) atom, arising from bidentate chelation of the dithiophosphate ligand to the 

dithiolato arsenic moiety. A stereochemically active lone pair was assumed to occupy 

one of the equatorial positions. 

s s 
As" 

CI 

R R 

O O 
benzene 

reflux 

Figure 4.5 Reaction scheme for synthesis of a dithiolatoarsenic(III) 

alky dithiophosphate (R = Me or Et). 14 
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The only example of a thioether complex of AsXs is the [Asl3(hta)] (hta = 

l,3,5,7-(tetramethyl)-2,4,6,8,9,10-(hexathia)adamantane) (Figure 4.6)/^ The complex 

was prepared serendipitously by reaction of Asis with thioacetic acid in water, with hta 

forming in equilibrium with an acid-derived thione. In the complex, Aslg is bound to 

three of the six sulfur atoms of the hta unit to give an octahedral coordination 

environment (As-S 3.274(1) - 3.310(1) A). The As-I distances are similar to those in 

the parent Asia molecule. The arsenic-based lone pair was assumed to point toward the 

centre of the six-membered ring formed by the top of the hta molecule. 

Figure 4.6 Packing diagram for the [Asl3(hta)] complex. 15 
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4.2 Results and Discussion 

4.2.1 Arsenic(III) Halide - Thioether Complexes 

The reaction of AsXs (X = CI, Br or I) in an anhydrous CH2CI2 (X = CI, Br) or 

THF (X = I) solutions with one molar equivalent of L (L = MeS(CH2)2SMe, [9]aneS3, 

[12]aneS4 or [14]aneS4) in anhydrous CH2CI2 solution produced, following work-up, an 

orange or yellow solid of general formula [AsX3(L)] in good yield. The solids were 

obtained by concentration of solvent in vacuo followed by filtration, washing with 

anhydrous CH2CI2 and drying in vacuo. Attempts to obtain solid complexes from the 

reaction of AsXa with MeS(CH2)3SMe and MeC(CH2SMe)3 produced only an 

intractable gum or oil. Due to the moisture sensitivity of the AsXs and [AsX3(L)] 

species, all reactions were carried out under an atmosphere of dry N2 using standard 

Schlenk techniques, and the complexes were stored in a dry, nitrogen filled glove-box. 

The complexes were sufficiently soluble in CDCI3 and CD2CI2 to allow NMR 

studies, however 'H-NMR spectra showed resonances little shifted from those for the 

free ligand. Thus no structural information could be obtained from NMR spectroscopy. 

The infrared spectra of the chloro- and bromo-derivatives, obtained in nujol, show 

weak, broad features in the ranges 420-380 and 300-260 cm"' which may be tentatively 

attributed to v(As-X) modes for X - CI and Br respectively.'^ Hence only very limited 

information on the arsenic coordination environment was forthcoming from NMR and 

IR spectroscopy. Crystalline adducts were obtained by slow evaporation of an 

anhydrous CH2CI2 solution (THF for X = I) of the reactants (in a 1:1 ratio) in a N2 

purged glove box. This method yielded X-ray quality crystals for the complexes 

[AsX3{MeS(CH2)2SMe}] (X = Br and I), [AsX3([9]aneS3)] (X = CI and Br) and 

[AsCl3([14]aneS4)]. Satisfactory microanalytical data were obtained for all of the bulk 

solids and crystals except [ASI3 {MeS(CH2)2SMe} ], for which only a only a few deep 

red crystals were isolated, and thus characterisation of the bulk material was not 

possible. 
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The complexes [AsBrs {MeS(CH2)2SMe}] (Figure 4.7, Table 4.1) and 

[Asl3{MeS(CH2)2SMe}] (Table 4.2) both adopt an edge-shared, p^-dihalo, bioctahedral 

dimer structure with a dithioether ligand chelated to each arsenic(III) atom, and two cis 

terminal halides. The MeS(CH2)2SMe ligand is in the meso conformation in each case. 

The discrete molecule is in the isomer A form observed by Norman and others for MX3 

complexes of tertiary phosphine and arsine ligands (M = As, Sb or Bi)J Such 

complexes were discussed in detail in Chapter 2. 

C(4a) 

C(]) 

C(2) 

Br(3a) 

A a ( l ) As(la) 

C(2a) 

S(]a) 

S(2) 
C(4) 

Figure 4.7 View of the [AsBrs {MeS(CH2)2SMe}] complex with numbering scheme 

adopted. Ellipsoids at 40 % probability, H-atoms omitted for clarity. Atoms marked 

(a) are related by the symmetry operation -x, -y, -z. 

The As-S distances are unequal in each molecule, differing by ca. 0.1 A in the 

iodo- (2.697(2) - 2.792(2) A) and ca. 0.15 A in the bromo-complex (2.725(3) - 2.876(3) 

A). These values are quite similar to the 1,5-transannular interaction in the 

[AsC1{S(CH2)2S(CH2)2S}] species {ca. 2.72 A) (Figure 4 .2) /° and intermediate 

between those reported for the arsenic(III)-dithiocarbamate and xanthate complexes, 

where the two sulfur donors were asymmetrically bound through covalent {ca. 2.34 and 

2.30 A) and ionic interactions {ca. 2.90 and 2.97 A)."' They are substantially shorter 

than the As-S distances in [Asl3(hta)] (3.274(1) - 3.310(1) A) (Figure 4.6).'^ The range 

of As-X bond distances is noteworthy, with three As-Xterminai bonds of similar length 
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(ca. 2.70 A for X = I and ca. 2.46 A for X - Br) and one substantially longer As-Xbridge 

interaction, rendering both AS()LI-X)2AS bridging units highly asymmetric. Thus the 

asymmetry factor. A, (defined in Chapter 1) is 0.562 A for the iodo-species (3.336(1) -

2.774(1) A) and 0.708 A for the bromo-analogue (3.258(1) - 2.550(1) A). These values 

are suggestive of a stereochemically active arsenic(III)-based lone pair, probably 

localized along the vector of the bridging As(l) - X(3a) bond in both examples. In 

addition, the bridge asymmetry indicates that the dimer motif arises from weak 

association of square-pyramidal [AsXg {MeS(CH2)2SMe}] molecules. 

As(l) Br(l) 2.391(1) As(l) Br(3a) 3.258(1) 

As(l) Br(2) 2.453(1) As(l) S(l) 2.725(3) 

As(l) Br(3) 2.550(1) As(l) S(2) 2.876(3) 

Br(l) As(l) Br(2) 95.21(5) Br(2) As(l) S(2) 166.90(7) 

Br(l) As(l) Br(3) 93.48(6) Br(3) As(l) Br(3a) 81.00(4) 

Br(l) As(l) Br(3a) 170.59(5) Br(3) As(l) S( l ) 88.79(8) 

Br(l) As(l) S(l) 87.97(7) Br(3) As(l) S(2) 171.38(7) 

Br(l) As(l) S(2) 81.39(6) S(l) As(l) S(2) 78.05(8) 

Br(2) As(l) BT(3) 99.09(5) S(l) As(l) Br(3a) 93.19(4) 

Br(2) As(l) Br(3a) 93.19(4) S(2) As(l) Br(3a) 91.32(6) 

Br(2) As(l) S(l) 89.22(6) As(l) Br(3) As(la) 99.00(4) 

Table 4.1 Selected bond distances (A) and angles (°) with e.s.d.'s for the 

[AsBr3{MeS(CH2)2SMe}] complex. 
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The adoption of an isomer A-type dimer arrangement for these adducts 

contrasts sharply with the structural motifs of the analogous [SbCls {MeS(CH2)2SMe}] 

and [BiCl3{MeS(CH2)2SMe}2] complexes.^' ^ The former species exists as a three-

dimensional coordination network containing dithioether ligands in an unusual mixed 

terminal/bridged mode, and was discussed in detail in Chapter 3 (Figures 3.12 and 

3.13). The bismuth(III) adduct is monomeric, with chelation of two dithioether ligands 

enforcing a seven-coordinate pentagonal bipyramidal geometry/ This difference is 

likely to be due to steric factors, with the larger bismuth(III) atom able to accommodate 

seven-coordination, although the reasons why the AsXs complexes differ from the 

SbCls adduct are less clear. In both cases, however, the observed cis arrangement of 

the ligands suggests that M-L bonding is primarily through the M-X a* orbitals. 

As(l) 1(1) 2.727(1) As(l) I(3a) 3.336(1) 

As(l) 1(2) 2.620(3) As(l) S(l) 2.696(2) 

As(l) 1(3) 2.774(1) As(l) S(2) 2.792(2) 

1(1) As(l) 1(2) 95.93(3) 1(2) As(l) S(2) 90.35(5) 

1(1) As(l) 1(3) 99.40(9) 1(3) As(l) I(3a) 86.31(3) 

1(1) As(l) I(3a) 99.22(3) 1(3) As(l) S ( l ) 172.54(6) 

1(1) As(l) S(l) 88.00(5) 1(3) As(l) S(2) 91.62(5) 

1(1) As(l) S(2) 166.69(6) S(l) As(l) S(2) 80.91(7) 

1(2) As(l) 1(3) 95.59(3) S(l) As(l) I(3a) 91.61(4) 

1(2) As(l) I(3a) 164.21(4) S(2) As(l) I(3a) 73.91(5) 

1(2) As(l) S(l) 84.48(5) As(l) 1(3) As(la) 93.69(4) 

Table 4.2 Selected bond distances (A) and angles C) with e.s.d.'s for the 

[Asl] {MeS(CH2)2SMe}] complex. 
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[AsCl3([9]aneS3)] also exists as a discrete molecule (Figure 4.7, Table 4.3). The 

tridentate thiacrown caps the face of the As(III) atom, with three mutually fac chlorine 

atoms completing the donor set to establish a distorted octahedral geometry. The As-S 

bond distances are in the range 2.715(3) - 2.857(2) A, similar to those observed in the 

[AsX] {MeS(CH2)2SMe}] series and indicative of secondary As—S interactions, while 

the As-Cl distances are much shorter (2.304(2) - 2.361(2) A) despite the similar 

covalent radii of S and CI. The weakness of the As-S interactions is manifest in the 

compressed S-As-S bond angles (76.66(6) - 77.62(7)°). Comparison of the As-S bond 

lengths in [AsCl3([9]aneS3)] to the As-0 distance in the [AsCl3(12-crown-4)] complex 

shows the thiacrown to be more strongly bound (2.715(3) — 2.857(2) vs. 2.776(6) -

2.915(6) A respectively). This is quite surprising given that As-0 interactions would 

be favoured over and As-S in terms of the HSAB model. The steric constraints 

imposed by the ligand coupled with the low Lewis acidity of the ASCI3 fragment 

probably prevent formation of a dimeric or oligomeric structure. 

C(2) 

A s ( l ) 

Figure 4.7 View of the [AsCl3([9]aneS3)] complex with the numbering scheme 

adopted. Ellipsoids shown at 40 % probability, H-atoms omitted for clarity. 
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/LS(1) 2.304(2) A s ( l ) 13(1) 2.857(3) 

/LS(1) C%2) 2.339(3) A s ( l ) S(2) 2.776(2) 

A s ( l ) CK3) 2.365(1) A s ( l ) S(3) 2.715(3) 

A s ( l ) C%2) 97.26(9) C%2) A s ( l ) S (3 ) 173.7(1) 

A s ( l ) CK3) 97.17(8) Cl(3) A s ( l ) S ( l ) 94.66(7) 

( : i ( i ) A s ( l ) S ( l ) 157.85(8) Cl(3) A s ( l ) S (2 ) 161.62(8) 

( : i ( i ) A s ( l ) S(2) 86J90% Cl(3) A s ( l ) S (3 ) 85.64(7) 

A s ( l ) S(3) 84.67(7) S ( l ) Vls(l) S (2 ) 76.92(6) 

Cl(2) A s ( l ) Cl (3) 100.0(1) S ( l ) A s ( l ) S (3 ) 77.62(7) 

Cl(2) A s ( l ) S ( l ) 99.03(9) S(2) /Ls(l) S(3) 76.66^0 

Cl(2) A s ( l ) S ( l ) 97.44(9) 

Table 4.3 Selected bond distances (A) and angles (°) with e.s.d.'s for 

[AsCl3([9]aneS3)]. 

Weakly diffracting crystals of [AsBr3([9]aneS3)] were also obtained, with the 

data indicating that this species also adopts a discrete face-capped arrangement. 

However, despite a number of attempts using different crystal samples, the data sets 

were not of sufficient quality to warrant comparison of the bond lengths and angles 

about the arsenic(III) atom. Microanalytical data consistent with 1:1 As:[9]aneS3 

stoichiometry were obtained for the bulk [AsX3([9]aneS3)] adducts. 

At this point it is appropriate to compare the structure of [AsCl3([9]aneS3)] to 

those observed for the [SbX3([9]aneS3)] adducts (X = CI and I). In the solid state the 

[SbCl3([9]aneS3)] adduct exhibits an infinite chain structure, with each SbCls unit 

bound endo to three sulfur donors of one thia-crown and, additionally, to a bridging 

sulfur atom from an adjacent ligand, viz, seven-coordinate antimony(III) (Chapter 3, 

Figure 3.1a).'^ The antimony-sulfur interactions are weak, in the range 3.156(3) -

3.460(3) A. The [Sbl3([9]aneS3)] adduct, in contrast, adopts a very similar structure to 

Page 126 



Chapter 4 Arsenic(III) Hahde Complexes of Thio- and Seleno-ethers 

[AsCl3([9]aneS3)].^^ The donor set comprises three sulfur and three iodine atoms 

arranged in a distorted octahedral fashion, with antimony-sulfur distances much shorter 

than in the corresponding chloro-adduct (2.840(2) - 2.895(2) A). The difference in the 

average Sb-S and As-S distances in the six-coordinate systems is ca. 0.08 A. This 

value is less than the difference between the covalent radii of Sb(III) and As(III) {ca. 

0.20 A), and highlights the poorer acceptor properties of AsCls compared to Sblg. 

Thus far, all of the structurally characterised chalcogenoether adducts of AsXs 

have existed as discrete molecular species. The [AsCl3([14]aneS4)] complex is the first 

such system to display an extended coordination network in the solid-state (Figures 4.8 

and 4.9, Table 4.4). The most obvious difference in the coordination profile of the 

AsCls unit in this adduct with respect to other structurally characterised [AsX3(Lc)] 

complexes (Lc = oxa- or thia-crown macrocycle) is the exodentate coordination of the 

macrocycle. This is likely to be influenced by the conformation of the free macrocycle, 

in which the sulfur-based lone pairs are arranged pointing out of the ring.'^ Indeed a 

similar binding mode is observed in the [(SbBr3)2([14]aneS4)] complex (Chapter 3, 

Figure 3.17), leading to an infinite two-dimensional array. Noteworthy is the fact that 

reaction of excess AsCls with [14]aneS4 yielded only the 1:1 complex, whereas the 2:1 

[(SbBr3)2([14]aneS4)] adduct was obtained under all the reactions conditions employed, 

with no evidence for the formation of a 1:1 [SbBr3([14]aneS4)] species. 

The structure shows some unusual features. The potentially tetradentate thia-

crown binds to separate arsenic atoms through only two of the four sulfur atoms, 

leaving two sulfurs uncoordinated. The arsenic donor set consists of two mutually cis 

sulfiir atoms, two terminal chlorines and two ju^-bridging chlorine atoms, leading to a 

distorted octahedral geometry. This distortion is particularly evident in the triangular 

face defined by S(l), Cl(la) and S(2a) (e.g. Cl(3) As(l) Cl(la) 162.74(3) S(2a) As(l) 

Cl(la) 73.55 °, S(l) As(l) S(2a) 77.10 °) and may indicate that the arsenic-based lone 

pair is localised in this region. 
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As(la) 

As(!a) 

C l ( l a ) 

As(la) 

S(4) C(8) 
C(7 ) C ( 6 ) 

Figure 4.8 View of the asymmetric unit of [AsCl3([14]aneS4)] with nearest symmetry 

related neighbours with the numbering scheme adopted. Ellipsoids at 40 % probability, 

H-atoms omitted for clarity. 

V-/T. A s ( l ) Cl( la) 

la) " 

Figure 4.9 View of a portion of the extended lattice of [AsCl3([14]aneS4)]. 
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As(l) Cl(l) 2.2937(8) As(l) Cl(3) 2.1889(8) 

As(l) Cl(a) 3.3731(8) As(l) S(l) 2.8709(9) 

As(l) Cl(2) 2.2821(9) As(l) S(2a) 2.9655(6) 

Cl(l) As(l) Cl(la) 93.76(2) Cl(2) As(l) S(2a) 169.01(3) 

Cl(l) As(l) Cl(2) 94.90(3) Cl(3) As(l) Cl(la) 162.74(3) 

Cl(l) As(l) Cl(3) 94.15(3) Cl(3) As(l) S ( l ) 80.10(3) 

0 ( 1 ) As(l) S(l) 169.50(3) Cl(3) As(l) S(2a) 90.58(3) 

Cl(l) As(l) S(2a) 94.29(3) S(l) As(l) Cl(la) 89.58(2) 

Cl(2) As(l) Cl(la) 99.82(3) S(l) As(l) S(2a) 77.10(2) 

Cl(2) As(l) Cl(3) 94.75(3) S(2a) As(l) Cl(la) 73.55(2) 

Cl(2) As(l) S(l) 94.33(3) As(l) Cl(l) As(la) 127.77(3) 

Table 4.4 Selected bond distances (A) and angles (°) with e.s.d's for 

[AsCl3([14]aneS4)]. 

The sulfur atoms are bound trans to As-Cl bonds, indicating that the As-Cl a* 

orbitals function as acceptors. The donor set is similar to that described for the 

[AsX3{MeS(CH2)2SMe}] species (Figure 4.7), however in the present complex the 

bridging chlorines link to two different arsenic(ni) atoms giving rise to an infinite sheet 

network rather than a discrete dimeric molecule. The bridging thiacrowns span two 

separate arsenic(III) centres. The As-S bond distances (2.8709(9) - 2.9655(9) A) are 

longer than those observed in the [AsCl3([9]aneS3)] and [AsXg {MeS(CH2)2SMe}] 

adducts and similar to As-S interactions in thiocarbamate and xanthate AsXs complexes 

(2.904(4) and 2.978(2) A respectively)."'^^ 

Page 129 



Chapter 4 Arsenic(III) Halide Complexes of Thio- and Seleno-ethers 

4.2.2 Arsenic(III) Halide- Selenoether Complexes 

The reaction of AsXs (X = CI, Br or I) with one molar equivalent of L (L = 

[8]aneS2, [16]aneSe4 or [24]aneSe6) in anhydrous CH2CI2 (or THF for X = I) produced, 

following work-up, an orange or yellow solid of general formula [AsX3(L)] in good 

yield (except for L = [16]aneSe4 where only a 2:1 ratio and L = [24]aneSe6 where both 

4:1 and 2:1 As:L ratios were obtained for X = CI and X = Br respectively). Similar 

attempts to isolate complexes with MeSe(CH2)nSeMe (n =2 or 3) and MeC(CH2SeMe)3 

yielded either an oil or intractable gum. The solids were isolated and stored as for the 

thioether complexes described previously. 'H-NMR spectra again showed signals little 

shifted from those of the free ligands, and the ^^Se{'H}-NMR spectrum of the 

[(AsCl3)4([24]aneSe6)] complex revealed a single resonance at 5 153 ppm, identical to 

that for free [24]aneSe6.^° Several broad features around 310 — 380 cm'^ were observed 

in the IR spectrum, assigned to v(As-Cl).'^ In view of the absence of any reported 

structural data for arsenic complexes of selenium ligands and to allow comparisons 

with the thioether adducts described earlier, single crystal X-ray analyses v/ere 

undertaken on several complexes. Single crystals were obtained by slow evaporation 

of an anhydrous CH2CI2 solution of the reactants (in a 1:1 ratio) in a N2 purged glove 

box. This method produced suitable quality crystals of the [AsCl3([8]aneSe2)], 

[(AsX3)2([16]aneSe4)] (X = CI and Br) and [(AsCl3)4([24]aneSe6)] complexes. 

The [AsCl3([8]aneSe2)] complex adopts an infinite one-dimensional ladder 

motif, consisting of near-planar AS2CI6 rungs linked by bridging [8]aneSe2 molecules 

(Figure 4.10, Table 4.5). The Se-donor ligands are bound to the AS2CI6 units in a 

mutually trans fashion (2.816(7) - 2.752(5) A) and thus act as the uprights of the 

ladder. This is an unusual arrangement for an AsXg-chalcogenoetber adduct, since thus 

far all structurally characterised species in this work have displayed mutually cis 

chalcogen coordination and retention of the pyramidal MX3 unit (although similar 

structural features were observed in the [BiCl3([8]aneSe2)] and [BiBr3([16]aneSe4)] 

adducts).^ The geometry about the arsenic(III) atom is only slightly distorted from 

octahedral, indicating minimal stereochemical activity of the arsenic(III) lone pair 

(Table 4.5). 
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C(4a) 

Se(la) Se(l) 

Cl(3a) 

- C l ( 3 ) As(la) 

Cl(2a) 
Cl(la) 

Figure 4.10 View of a portion of the [AsCl3([8]aneSe2)] complex with numbering 

scheme adopted. Ellipsoids shown at 40 % probability, H-atoms omitted for clarity. 

Atoms marked (a) are related by the symmetry operation -x, -y, -z. 

The terminal As-Cl bonds are ca. 0.5 A shorter than the bridging As-Cl bonds 

(2.257(7) - 2.282(7) V5. 2.757(7) - 2.799(7) A respectively). Of note is the symmetrical 

nature of the bonding within the bridging AS2CI2 unit (A = 0.042 A), contrasting with 

the highly asymmetric environment in the [AsXg {MeS(CH2)2SMe}] complexes 

discussed previously (A = 0.708 and 0.562 A for X = Br or I respectively). A highly 

symmetric 612X2 bridge unit was also observed in the [BiCl3([8]aneSe2)] and 

[BiBr3([16]aneSe4)] adducts. 

In all of the structurally characterised AsXg adducts discussed so far, the 

chalcogen-donor atoms are bound to As(III) in a mutually cis manner, and those 

complexes containing p^-halide bridges enforce an asymmetric coordination 

environment upon the As(III) atom (A = ca. 0.75 A on average). The present complex 

is an exception to this general trend, with the [8]aneSe2 ligands bound mutually trans 

and a planar AsgClg bridge unit. Evidently the As-Cl a* orbitals are not involved in As-
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Se bonding in the crystalline adduct (otherwise a trans Se-As-Cl geometry would be 

observed), however it is very unlikely that a different type of acceptor orbital functions 

in complexes of this particular ligand (especially since the [BiBr3([16]aneSe4)] adduct 

displays a similar structure). Although ligand architecture could be held solely 

responsible for enforcing the observed trans Se-As-Se configuration, it seems more 

likely that this factor works in concert with a rearrangement and/or inversion 

mechanism about the AsCls unit. Indeed, the planar AsaCle unit may an example of a 

trapped transition state of such a mechanism and, given different reaction conditions, 

this adduct may be a candidate for the observation of coordination isomerism (as yet 

unrealised in this class of complexes). 

As(l) (:i(i) 2.757(8) As(l) C%3) 2.282(8) 

As(l) CKa) 2.799(8) As(l) SeQO 2.752(9) 

/Ls(l) Cl(2) 2.257(9) As(l) Se(2) 2.816(6) 

Cl(l) As(l) 87.85(2) Cl(2) As(l) Se(2) 88.29(3) 

(:i(l) As(l) C%2) 87.06(3) Cl(3) As(l) Cl(l) 179.56(3) 

(:i(i) As(l) Cl(3) 179.56(3) Cl(3) As(l) Cl(la) 92.50(4) 

(31(1) As(l) Se(l) 88.12(3) Cl(3) As(l) Se(l) 92.14(3) 

(:i(i) As(l) Se(2) 89.05(3) C%3) As(l) Se(2) 9&7O0O 

CI(2) ^Ls(l) Cl(la) 174.76(3) SeO) As(l) Se(2) 177.08(2) 

Cl(2) As(l) Cl(3) 92.59(3) Se(2) As(l) Cl(la) 90.40(2) 

Cl(2) /LS(1) Se(l) 92.27(3) As(l) (21(1) As(la) 92.14(3) 

Table 4.5 Selected bond distances (A) and angles (°) with e.s.d.s for 

[AsCl3([8]aneSe2)]. 
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Given that the barrier to pyramidal inversion increases down group 15, 

however, the activation energy for inversion through the planar transition state would 

be rather large. Alternatively, the increasingly poor mixing of s- and p-orbitals as the 

group is descended could be held responsible and so M-Se bonding through a pure p-

orbital (as described by the simple Rundle-Pimental scheme described in Chapter 1) 

would satisfy the observed trans arrangement. Poor sp-hybridisation is certainly a 

factor for BiXs, where relativistic effects stabilise the 6s-orbital. However, it is more 

likely that a combination of all of these aspects, rather than a single factor, is 

responsible for the anomalous trans Se-M-Se arrangement in these adducts. In the 

absence of the analogous ShXs structure, it is difficult to gauge the relative extent to 

which ligand architecture, inversion barriers and sp-mixing contribute to the adoption 

of this geometry. In this regard, it is worth highlighting again that both the 

[BiBr3([8]aneSe2)] and [BiBr3([16]aneSe4)] adducts adopt the trans Se-Bi-Se 

arrangement, whereas the Se-Sb-Se configuration is cis in [(SbBr3)2([16]aneSe4)]. 

In contrast to the one-dimensional [AsCl3([8]aneSe2)] polymer, the structures of 

the tetraselenoether macrocyclic complexes [(AsCl3)2([16]aneSe4)] and 

[(AsBr3)2([16]aneSe4)] extend in all three dimensions. These species exhibit very 

similar structures, the repeat unit consisting of weakly associated, asymmetric dinuclear 

H^-dihalo AS2X6 edge-shared bioctahedra, with the As(III) atoms further coordinated to 

two Se-donors from separate, mutually cis macrocycle units to give a distorted 

octahedral geometry. The repeat unit and lattice structures of the chloro-adduct are 

shown in Figures 4.11 and 4.12, and bond data for both complexes is given in Tables 

4.6 and 4.7. The As-Se bond distances in these two compounds (2.922(1) - 3.163(2) 

and 2.8876(9) - 3.0854(9) A for X = CI and Br respectively) are only ca 0.1 A shorter 

than the Sb-Se distances in the closely related [(SbBr)2([16]aneSe4)] (2.989(1) -

3.193(1) A).^" This is less than the difference in the covalent radii of As(III) vs Sb(III) 

(1.20 vs. 1.41 A),^' reflecting the poorer acceptor properties of the former. 
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Cl(1) 

C<1) C(6a) 

A8(la) 
C«3a) 

Figure 4.11 View of the asymmetric unit [(AsCl3)2([16]aneSe4)] with nearest 

symmetry related neighbours and the numbering scheme adopted. Ellipsoids shown at 

40 % probability, H-atoms omitted for clarity. Atoms marked (a) are related by the 

symmetry operation -x, -y, -z. 

\ 

Cl(3a) 

A s ( l a ) 

Figure 4.12 View of a portion of the lattice of [(AsCl3)2([16]aneSe4)]. 
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As(l) Cl(l) 2.243(3) As(l) Cl(3a) 3.294(3) 

As(l) Cl(2) 2.196(3) As(l) Se(l) 2.922(1) 

As(l) Cl(3) 2.314(3) As(l) Se(2) 3.163(2) 

Cl(l) As(l) Cl(2) 94.6(1) Cl(2) As(l) Se(2) 86.08(6) 

Cl(l) As(l) Cl(3) 95.1(1) Cl(3) As(l) Cl(3a) 79.7(1) 

Cl(l) As(l) Cl(3a) 88.0(1) Cl(3) As(l) Se( l ) 172.67(9) 

Cl(l) As(l) Se(l) 91.51(9) Cl(3) As(l) Se(2) 93.78(8) 

Cl(l) As(l) Se(2) 86.08(9) Cl(3a) As(l) Se( l ) 103.72(6) 

Cl(2) As(l) Cl(3) 93.3(1) Cl(3a) As(l) Se(2) 92.43(6) 

Cl(2) As(l) Cl(3a) 172.7(1) Se(l) As(l) Se(2) 79.67(4) 

Cl(2) As(l) Se(l) 83.08(8) As(l) Cl(3) As(la) 100.3(1) 

Table 4.6 Selected bond distances (A) and angles (°) with e.s.d.'s for 

[(AsCl3)2([16]aneSe4)]. 

Each ligand contributes one selenium donor per arsenic atom, bridging four 

separate arsenic centres in total (hence an overall 2:1 As;L stoichiometry) and giving 

rise to an extended, three-dimensional polymeric motif. The As-X bond distances 

within each AsaXe dinuclear core are very asymmetric (A = 0.980 and 0.758 A for X -

CI and Br respectively) suggesting some degree of stereochemical activity of the 

arsenic-based lone pair along the long X(3)-As(l) - X(3a) axis. 

The series of related complexes [(AsBr3)2([16]aneSe4)], [(SbBr3)2([16]aneSe4)] 

and [BiBr3([16]aneSe4)] have now all been crystallographically characterised, and it is 

useful to draw some comparisons and distinctions between them. Of immediate note is 

the structural similarity between the [(AsBr3)2([16]aneSe4)] and [(SbBr3)2([16]aneSe4)] 

adducts, with both displaying a 2:1 M:L ratio and weak M-Se coordination through two 

mutually cis Se-donors from separate ligands, and existing as extended networks (in 
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fact these two species occupy the same space group, Pliln, and have very similar unit 

cell dimensions). However, whereas the [(SbBr3)2([16]aneSe4)] complex adopts a two-

dimensional sheet array with a square pyramidal B^Sez donor set about each 

antimony(III) atom, the arsenic(III) analogue is a three-dimensional network due to 

As2Br6 dimeric bioctahedral units cross-linking each sheet. Although the selenacrown 

behaves as an exodenate ligand in all three examples, the coordination mode differs in 

[BiBr3([16]aneSe4)] in that only two of the four Se-donors per crown are used, the 

structure being very similar to the [AsCl3([8]aneSe2)] and [BiCl3([8]aneSe2)] 

complexes. 

/LS(1) B^l) 2.4452(9) As(l) Br(3a) 3.279(1) 

As(l) Br(2) 2.3691(9) ^Ls(l) Se^) 2.8876(9) 

/ls(l) Br(3) 2.5209(9) ^Ls(l) Se(2) 3.085(9) 

Br(l) As(l) Br(2) 95.69(3) Br(2) As(l) Se(2) 84.30(3) 

BrU) As(l) EM?) 94.49(3) B43) As(l) Br(3a) 82.52(3) 

Br(l) As(l) Br(3a) 88.17(3) B^;3) As(l) Se( l ) 173.02(4) 

Br(l) As(l) Se(l) 91.43(3) B^;3) As(l) Se(2) 93.76(3) 

Br(l) As(l) Se(2) 171.72(9) Br(3a) As(l) Se(l) 101.38(2) 

Br(2) As(l) B43) 93.71(3) Br(3a) As(l) Se(2) 9237^0 

Br(2) As(l) Br(3a) 174.82(3) Se(l) As(l) SeCO 8037^0 

Br(2) As(l) Se(l) 82.01(3) ^ls(l) B02) As(la) 97.48(3) 

Table 4.7 Selected bond distances (A) and angles O with e.s.d.'s for 

[(AsBr3)2([ 16]aneSe4)]. 
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In contrast to the [AsCl3([8]aneSe2)] and [(AsX3)2([16]aneSe4)] complexes, the 

[(AsCl3)4([24]aneSe6)] adduct forms as a discrete molecule (Figure 4.13, Table 4.8). 

The 4:1 As:L stoichiometry arises from monodentate attachment of the ligand to two 

distinct, exodentate AsCl] units and bidentate, endodentate chelation to two separate 

AsCl] fragments sequestered within the macrocyclic cavity. The latter are linked via 

p^-chloro bridges to form an AS2CI6 dimer within the ring which, with the selenium 

atoms bound in a mutually cis manner, adopts an edge-shared bioctahedral, isomer A 

motif This molecule is the first structurally characterised example of a discrete 

macrocyclic complex displaying both exo and endo coordination modes. The inclusion 

of a dinuclear M2X6 unit within the macrocylic cavity is also novel. 

Cl(4) Cl(5) 

A s ( l ) Cl(3) 

A s ( l a ) 
Cl(3a) 

Figure 4.13 View of the [(AsCl3)4([24]aneSe6)] complex with numbering scheme 

adopted. Ellipsoids at 40 % probability, H-atoms omitted for clarity. Atoms marked 

(a) are related by the symmetry operation -x, -y, -z. 
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As(l) Cl(l) 

As(l) Cl(2) 

As(l) CI(3) 

As(l) Cl(3a) 

As(l) Se(l) 

2.292(2) 

2.2100(18) 

2.2862(19) 

3.2814(21) 

2.9947(13) 

As(l) Se(3a) 

As(2) Cl(4) 

As(2) CI(5) 

As(2) Cl(6) 

As(2) Se(2) 

3.0057(14) 

2.194(2) 

2.250(2) 

2J97C0 

3.0906(15) 

Cl(l) As(l) Cl(2) 95.99(7) Cl(3) As(l) Se(l) 87.00(6) 

Cl(l) As(l) Cl(3) 94.26(7) Cl(3) As(l) Se(3a) 172.26(6) 

Cl(l) As(l) Cl(3a) 96.39(6) Se(l) As(l) Se(3a) 85.40(4) 

Cl(l) As(l) Se(l) 175.52(5) Cl(4) As(2) Cl(5) 95.35(9) 

Cl(l) As(l) Se(3a) 94.43(6) Cl(4) As(2) Cl(6) 96.95(8) 

Cl(2) As(l) Cl(3) 94.03(7) Cl(4) As(2) Se(2) 86.85(7) 

Cl(2) As(l) Cl(3a) 167.45(3) Cl(5) As(2) Se(2) 175.39(6) 

Cl(2) As(l) Se(l) 88.20(6) Cl(5) As(2) Cl(6) 96.59(8) 

Cl(2) As(l) Se(3a) 84.28(6) Cl(6) As(2) Se(2) 87.15(6) 

Cl(3) As(l) Cl(3a) 82.82(4) As(l) Cl(3) As(la) 97.18(5) 

Table 4.8 Selected bond distances (A) and angles (°) with e.s.d.'s for 

[(AsCl3)4([24]aneSe6)]. 

The exo AsCls units adopt a pseudo-trigonal bipyramidal geometry, the donor 

set consisting of three terminal chloro-ligands (2.250(2) - 2.194(2) A) and a selenium 

atom from the selena-crown (3.0906(15) A), with the arsenic-based lone pair assumed 

to occupy the remaining equatorial position. Within the cavity, the As-Se distances are 

similar to those in the exo moiety, (3.0057(14) - 2.9947(13) A), as are the As-Clterminai 

bonds (2.292(2) - 2.2100(18) A). The As-Clbridge distances are extremely asymmetric 

(3.2814(21) - 2.2862(19), A = 0.9952 A), indicating very weak, intramolecular 
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association of the two AsCls units, as observed in the previously discussed 

[AsX] {MeS(CH2)2SMe}] species (although the association is much weaker in the 

present complex). Nevertheless, this weak interaction should be viewed as genuine, 

given that the formal sum of the van der Waals radii for As and CI is 3.60 the 

geometrical constraints imposed by the macrocycle may facilitate the formation of the 

dimer. There is no clear evidence of a stereochemically active lone-pair operating on 

the endodentate AS2CI6 unit, with the bond angles not significantly distorted from 

regular octahedral. 

The structural characterisation of this complex is significant, since it not only 

provides another example of an MXs-selenoether complex but is also only the second 

X-ray structure containing the [24]aneSe6 ligand. The only previously 

crystallographically characterised example, the [(PdCl)2([24]aneSe6)][BF4]2 species, 

was described by Pinto and co-workers and shows a square planar ScgCl donor set at 

the Pd(II) atoms with no association of the PdClSea units 

In an attempt to gauge the Lewis acidity of PX3 (X = CI or Br) toward 

chalcogenoethers, the reactions of these compounds with L (L = MeaS, 

MeE(CH2)2EMe (E = S or Se) and [QJaneSs) were carried out. Addition of a rigorously 

anhydrous CH2CI2 solution of L to an equimolar solution of PX3 gave no visible 

reaction. ^^P{^H}-NMR spectra of these samples showed no evidence of any 

interaction, the resonances being unshifted from free PX3 even at low temperatures (5 = 

220 and 227 ppm for X = CI and Br respectively). This illustrates the very poor 

acceptor properties of PX3 in comparison to the heavier group 15 congeners. 
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4.3 Conclusions 

This work has produced the first examples of AsXg functioning as a Lewis acid 

toward bidentate and macrocyclic thio- and seleno-ethers. A number of the complexes 

have been structurally characterised, thus allowing comparison to the analogous Sb(III) 

or Bi(III) adducts, although there are still very few such examples in the literature. The 

fact that single crystal X-ray diffraction is the only technique available to 

unambiguously characterise these complexes does not aid matters, since (obviously) 

only those combinations yielding suitable crystals can be discussed. It is also possible 

that coordination isomers may be generated under different reaction or crystallisation 

conditions. Thus it is difficult to draw strong conclusions regarding the reasons for the 

structural differences and similarities between these species. However, a major factor 

is undoubtedly the poorer acceptor properties of the AsXg fragment compared to either 

SbXs or BiXg. The structures are assembled from primary As-X bonds and weaker, 

secondary As—X and/or As—S/Se interactions, with the As-X a* orbitals functioning 

as acceptors toward the halide or group 16 donor. In all but one of the structurally 

characterised adducts discussed herein the chalcogen-donor atoms are bound to As(III) 

in a mutually cis manner, and those complexes containing p^-halide bridges enforce an 

asymmetric coordination environment upon the As(III) atom (A = ca. 0.75 A on 

average). The exception is the [AsCl3([8]aneSe2)] system which, like its BiBra 

analogue, finds the Se-donor ligands disposed trans to each other with a symmetrical 

AS2CI6 unit (A = 0.042 A) (Figure 4.10, Table 4.5). 

The highly asymmetric p^-halide bridges of a number of complexes (except 

[AsCl3([8]aneSe2)]) and weakly bound ligand donor atoms indicate that these orbitals 

behave as poor acceptors toward the chalcogen-donor atoms. Indeed the As-S bond 

distances are near to the covalent limit, being of similar length to interactions observed 

in a number of thiocarbamate and xanthate adducts.''' The stereochemical activity of 

the arsenic-based lone pair varies between compounds. For example, large distortions 

in the octahedral arsenic geometry in [AsCl3([14]aneS4)] suggest an active lone pair, 

whereas there is no significant distortion in the coordination spheres of the 

[AsCl3([8]aneSe2] and [(AsX3)2([16]aneSe4)] complexes. 

Page 140 



Chapter 4 Arsenic(III) Halide Complexes of Thio- and Seleno-ethers 

The As(III) atom is much smaller than its heavier congeners, the stereo-

chemical implications of which are illustrated by the fact that while seven-coordination 

is observed in thio- and seleno-ether complexes of Sb(III) and Bi(III), the maximum 

coordination number observed for As(III) in this study is six (although examples of 

seven-coordinate arsenic(III) are known in crown-ether complexes).® A consequence 

of the smaller radius is the increased hardness of the AsXs unit compared to SbXs or 

BiXg (in terms of the HSAB principle, outlined in Chapter 1). Although difficult to 

gauge precisely, the overall effect of this is to disfavour interaction between an AsX; 

fragment and softer donor atoms such as sulfur and selenium. The extreme case is seen 

in PX3, where the combination of increased hardness, lower Lewis acidity and smaller 

radius means that no interaction with thio- and seleno-ethers has been detected under 

the conditions employed. Thus, arsenic(III) halides appear to represent the lower limit 

of Lewis acidity for MX3 species toward neutral group 16 donor ligand systems. 
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4.3.1 General Comparisons and Further Work 

Chapters 2 through 4 have described a range of arsenic, antimony and bismuth 

tri-halide coordination compounds of pnictogen and chalcogenoether ligands, and it is 

worth outlining the broad conclusions which can be drawn from this range of 

complexes. In attempting this, however, it is important to realise that the field is 

relatively new, with the majority of the results being obtained from the early-1990's 

onward, and hence the number of examples is relatively small. The structures 

discussed reflect only those species that yielded crystals suitable for X-ray diffraction 

studies and, since the complexes are derived from weak secondary interactions, 

different reaction conditions may well produce different structural motifs. 

In general, phosphine and arsine ligands have displayed a narrow range of 

structural coordination modes toward MX3 species than chalcogenoethers. There are 

various reasons for this. Since most structurally characterised examples of MX3-

pnicine complexes contain a backbone of two carbon atoms, the chelate effect could be 

invoked to explain the preference to form a five-membered ring rather than adopt a 

dinuclear bridging mode. However, the ligand-metal interactions are generally quite 

weak and thus ligand architecture is unlikely to be the sole influence upon the structure 

of the complex. More relevant is the fact that chalcogenoether ligands have lower 

steric demands, greater flexibility and, perhaps most importantly, two lone electron 

pairs per donor atom (as opposed to one lone pair on phosphines and arsines). This 

enables the linking of pyramidal MX3 or dimeric M2X6 units into a much wider range 

of structural motifs, as observed for the majority of MXs-chalcogenoether complexes. 

The wide range of coordination modes and geometries, extent of lone pair 

stereochemical activity and range of polymeric network motifs observed in these 

compounds does not lend itself to a simple, all-encompassing explanation. The 

observed structural diversity probably reflects the very small energy differences 

between several potential structures, and thus small alterations in metal halide, ligand 

architecture, donor atom and reaction conditions can lead to profound changes in 

complex structure. In addition, solubility factors are undoubtedly important - the 

complex that crystallises is not necessarily the most structurally favoured. Thus, while 

an isomer A dimer can be predicted with a degree of confidence for MXg-pnictogen 

complexes, it is very difficult to make predictions for the chalcogenoether complexes 
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beyond stating that a coordination network is likely. What can be predicted, however, 

is that in the majority of cases the bonding can be described in terms of the ligand 

donating into a vacant M-X a* anti-bonding orbital, with the ligand donor atoms 

disposed mutually cis. 

With regard to further work, a number of related areas are worthy of study. 

The coordination and structural chemistry of MX3 species vyith macrocyclic tertiary 

phosphine and arsine ligands remains completely undeveloped (in fact, there are no 

structurally characterised examples of complexes of such ligands containing any p-

block compound). As synthetic routes to these macrocyclic ligands become available, 

the development of this area would provide structural comparisons with the MX3 

complexes containing acyclic pnictogen-donor ligands discussed in this work, in 

addition to the thia- and selena-crown complexes. The study of MX3 complexes 

containing mixed chalcogen-donor ligands or hybrid pnictogen-chalcogenoether 

ligands would provide insight as to the relative binding preferences of the MX3 species 

when presented with two options. However, this relies more on developments in ligand 

synthesis than coordination chemistry, and the anticipated low solubility of these 

complexes (and thus heavy reliance on X-ray crystallography for structural 

characterisation) would probably still remain a limiting factor. The issue of solubility 

could be addressed by extension of the coordination chemistry to MXnRs-n species, 

which would alter the acceptor properties of the M atom and, potentially, the structures 

of the complexes formed. 

Page 143 



Chapter 4 Arsenic(III) Halide Complexes of Thio- and Seleno-ethers 

4.4 Experimental 

General experimental conditions are given in the Appendix. Arsenic(III) 

halides were obtained commercially (Aldrich and Alfa) and used as received. Ligands 

were prepared using literature methods^"' except [9]aneS3 and [14]aneS4 which 

were supplied commercially (Aldrich). Standard Schlenk techniques were used for all 

preparations and all preparations and manipulations were performed under a N2 

atmosphere. 

[AsCl3([9]aneS3)]. Addition of a CH2CI2 solution of [9]aneS3 (0.045 g, 0.25 mmol) to 

a CH2CI2 solution of AsCls (0.045 g, 0.25 mmol) produced a clear, pale yellow 

solution. Concentration of solvent in vacuo produced a pale yellow solid, which was 

filtered, washed with CH2CI2 and dried in vacuo. Yield 54 %. Calculated for 

C6H12ASCI3S3: C, 19.9; H, 3.3. Found: C, 20.3; H, 3.5 %. 6 3.1 (s, SCfT )̂ 

ppm. IR/cm"': 418 v(As-Cl). 

[AsBr3([9]aneS3)]. Addition of a CH2CI2 solution of [9]aneS3 to AsBrs solution 

immediately produced a bright yellow crystalline solid. The product was isolated as 

described above. Yield 83 %. Calculated for CeHizAsBrgSs: C, 14.6; H, 2.4. Found: 

C, 15.0; H, 2.5 %. ^H-NMR: 6 3.1 (s, SC%) ppm. 284 v(As-Br). 

[Asl3([9]aneS3)]. Procedure as above, using THF solutions of ASI3 and [9]aneS3. Yield 

63 %. Calculated for C6H12ASI3S3: C, 11.3; H, 1.9. Found: C, 11.4; H, 2.1 %. ^H-

NMR: 5 3.1 (s, SC%) ppm. 

[AsCl3([14]aneS4)]. Addition of a CH2CI2 solution of AsCla (0.024g, 0.14 mmol) to a 

CH2CI2 solution of [14]aneS4 (0.038g, 0.14 mmol) followed by slow evaporation of 

solvent by nitrogen flow produced a white crystalline solid, which was filtered, washed 

with hexane and dried in vacuo. Yield 77 %. Calculated for C10H20ASCI3S4: C, 24.2; 

H, 4.1; Found: C, 23.9; H, 4.3 %. 'H-NMR: 6 1.94 (quintet, 4H, CH2C;f2CH2), 2.67 (t, 

8H, SC^2CH2C^2S), 2.78 (s, 8H, SC/f^C/^S) ppm. IR/cm'̂ : 409, 390 v(As-Cl). 
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[AsCl3([8]aneSe2)]. Addition of a CH2CI2 solution of [8]aneSe2 to an equimolar 

CH2CI2 solution of AsCls produced a pale yellow solution. Solvent volume was 

reduced in vacuo to produce a deep red gum, which was stirred overnight in anhydrous 

hexane to give a waxy red solid. This solid was filtered, washed with CH2CI2 and dried 

in vacuo. Yield 45 %. Calculated for C6Hi2AsCl3Se2: C, 17.0; H, 2.9. Found; C, 16.9; 

H, 3.0 %. 'H-NMR: 6 2.24 (m, 4H, SeCHzCHzCHzSe), 2.88 (m, 8H, SeC^^CHzCHzSe) 

ppm. IR/cm"': 402, 392 v(As-Cl). 

[AsBr3([8]aneSe2)]. Procedure as above. Burgundy powder. Yield 55 %. Calculated 

for CsHnAsBraSez: C, 12.9; H, 2.2 %. Found: C, 12.8; H, 2.2. 297, 282 

v(As-Br). 

[Asl3([8]aneSe2)]. Procedure as above, using THF solutions of [8]aneSe2 and Asia. 

Burgundy powder. Yield 77 %. Calculated for CgHizAsIsSei: C, 10.3; H, 1.7. Found: 

C, 10.0; H, 1.9 %. 

[(AsCl3)2([16]aneSe4)]. Procedure as for [AsCl3([14]aneS4)]. Pale yellow crystalline 

powder. Yield 92 %. Calculated for Ci2H24As2Cl6Se4: C, 17.0; H, 3.1 %. Found: C, 

16.7; H, 3.2 %. 6 2.07 (quintet, 8H, SeCHzC^zCHzSe), 2.70 (t, 16H, 

SeC7i/2CH2C%Se) ppm. IR/cm"': 401br v(As-Cl). 

[(AsBr3)2([16]aneSe4)]. Procedure as above. Yellow crystalline powder. Yield 71%. 

Calculated for Ci2H24As2Br6Se4: C, 13.5; H, 2.3. Found: C, 12.9; H, 2.2 %. 'H-NMR: 

6 2.07 (quintet, 8H, SeCHzC^gCHzSe), 2.70 (t, 16H, SeC^^CHzCJ^Se) ppm. IR/cm ': 

298, 281, 268 v(As-Br). 

[(AsCl3)4([24]aneSe6)]. Procedure as above. Pale yellow powder. Yield 40 %. 

Calculated for CigH36As4Cli2Se6: C, 14.9; H, 2.5. Found: C, 15.2; H, 2.6 %. 'H-

NMR: 6 2.04 (quintet, 12H, SeCHiC^CHiSe), 2.70 (t, 24H, SeC^CH2CJ:/2Se) ppm 

^^Se{'H}-NMR: 6 153 ppm IR/cm ': 400-380 br v(As-Cl). 
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[(AsBr3)2([24]aneSe6)]. Addition of a CH2CI2 solution of [24]aneSe6 to an equimolar 

CH2CI2 solution of AsBrg gave a bright yellow powder. Yield 89 %. Calculated for 

CigHsoAsiBre Seg: C, 15.9; H, 2.7. Found: C, 15.7; H, 2.6 %. 8: ?.04 

(quintet, 12H, SeCHzC^zCHzSe), 2.70 (t, 24H, SeC/f2CH2C;:f^Se). IR/cm ': 297, 260 

v(As-Br). 

[AsBr3(MeS(CH2)2SMe)]. Procedure as for [AsCl3([ 14]aneS4)]. Yellow crystalline 

powder. Yield 84 %. Calculated for C4HioAsBr3S2: C, 11.0; H, 2.3. Found: C, 10.9; H, 

2.3 %. 'H-NMR: 6 2.16 (s, 6H, MeS), 2.74 (s, 4H, S C ^ C ^ S ) . 298,281, 261 

v(As-Br). 

4.5 X-Ray Crystallography 

General experimental X-ray data collection conditions are given in the 

Appendix. Details of the crystallographic data collection and refinement parameters 

are given in Tables 4.10 to 4.13. Data collection used a Rigaku AFC7S four-circle 

diffractometer ([AsCl3([9]aneS3)], [(AsCl3)2([16]aneSe4)] and [(AsCl3)4([24]aneSe6)]) 

(150 K) or an Enraf Nonius Kappa CCD diffractometer (120 K). No significant crystal 

movement or decay was detected during collection. Structure solution and refinement 

were r o u t i n e , e x c e p t for [AsCl3([8]aneSe2)] where the thermal parameters of all 

carbon atoms were constrained to be equal in order to reduce the effect of disorder. For 

all other structures, fully occupied non-hydrogen atoms were refined anisotropically, 

and hydrogen atoms were added in fixed, calculated positions with d(C-H) = 0.96 A in 

all cases. 
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[AsBr3{MeS(CH2)2SMe}] [Asl3{MeS(CH2)2SMe}] 

Formula C4HioAsBr3S2 C4H10ASI3S2 

Formula Weight 436.88 577.88 

Crystal System Monoclinic Monoclinic 

Space Group f2 i /c (# 14) f2i/M (# 14) 

a/ A 10.2818(6) 9.1528(1) 

6 /A 7.8015(5) 11.5622(2) 

c/ A 14.503(1) 12.0939(2) 

90 90 

102.9330(2) 93.863(1) 

r/° 90 90 

c/ /A^ 1133.8(1) 1276.95(3) 

z 4 4 

p (Mo-Ka)/ cm"' 139.11 101.93 

Unique reflections 2435 3035 

Obs. reflns.[/> 2a(i)] 1689 2560 

R 0.061" 0.046 

Rw 0.146" 0.061 

Table 4.10 X-ray data collection and refinement parameters for the 

[AsBrg {MeS(CH2)2SMe} ] and [Asia {MeS(CH2)2SMe}] complexes. 

^ Ri (based on F) and wRs (based on F^) for F > 4<j{F) from SHELXL-97. 
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[AsCl3([9]aneS3)] [AsCl3([14]aneS4)] 

Formula C6H12ASCI3S3 C10H20ASCI3S4 

Formula Weight 361.62 449.49 

Crystal System Tetragonal Monoclinic 

Space Group /4ic(i(#110) f2i/M (# 14) 

a/ A 17.520(4) 13.5942(2) 

6 /A 17.520(4) 7.7007(1) 

d A 16.790(7) 18.1270(3) 

90 90 

90 111.1662(5) 

yr 90 90 

C//A^ 5153(2) 1769.60(4) 

Z 16 4 

[1 (Mo-Ka)/ cm'' 37.03 28.27 

Unique reflections 1322 4282 

Obs. reflns.[/> 2a(7)] 1080 3246 

R 0.036^ 0.039 

Rw 0.095^ 0.043 

Table 4.11 X-ray data collection and refinement parameters for the [AsCl3([9]aneS3)] 

and [AsCl3([14]aneS4)]complexes. 

^ Ri (based on F) and wRz (based on F^) for F > 4a(F) from SHELXL-97. 
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[(AsCl3)2 ([16]aneSe4)] [(AsBrg): ([16]aneSe4)] 

Formula Cl2H24AS2Cl6Se4 Ci2H24As2Br6Se4 

Formula Weight 846.71 1113.45 

Crystal System Monoclinic Monoclinic 

Space Group f2i /» (# 14) f2i/M (# 14) 

a! A 9.764(3) 10.1220(1) 

6/A 13.164(1) 13.4494(2) 

c/ A 10.627(2) 10.5125(2) 

90 90 

114.90(1) 113.49(2) 

yr 90 90 

c/ /A^ 1239.0(4) 1312.48(3) 

Z 2 2 

p (Mo-Ka)/ cm ' 92.17 172.24 

Unique reflections 2297 2294 

Obs. refIns.[/> 2a(7)] 1653 2598 

R 0.075=̂  0.066= 

Rw 0.201" 0.173" 

Table 4.12 X-ray data collection and refinement parameters for the [(AsCl3)2 

([16]aneSe4)] and [(AsBrg): ([16]aneSe4)] complexes. 

^ Ri (based on F) and wRi (based on F^) for F > 4G(F) from SHELXL-97. 
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[AsCl3([8]aneSe2)] [(AsCl3)4([24]aneSeG)] 

Formula C6Hi2AsiCl3Se2 Ci8H36AS4Cli2Se6 

Formula Weight 423.36 1451.36 

Crystal System Orthorhombic Monoclinic 

Space Group Pmi2 (# 34) (# 14) 

a! A 16.5472(8) 8.227(4) 

6 /A 10.2042(4) 25.66(1) 

c /A 8.8924(3) 9.808(4) 

90 90 

90 95.71(3) 

yr 90 90 

(7/A^ 1501.49 2060(1) 

Z 4 2 

p (Mo-Ka)/ cm"' 76.07 93.13 

Unique reflections. 1992 3635 

Obs. reflns.[/> 3a(i)] 945 2449 

R 0.071 0.035 

Rw 0.089 0.097 

Table 4.13 X-ray data collection and refinement parameters for the 

[AsCl3([8]aneSe2)]and [(AsCl3)4([24]aneSe6)] complexes. 
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5.1 Introduction 

The preceding chapters have discussed the coordination and structural 

chemistry of MX3 species with multidentate and macrocyclic thio- and seleno-ether 

ligands (M = As, Sb, Bi; X = CI, Br, I). A series of unusual structural motifs have been 

identified, ranging from simple monomeric species to complex three-dimensional 

coordination networks. In the majority of cases the core of the structure was comprised 

of a pyramidal MX3 unit weakly bound to a ligand or halide atom through secondary 

M—L or M—X interactions. These examples have demonstrated that main gioup 

compounds such as the group 15 halides do form complexes with these traditionally 

"modest" donor ligands. 

Like Sb(in) and Bi(III), T1(I) and Tl(III) are regarded as soft acids in terms of 

the HSAB concept (due to the large size and low charge density) and thus would be 

expected to demonstrate a reasonably broad coordination chemistry with soft donor 

ligands. Although a number of T1(I) and Tl(III) adducts of sulfur donors have been 

reported,' there are no examples of T1(I) complexes containing selenium-donor ligands. 

In seeking to further develop the area of p-block coordination complexes of 

chalcogenoether ligands, this chapter reports the attempted preparation of a range of 

T1(I) adducts of acyclic bidentate and macrocyclic selenoether ligands. X-ray crystal 

structures of the first two examples of such species are discussed. 

5.1.1 Thal l ium( I ) Complexes 

This section highlights some examples of structurally characterised T1(I) 

compounds containing chalcogen-donor ligands. 

Thallium(I) complexes of oxygen donors include [T10Me]4, which contains 

thallium and oxygen atoms at alternate comers of a cubane-like [TI4O4] framework,^ 

and the tetrameric [T1(02CH)]4.^ Roesky and co-workers used the bulky 2,4,6-

tris(trifluoromethyl)phenoxide ligand to enforce an unusual two-fold coordination 

geometry on the T1(I) atom in the [Tl^Oij-bridged [C6H2(CF3)30T1]2 dimer (Tl-0 

2.469(8) A) (Figure 5.1).'^ 
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Figure 5.1 View of the [C6H2(CF3)30T1]2 dimer. 

The [Tl(hfacac)] adduct has been reported (hfacacH = 1,3-

bis(trifluoromethyl)propanedione), and the structure is comprised of polymeric chains 

formed from two distinct structural units/ One of the units is monomeric, with the 

hfacac ligand chelated to the T1(I) atom (Tl-0 2.62(2) - 2.72(3) A) , which is 0.42 A 

below the plane of the ligand. The other unit is dimeric, containing two symmetry-

related Tl(hfacac)2 units with the T1(I) atoms bound 1.56 A above and below the plane 

of the hfacac ligands such that the T1(I) atoms are located at the two axial sites of an 

octahedron (Tl-O 2.75(3) - 2.96(3) A ) (Figure 5.2a). Weak T1—O contacts (3.04(3) A ) 

link the two separate units to give five-coordinate thallium(I). The reaction of 

[T1(0'BU)]4 with [Sn(0'Bu)2]2 in 'BUOH gave the mixed Tl(I)-Sn(II) cage compound 

[Tl(0'Bu)3Sn] containing trigonal pyramidal metal atoms (Tl-0 2.595(7) A ) (Figure 

5.2b).^ 

Figure 5.2 a) View of the [Tl(hfacac)]2 dimer^ and b) view of the Tl(0'Bu)3Sn adduct.® 
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In terms of sulflir-donor ligands, Krebs and co-workers have reported the 

synthesis and crystal structures of a series of thallium(I) thiolate cage molecules, 

obtained from the reaction of TI2CO3 with the precursor sodium thiolate in MeCN or 

methanol solution/' ^ The crystal structure of benzenethiolatothallium(I), [Tl(SPh)], 

reveals a polymeric motif comprised of two separate structural units, the [Tl7(SPh)6]^ 

and [Tl5(SPh)6]" ions. The [Tl5(SPh)6]' anion (Figure 5.3a) comprises a distorted 

octahedral array of sulfur atoms in which five of the eight octahedral faces are bridged 

by T1(I) atoms, each of which is trigonal-pyramidally coordinated to three separate 

sulfur atoms, with Tl-S bond distances ranging from 2.876(12) to 3.410(12) A. The 

[Tl7(SPh)6]^ cation is similar, with seven of the eight octahedral faces bridged by 

trigonal-pyramidal thallium atoms (Figure 5.3b). Three thallium atoms are additionally 

bound to a sulfur atom from three neighbouring units of [Tl5(SPh)6]', leading to the 

polymeric structure. Both ions have C3 symmetry.^ 

b) 

Tl!6bl 

TIMAL 

Figure 5.3 a) View of the core of the [Tl5(SPh)6]" anion and b) [Tl7(SPh)6]^ cation with 

phenyl groups omitted for clarity.^ 

The /er^butylthiolatothallium(I) complex consists of [Tlg(SBu%] molecules 

comprised of two cubane-like [Tl3(SBu%] fragments in which each T1(I) adopts a 

trigonal-pyramidal geometry (Figure 5.4a). These fragments are linked by a planar 

TI2S2 unit containing pseudo-trigonal bipyramidal Tl(I) atoms. The Tl-S distances in 

the molecule are in the range 2.818(7) - 3.264(6) A . The [Tl8(SBu')g] molecules are 

linked by weak T1—T1 contacts (3.749(2) - 3.864(3) A) , such that each [Tlg(SBu%] 

unit is in contact with four others. 
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Figure 5.4 a) View of the [Tlg(S'Bu)g] cage^ and b) the infinite chain of [Tl(SCH:Ph)] 

with 'Bu groups omitted for clarity/ 

Benzylthiolatothallium(I) [Tl(SCH2Ph)]] contains chains of TI2S2 rings which 

are linked through trans edges to produce a ladder-type motif, with each T1(I) atom 

adopting a distorted trigonal pyramidal geometry (Tl-S 2.867(4) - 2.936(4) A) (Figure 

5.4b) and no evidence for T1—T1 interactions. The reaction of thallium metal with 

Ph2Se2 in refluxing toluene gave the Tl(SePh) adduct, although Ph2S2 did not react with 

T1 under these conditions.^ 

Similar chemistry involving selenium or tellurium reagents has not been 

explored; indeed the only structurally characterised example containing a Tl-Te bond 

appears to be the diamond-shaped [TlzTe:]^" anion. This was obtained by reaction of 

KTlTe with [2.2.2]cryptate in 1,2-diaminoethane (en) to give 

[K([2.2.2]crypt]2[Tl2Te2].en (Tl-Te 2.929(3) - 2.984(2) A). 

Few thioether complexes of thallium have been reported, and all contain 

macrocyclic ligands (i.e. there are no complexes of acyclic thioethers). The first such 

species to be structurally characterised was [Tl([9]aneS3] [PF^], prepared by reaction of 

TINO3 and [9]aneS3 in MeCN, followed by treatment with NFI4PF6." The structure 

consists of the tridentate thiacrown facially bound to a single thallium(I) atom (Tl-S = 

3.092(3) - 3.114(3)A) (Figure 5.6a) The narrow S-Tl-S bond angles {ca. 67 °) reflect 

the relatively long Tl-S bonds in the [Tl([9]aneS3]^ unit. 
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Figure 5.6 a) View of the [Tl([9]aneS3)]"^ cation and b) the packing diagram. n 

A weaker interaction between the thallium and a sulfur atom from a 

neighbouring [Tl([9]aneS3]"^ moiety gives an overall [3+1] coordination at T1(I) (Tl-S 

3.431(3) A ) and leads to the formation of infinite helices (Figure 5.6b) In addition, 

secondary interactions between thallium and fluorine atoms from three separate [PFe]' 

anions give formally eight-coordinate thallium(I) (Tl-F = 3.228(8) - 3.389(8) A ) . " 

The structure of the corresponding complex with [ISJaneSe, prepared by direct 

reaction of TlPFg with the hexathiacrown, shows T1(I) bound to all six sulfur atoms 

(Figure 5 . 7 a ) . T w o of these interactions (3.164(5) - 3.205(7) A ) are substantially 

shorter than the other four (3.315(6) - 3.370(5) A) . The [Tl([18]aneS6)]^ cations are 

weakly associated to two sulfur atoms from adjacent units (Tl-S 3.686(6) - 3.689(6) A ) 

to give an infinite one-dimensional chain structure (Figure 5.7b) As observed for 

[Tl([9]aneS3)][PF6], Tl-S bond lengths are long (3.164(5) - 3.370(5) A) and S-Tl-S 

bond angles are acute {ca. 65 °), reflecting a mismatch between the metal ion radius and 

the macrocycle cavity size The [Tl([18]aneN2S4)][PF6] complex adopts a very similar 

structure. 12 
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Figure 5.7 a) View of the [Tl([ 1 SjaneSg)] [PFg] complex and b) the packing diagram. 12 

The [Tl([24]aneSg)][PF6] complex, obtained similarly to [Tl([18]aneS6)][PF6], 

adopts a polymeric structure in which each T1(I) is sandwiched by two symmetry-

related halves of two thiacrown units to give an infinite sinusoidal chain (Figure 5.8).'^ 

The thallium atoms are mutually anti and an overall [4+4] coordination sphere at the 

metal centre results, with coordination to each macrocycle occurring via weak T1—S 

interactions (3.2413(11) - 3.4734(14) A) Tl-S bonds. 

In summary, there are insufficient examples of thallium(I)-chalcogenoether 

complexes to discern any general trends. For the complexes reported, ligand 

architecture and donor characteristics appear to affect the observed coordination 

environment, and the very weak, long range Tl—S and T1—F contacts {ca. 3.2 A) lead 

to extended structures. 
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Figure 5.8 Packing diagram for [TI([24]aneSg)]^ showing the structure of the infinite 

one-dimensional polymer ([PFg]' anions not shown). 

5.2 Results and Discussion 

Initial attempts to prepare diselenoether adducts of TlPFe employed the 

procedure of Schroder et al for thiacrown complexes, involving precipitation of the 

complex by addition of EtgO to the reaction s o l u t i o n / T h u s , following short reflux 

of an MeCN solution containing TlPFe and an equimolar amount of L (L = 

MeSe(CH2)2SeMe, MeSe(CH2)3SeMe, o-C6H4(SeMe)2, [8]aneSe2, [16]aneSe^ or 

[24]aneSe6), the solution was allowed to cool and a few drops of diethyl ether added to 

the colourless solution. A white powder was precipitated immediately and was filtered, 

washed with MeCN and dried in vacuo. In all cases, very low percentage carbon and 

hydrogen values were obtained from the microanalyses and the IR spectra of these 

solids, recorded as pressed Csl discs, revealed strong bands ca. 830 and 558 cm"' (both 

indicative of [PFe]") but very little evidence for coordinated selenoether. 'H-NMR 

spectra revealed very weak signals due to the uncoordinated ligand. These results 

suggest that addition of ether to the reaction solution essentially results in the 

precipitation of TlPFe. 
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Slow evaporation of the acetonitrile reaction solution in a small boiling tube at 

room temperature produced a series of colourless, semi-crystalline solids which were 

isolated by filtration and rinsed with MeCN, although the crystals produced very weak 

X-ray diffraction patterns and thus were unsuitable for single crystal diffraction studies. 

Microanalytical and IR data similar to those discussed above were obtained, indicating 

that a pure thallium-selenoether complex could not be isolated and that the bulk 

material is predominantly TlPFe- However, the combination of TlPFe with 

MeSe(CH2)nSeMe (n = 2 or 3) produced a few colourless crystals which were of 

suitable quality for X-ray diffraction studies. 

The crystal structure of the [T1 {MeSe(CH2)3SeMe} ] [PFg] adduct is comprised 

of [Tl{MeSe(CH2)3SeMe}]+ cations and [PFg]' anions. In the [Tl{MeSe(CH2)3SeMe}]+ 

cation, the T1(I) atom is coordinated to two selenium atoms from separate 

MeSe(CH2)3SeMe ligands (Figure 5.9) The Se-Tl-Se link is linear (179.89(2)°), and this 

motif is repeated to generate an infinite one-dimensional chain. The ligand forms an S-

shape, and so each individual [Tl{MeSe(CH2)3SeMe}]'^ chain adopts a staircase 

arrangement (Figure 5.10). The Tl(l)-Se(l) distance is 3.389(1) A , similar to the 

longer of the Tl-S distances reported for thallium(I)-thiacrown'^"^^ and thallium(I)-

thiolate complexes^' ^ (although the coordination geometries and numbers in both cases 

are different to the present species). Thus, the structure of the 

[Tl{MeSe(CH2)3SeMe}]^ cation is best described as an infinite, one-dimensional chain 

of MeSe(CH2)3SeMe units bridged by thallium(I) atoms. The chains are arranged in 

stacks, with the layers separated by 5.593(3) A along the x-axis and 7.911(3) A along 

the z-axis. 

^C(la) 

e 

Figure 5.9 View of a portion of a single [Tl{MeSe(CH2)3SeMe}]'^ chain. Ellipsoids 

shown at 40 % probability, H-atoms omitted for clarity. Atoms marked (a) are related 

by the symmetry operation -x, -y, -z. 
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fir-® 
e— 

, 

Figure 5.10 View of [Tl{MeSe(CH2)3SeMe}]"^ lattice along the z-axis ([PFe]" anions 

not shown). 

The space between the [Tl{MeSe(CH2)3SeMe}]'^ chains is occupied by [PFe'] 

anions, with the phosphorus atoms located along the Tl-Tl vector and the fluorine 

atoms involved in weak T1—F interactions. Specifically, there are ten distinct T1—F 

contacts derived from four separate [PFe'] units; the minimum contact distance is 

3.111(4) A and the maximum is 3.321(4) A. Figure 5.11 shows the arrangement of 

these secondary T1—F interactions as viewed down the y-axis (i.e. along the Se-Tl-Se 

vector). Each fluorine atom bridges two neighbouring Tl^ cations to give a network of 

T1—F contacts approximately perpendicular to the Tl-Se bonds (Table 3.1). Long 

range T1—F contacts have been observed in the [Tl(Me3[9]aneN])][PF^] (3.23(1) -

3.54(2) A ) / [Tl([18]aiieN2S4)][PF6] (3.326(4) A) and [Tl([18]aneS6)][PF6] (3.052(24) 

A) species, although in these cases the Tl—F interactions were terminal rather than 

bridging. 
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Figure 5.11 View down the y-axis of the long range T1—F contacts. Details as shown 

in Figure 5.9. 

Tl(l) Se(l) 3.389(1) Tl(la) F(l) 3.222(1) 

Tl(l) F(2) 3.177(2) Tl(la) F(2) 3.284(1) 

Tl(l) F(2a) 3.111(2) Tl(la) F(3) 3.321(2) 

Se(l) Tl(l) Se(lb) 

C(l) Se(l) Tl(l) 

179.89(2) C(2) Se(l) Tl(l) 

93.35(2) 

100.77(1) 

Table 3.1 Selected bond lengths (A) and angles (°) for [Tl{MeSe(CH2)3SeMe}][PF6]. 
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Given that the sum of the ionic radii of T f and F is 3.20 these T1—F 

contacts are genuine (albeit weak) and are probably best viewed as supplementary to 

the T1—Se bonds. Thus, the one-dimensional [Tl{MeSe(CH2)3SeMe}]'^ chains are 

stabilised by the weak T1—F contacts, and the T1(I) atom can be described as [2 + 10] 

coordinate, consistent with the ability of thallium to achieve high coordination 

numbers. 

The [Tl{MeSe(CH2)2SeMe}][PF6] complex also adopts a coordination network 

structure, although there are a number of features different to the 

[T1 {MeSe(CH2)3 SeMe} ] [PFg] structure. The most striking difference is the bonding 

mode of the MeSe(CH2)2SeMe ligands, which asymmetrically bridge two separate T1(I) 

atoms, leading to a two-dimensional sheet topology (Figure 5.12, Table 5.2). The Tl-Se 

distances are shorter than in the [Tl{MeSe(CH2)2SeMe}]'^ cation (3.277(3) - 3.332(2) 

vs. 3.389(1) A). The sheet is comprised of ten-membered, approximately rectangular 

units containing two MeSe(CH2)2SeMe ligands linked at the comers of the rectangle by 

thallium atoms. These comer thallium and selenium atoms link to four other 

rectangular units through a Tl-Se bond, such that one selenium atom per ligand bridges 

two separate thallium atoms. A weaker T1—Se interaction (Tl(l*)-Se(2*) (3.506(2) A) 

gives rise to stacking of the sheets (* indicates a general atom). This contact exists 

between a thallium atom on one level of the stack and a terminal selenium donor from 

the next level, such that the thallium atom is four-coordinate (Figure 5.13a). The 

terminal methyl groups of the ligand adopt the meso conformation. 
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Figure 5.12 View of the sheet structure of [Tl{MeSe(CH2)2SeMe}]^ ([PFe]' anions not 

shown). Ellipsoids shown at 40 % probability, H-atoms omitted for clarity. 

',-Se(2*) 
9. 

% 

Figure 5.13 a) View of the T1—Se contacts giving rise to the stacking arrangement and 

b) view of a portion of the extended lattice structure including the [PFg]" anions. 
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As observed for the [Tl{MeSe(CH2)3SeMe}][PF6] species, the [PFe]" ions are 

involved in T1—F interactions and are significantly shorter than those observed 

previously (with respect to both the [Tl{MeSe(CH2)3SeMe}][PF6] and thiacrown 

complexes).""'^ In this example, the anions are located in channels formed by the 

rectangular [Tl{MeSe(CH2)3SeMe}]2 units, and are situated approximately equidistant 

above and below the layers (Figures 5.13b and 5.14). The terminal methyl groups of 

the MeSe(CH2)3SeMe ligand are directed into the centre of the channel. In total, there 

are five distinct T1—F interactions per T1(I) atom, derived from three separate [PFe]" 

anions, with the shortest being 2.985(2) A and the longest 3.299(3) A. Thus the 

thallium atom may be viewed as nine-coordinate, with a TlSe4 core based upon a very 

distorted tetrahedron supplemented by weak T1—F contacts. 

I Tl(la' . 

Figure 5.14 View of the T1—F interactions shown between two layers. Methyl carbon 

and H-atoms omitted for clarity. 

In both examples the stereochemical influence of the thallium-based lone pair is 

very difficult to ascertain given the range and number of weak T1—Se and T1—F 

contacts (i.e. there is no obvious "hole" in the coordination sphere of T1(I)). In fact, it 

is possible that the electronic configuration of the T1(I) atom in these examples is [Xe] 

5d"^ 6s^, for which no stereochemical effect would be predicted. 
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Tl(l) Se(l) 3.277(3) Tl(l*) F(l) 3.299(2) 

Tl(l) Sle(lt)) 3314^:2) T l̂fl*) ]F(2) 3.()4()(2) 

Tri(l) Se(:ki) 3.332(3) TTKl*) 17(3) 3.2:K2(3) 

Tl(l*) Se(2*) 3.506(2) Tl(l*) F(4*) 2.989(2) 

Tl(l*) F(5) 2.985(3) 

Se(l) Tl(l) Se(lb) 96.81(2) Se(l) Tl(l) Se(2*) 97.43(3) 

Se(l) Tl(l) Se(2a) 107.72(2) Se(lb)Tl(l) Se(2*) 157.28(3) 

Se(lb) Tl(l) Se(2a) 125.96(2) Se(2a) Tl(l) Se(2*) 65.69(3) 

Tl(l*)Se(2*)Tl(la*) 114.31(2) 

Table 5.2 Selected bond lengths (A) and angles (°) for [T1 {MeSe(CH2)2SeMe} ] [PF ]̂. 

Using the same experimental procedure, a set of yellow needle crystals was 

isolated from the reaction of TlPFe with PhSe(CH2)2SePh. However, determination of 

the unit cell parameters revealed the compound to be Ph2Se2 rather than the desired 

selenoether complex. The reaction of PhSe(CH2)2SePh with TlPFg in refluxing MeCN 

solution was subsequently monitored by ^^Se{'H}-NMR spectroscopy in order to 

establish the role of T1(I). Only a signal due to the free diselenoether (333 ppm) was 

observed upon initial mixing of the solutions.'® After refluxing for one hour the 

formerly colourless reaction solution became yellow, and the ^^Se{^H}-NMR spectrum 

showed a sharp signal at 456 ppm due to Ph2Se2.'® Notably, PhSe(CH2)2SePh is 

unaffected by prolonged reflux in MeCN in the absence of TlPFe. 

With little success in obtaining bulk solids of these adducts starting from TlPFe, 

attempts were made to alter the anion from PFg" to CIO4" by addition of a few drops of a 

70 % HCIO4 solution to an MeCN solution of TlPFg and MeSe(CH2)2SeMe. This 

immediately gave a white semi-crystalline precipitate, which gave similar IR, NMR 

and microanalytical data to the attempts with TlPFe. X-ray crystallography revealed 

the bulk material to be T1(C104). 
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This general failure to isolate bulk samples of selenoether complexes indicates 

that any such complex is formed in extremely low yield and that the bulk of the isolated 

product is, in fact, the starting material TlPFe. The strong bands ca. 830 and 557 cm"' 

in the IR spectrum reveal the presence of [PFe]" in all cases, however the strongest 

indication that the adducts are present in only minute amounts is the repeated failure to 

obtain elemental carbon and hydrogen values for all of the isolated solids. Indeed, in 

all cases except for the two crystal structures, the isolated product is probably TlFFe 

contaminated with a small amount of the selenoether complex. 

5.3 Conclusions 

This work has seen the synthesis and structural characterisation of the first 

examples of thallium-selenoether complexes. The crystal structures of the two isolated 

adducts, [Tl{MeSe(CH2)nSeMe}][PF6] (n = 2 and 3) both reveal coordination networks 

comprised of Tl-Se bonds supplemented by weaker T1—F contacts. However, 

characterisation by IR and microanalysis is hampered by the fact that these complexes 

are formed in very low yield and are thus very difficult to isolate in analytically pure, 

TlPFg-free form. The majority of attempts to obtain T1(I) complexes of diselenoethers 

resulted in the re-isolation of TlPFg, with trace percentage carbon and hydrogen values 

obtained and no evidence of coordinated ligand by 'H-NMR and IR spectroscopy. 

Attempts to alter the counter-ion by addition of HCIO4 resulted only in precipitation of 

TICIO4. The general failure to obtain complexes in useful yield indicates that the Tl-

SeRa interaction is extremely weak in comparison to the M-SeR2 interactions described 

in Chapters 2 - 4 (M = As(III), Sb(in) or Bi(III)). 
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5.4 Experimental 

General experimental conditions are given in the Appendix. TlPFe was 

obtained commercially (Strem) and used without further purification. Ligands were 

prepared by literature methods/^'A typical attempted preparation is described below. 

Reaction of TlPFe with MeSe(CH2)2SeMe. Addition of an MeCN solution (5 cm^) of 

MeSe(CH2)2SeMe (0.15 g, 0.70 mmol) to an equimolar MeCN solution of TlPFe (5 

cm^) gave a colourless solution which was stirred at room temperature for 30 minutes. 

The solution was then transferred to a small boiling tube and the solvent allowed to 

evaporate at room temperature, giving a very small crop of colourless crystals amongst 

a bulk sample of white powder (0.14 g). Calculated for C4HioF6PSe2Tl: C, 8.5; H. 1.8. 

Found: C, 2.1; H, 0.8 % (typical values). 'H-NMR: 5 2.1 (s), 2.9 (s) ppm. IR/cm"': 

830 br, 558 v(P-F). 

5.5 X-ray Crystallography 

General experimental X-ray data collection conditions are given in the 

Appendix. Details of the collection and refinement parameters are given in Table 5.3. 

Data were collected on an Enraf Nonius Kappa CCD. No significant crystal movement 

or decay was detected during collection. Structure solution and refinement were 

r o u t i n e . F u l l y occupied non-hydrogen atoms were refined anisotropically, and 

hydrogen atoms were added in fixed, calculated positions with d(C-H) = 0.96 A. 
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[Tl{MeSe(CH2)2SeMe}] [PFg] [Tl{MeSe(CH2)3SeMe}] [PFe] 

Formula C4HioF6PiSe2Tli CsHizFePiSezTli 

Formula Mass 565.38 579.40 

Crystal System Monoclinic Monoclinic 

Space Group f2i/M (# 14) C2 (#5) 

a / A 7.3370(2) 7.9081(3) 

6 / A 9.0243(2) 7.9111(3) 

c / A 17.8221(4) 10.4005(4) 

90 90 

92.3110(8) 101.9320(14) 

x/° 90 90 

u / A ^ 1179.06(5) 636.62(4) 

z 4 2 

H (Mo-Ka)/ cm"' 200.282 185.509 

Unique Reflections 2655 1314 

Obs. reflns. 

[ /> 2(7(7)] 2230 1259 

R 0.057 0.044 

Rw 0.147 0.154 

Table 5.3 Crystallographic data collection and refinement parameters for the 

complexes [T1 {MeSe(CH2)nSeMe} ] [PFg] (n = 2 and 3). 
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6.1 Introduction 

Chapters 3 - 5 have described the coordination and structural chemistry of a 

series of novel Sb(III), As(III) and T1(I) complexes of acyclic bidentate and 

macrocyclic thio- and seleno-ether ligands. As a class of ligands, the corresponding 

telluroether species have received much less study in terms of both new methods of 

synthesis and coordination chemistry, although they display quite different behaviour 

from their lighter analogues. Recently, for example, telluroethers were established as 

stronger a-donors than their sulfur and selenium analogues toward low valent d-block 

metals.^' ^ The synthesis of telluroethers is generally more difficult than that of 

analogous thio- and seleno-ethers, with the high reactivity and instability of the 

tellurium-containing precursors and intermediates posing a major problem. For 

example, the inherent weakness of the Te-C bond often leads to elimination of the 

carbon backbone and subsequent telluride formation during ligand synthesis/ The 

ligands are air-sensitive and very malodorous oils, depositing tellurium on prolonged 

exposure to air, and so it is often convenient to characterise a new telluroether as the 

telluronium derivative, formed by reaction of the telluroether with an alkyl halide or di-

halogen.^' 

Of particular relevance to the current study is the ability of the tellurium atom to 

participate in secondary Te—X interactions with halogen and pseudo-halogen species, 

which often gives rise to dimeric or oligomeric assemblies in the solid state.^ There 

exist various classes of organotellurium halides, ranging from those of general formula 

RaTeX through RzTeXz to RTeXs (R = alkyl or aryl; X = CI, Br, I or pseudo-halide).^ 

This chapter focuses upon the synthesis and structural characterisation of 

RsTeX and RzTeX^ complexes, obtained from the reaction of Mel or h with mono- and 

ditelluroethers. In addition, the preparation of a series of MX3 complexes of mono- and 

ditelluroethers and the structural characterisation of [BiBr3(PhTeMe)] are reported (M 

= Sb or Bi; X = CI, Br or I). 
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6.2 Organo-tellurium(IV) Complexes 

This section highlights the current literature regarding crystallographically 

characterised RgTeX and RgTeXi species (X = CI, Br, I, BPh*, NCS or NCO; R= Me, 

Et, 'Bu, Ph or p-C6H4(OMe)). All of the RaTeX structures reported concern mono-

telluroethers, and there is only a single example of an RiTeXi species derived from a 

ditelluroether. As in previous chapters, literature coverage is selective rather than 

comprehensive. 

The crystal structures of the EtsTeX series have been reported by Drake et alJ' ^ 

EtaTeCl and EtaTeBr are structurally very similar, with the tellurium and halide atoms 

involved in secondary interactions and occupying alternate comers of a 764X4 cubane 

skeleton (Te—X = 3.448(4), 3.564(1) A for X= CI and X = Br respectively) (Figure 

6.1a). Three carbon atoms from ethyl groups complete a distorted octahedral tellurium 

environment. 

Figure 6.1 View of the structures of a) EtsTeCl and b) EtsTel. 

The structure of EtsTel is different to the chloride and bromide species, and 

consists of a pair of EtaTe"̂  cations linked through bridging iodines (3.813(5) - 3.861(5) 

A) to give a centrosymmetric (Et3TeI)2 dimer (Figure 6.1b).^ Each tellurium is involved 
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in only two secondary Te—I interactions, giving a square pyramidal geometry and a 

formally five-coordinate tellurium atom. A similar dimeric structure, containing 

secondary Te—CI interactions [3.234(1) - 3.214(1) A], was reported for the PhsTeCl 

species.^ The RsTeBPhut adducts (R == Me or Ph) have also been prepared, the crystal 

structure of MesTeBPtH consisting of discrete MegTe^ and BPILJ" ions, with cation-

anion interactions absent due to the non-coordinating nature of the BPILJ' anion, giving 

a three-coordinate tellurium(IV) atom.'® 

Recently, as part of a '^^Te NMR study of various organo-tellurium salts, the 

crystal structures of MesTel, 'Bu2PhTeBr and Ph2MeTeBPh4 were reported." The 

authors suggest that these species exist as ion-pairs (as observed for the RsTeBPlu 

adducts) and, in support of this, they state "the distance between tellurium and the 

counter-ion is much longer than that of a normal chemical bond". Suprisingly, the 

possibility of secondary Te—X interactions was not considered for the halide adducts. 

This is compounded by an earlier report by Collins et al of the crystal structure of 

MesTel, which shows a distorted octahedral geometry about the tellurium atom arising 

from three primary Te-C bonds and three secondary Te—I interactions (3 .70-3.81 A), 

leading to an extended structure.'^ 

Comparison of the intermolecular Te—Br distances in 'BuiPhTeBr (3.292(1) A) 

with those reported for other RgTeBr species suggests that the bromide anion is likely 

to weakly interact with the tellurium atom, and could give rise to a dimeric or 

oligomeric structure. The X-ray crystal structures of MesTeCl.HaO, MesTeNOs, 

PhsTeNOs, PhsTeCl.!^ CHCI3 and (PhsTe)2SO4.SHiO were also reported by Collins et 

al as part of a '^^Te CP/MAS solid-state NMR s t u d y . I t is worth noting that, in 

contrast to solution-phase NMR studies, changes in the environment of the '^^Te 

nucleus imposed by secondary interactions with the various anions were deduced from 

chemical shift tensors and coupling to neighbouring nuclei. 

The diorganotellurium dihalides and pseudo-halides, RiTeXg, have received a 

similar level of study and a number have been structurally characterised Early work 

upon these species concerned dimethyltellurium di-iodide, MeiTela, which was 

proposed to exist in a - and P-forms. These were later concluded to be cis- and trans-

isomers of a square planar structure.'^ Further work suggested that the a-form had the 

covalent structure MezTeli and the P-form was ionic, of formula [MegTe][MeTefil. 
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Einstein and co-workers confirmed this crystallographically, and showed that both 

forms adopt an extended array in the solid s t a t e . T h e a-form contains a tellurium 

atom in a distorted octahedral geometry, with two iodine atoms in a trans arrangement 

(2.854(3) - 2.994(3) A ) , two methyl groups cis to each other and two weak, 

intermolecular Te—I contacts to iodine atoms attached to neighbouring molecules 

(3.659(3) - 4.030(3) A).'^ The (3-fbrm is derived from trigonal pyramidal MegTe"̂  

cations and square pyramidal MeTeL;" anions (2.84 - 2.98 A ) . The ions are bridged by 

four intermolecular Te—I contacts, which complete a distorted octahedral environment 

about each tellurium atom. Three of the contacts are from the MesTe"^ cation to three 

different iodines of a neighbouring MeTeLt' anion (3.84, 3.97, 4.00 A) , with the fourth 

contact occurring between two MeTeL," anions.'^ 

Similarly, PhzTel^ adopts distinct a - and ^-modifications. In both cases the 

primary geometry is pseudo-trigonal bipyramidal with iodines in the axial positions, 

and the difference between the two lies in the secondary bonding and packing 

patterns.'^ In the a-form, two Te—I secondary bonds complete a distorted octahedral 

geometry about each tellurium linking the molecules into a three-dimensional network. 

Figure 6.2 Packing diagram of a-PhiTelz. 15 
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The P-modification exists as a more complex three-dimensional network, and is 

comprised of two crystallographically independent molecules, one of which forms two 

secondary bonds while the other exists in a pseudo-octahedral geometry with one 

vacant position. 

Barren and co-workers recently reported the preparation and crystal structure of 

the (E-MeOCgli)} iTeli complex, obtained from reaction of (p-MeOC6H4)2Te vvith 

iodine/^ The geometry at the tellurium atom was described as pseudo-trigonal bi-

pyramidal, with the anisyl groups and lone pair in the equatorial plane and iodine atoms 

in the axial positions (Figure 6.5). The [{p-MeOC6H4}2Tel2] molecules associate 

through two secondary intermolecular Te—I interactions (3.6922(6) - 3.9017(7) A) to 

form a centrosymmetric tetramer containing Te4l6 open-cubane cores. 

Figure 6.3 View of the open-cubane arrangement of {p-MeOCelttjiTel:. 18 

The diiodine adduct of the related ditelluroether [ {p-(OMe)C6H4Te} 2CH2] has 

also been structurally characterised.'^ The crystal structure of this species is similar to 

that of {g-MeOC6H4}2Tel2, with the tellurium(IV) atom adopting a saw-horse structure, 

and the two iodine atoms occupying axial positions with angles close to 180 ° (2.809(1) 

- 3.065(1) A] (Figure 6.4). Two of the iodine atoms form intermolecular Te—I 
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contacts with neighbouring tellurium atoms (3.735(1) - 3.879(1) A) to give an array of 

rectangular Teziz bridges, although the extended structure was not discussed in detail. 

1(2) 

Te(1) 

Figure 6.4 View of the {g-(0Me)C6H4Te} 2CH2 complex. 19 

A number of other diorganotellurium iodides have been structurally 

characterised, and all display secondary Te—I i n t e r a c t i o n s . I n the majority of 

cases, these adducts contain a tellurium atom in an irregular octahedral geometry with 

four primary and two secondary bonds. This bonding pattern is also followed by 

R^TeXi species when X = F, CI or Br. For example, the structures of the complete 

series PhgTeXz are known and all show similar primary geometry supplemented by 

secondary Te—X contacts to give a distorted octahedral or square pyramidal geometry 

at the tellurium atom.^° The exceptions to this general trend are 4,4-di-iodo-1 -thia-4-

telluracyclohexane,^^ which contains a tellurium atom in a distorted pentagonal 

bipyramidal geometry, and one of the two independent molecules in the previously 

discussed P-Ph2Tel2. 

6.1.2 Main Group Complexes of Telluroethers 

The tin(nO halide complexes [SnX4(Me2Te)] and [ 8 1 1 X 4 {o-C6H4(TeMe)2}] (X 

= CI or Br) are the only structurally characterised examples of p-block adducts of 

telluroethers currently in the literature, and consist of the ligand chelated to the metal 

centre to give an octahedral SnX4Te2 g e o m e t r y . T h e s e are the only examples of p-

block complexes of telluroethers, thus very little is known regarding the ability of these 

ligands to form coordination complexes with other main group elements. 
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6.2 Results and Discussion 

6.2.1 Organotellurium Iodides 

Reaction of the ditelluroether species o-C6H4(CH2TeMe)2 '̂̂  with excess Mel in 

acetone produced the bis(tri-organotelluronium iodide) [o-C6H4(CH2TeMe2l)2] as a 

white powder in high yield, which was isolated by filtration and washed with acetone. 

As for other telluronium salts (and unlike the parent telluroether) the compound is air-

stable both as a solid and in solution. The '^^Te{'H} NMR spectrum of the derivative, 

obtained in CDCI3 solution, shows a single resonance at 526 ppm. This signal is 

shifted substantially to high frequency of the parent di-telluroether o-C6H4(CH2TeMe)2 

resonance of 264 ppm,̂ '* indicating conversion of Te(II) to Te(IV) as a result of 

oxidative addition of Mel to each Te(II) atom. The value is similar to that observed for 

the Me(I)Te(CH2CH2CH2Te(I)Me2)2 adduct (522 ppm).^^ Micro-analytical data and 

NMR confirm the stoichiomery of the product. In order to establish the structure of the 

complex in the solid-state, a single crystal X-ray analysis was undertaken. Colourless 

crystals of [o-C6H4(CH2TeMe2l)2]. V2 CHCI3 were obtained by slow diffusion of diethyl 

ether into a CHCI3 solution of the compound. 

The [o-C6H4(CH2TeMe2l)2] species is comprised of a Me2Te(p^-I)2TeMe2 unit 

bridging the two arms of the o-xylyl fragment. The Me2Te(p.^-I)2TeMe2 unit has a 

similar geometry to the EtgTel adduct described previously, although the axial o-xylyl 

moiety is constrained to syn coordination in this example (as opposed to the anti 

disposition of the axial Et fragments in the latter).' The most notable aspect of the 

structure, however, is the formation of a Te4l4 pseudo-cubane core, derived from the 

association of two [o-C6H4(CH2TeMe2l)2] units through secondary Te—I contacts 

between alternating tellurium and iodine atoms (Figure 6.5). The o-xylyl units lie 

diagonally across two opposite faces of the pseudo-cubane core, the Te-C bonds to the 

benzyl carbon atoms being slightly longer than those to the methyl carbons (2.18(1) vf. 

2.12(1) A). 
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C(14) 

Te(3) 

C(24) 

Figure 6.5 View of the [o-C6H4(CH2TeMe2l)2] complex with the numbering scheme 

adopted. Ellipsoids shown at 40 % probability, H-atoms omitted for clarity. 

The Te—Te separation within the two individual [o-C6H4(CH2TeMe2l)2] 

fragments (3.943(3) - 3.995(3) A for Te(l) - Te(2) and Te(3) - Te(4) respectively) are 

similar to the corresponding Te-Te distances in the [MnCl(CO)3{o-C6H4(CH2TeMe)2}] 

and [W(CO)4{o-C6H4(CH2TeMe)2}] complexes (3.913(2) and 4.039(3) A respectively), 

indicating that the o-xylyl moiety acts as a fairly rigid inter-donor linkage.^^ The Te—I 

contacts linking the two [o-C6H4(CH2TeMe2l)2] units are ca. 0.25 A shorter than the 

Te—I distances in the (p.̂ -I)2 bridges. Thus, the Te—I distances in the Me2Te(p^-

I)2TeMe2 unit range from 3.647(2) to 3.828(2) A while the Te—I contacts between 

these units range from 3.531(2) to 3.595(3) A . These distances are similar to those in 

previously discussed RsTel and R2TeX2 compounds. 

The Te-I-Te and I-Te-I bond angles reflect the severe distortion of the Te4l4 

core. The Me2Te()J.^-I)2TeMe2 dimer units are highly distorted, with values of ca. 65° 

and ca. 115° typical for the Te-I-Te and I-Te-I angles (Table 6.1). Such acute Te-I-Te 

geometry is likely to be a consequence of the rigid o-xylyl linkage between the 

tellurium atoms. In effect, the organic linking group locks the tellurium atoms in 

position, enforcing a rhombohedral (rather than rectangular) bridge geometry. 
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%1) Te(l) 3.828(2) 1(1) TeCO 3.7910(1) 

1(1) Te(3) 3.548(2) 1(2) Te(2) 3.572(3) 

1(2) Te(3) 3.768(1) 1(2) Te(4) 3.787(1) 

1(3) Te(l) 3.779(1) 1(3) Te(2) 3.652(1) 

1(3) Te(4) 3.595(3) 1(4) Te( l ) 1531^0 

1(4) Te(3) 3.647(2) 1(4) Te(4) 3.68(5(1) 

Te(l) (](!) 2.12(1) Te(l) C(3) 2.18(1) 

Te(l) 1(1) Te(2) 62.43(2) Te(l) 1(1) Te(3) 80.48(5) 

Te(2) 1(1) Te(3) 80.43(3) Te^O 1(2) Te(3) 8&29C0 

Te(2) %2) Te(4) 75.04(4) Te(3) 1(2) Te(4) 76^6^0 

Te(2) %3) Te(4) 76.47(4) Te(l) 1(4) Te(3) 83.28(5) 

Te(l) 1(4) Te(4) 78.13(3) Te(3) 1(4) Te(4) 66.02(2) 

1(1) Te(l) 1(3) 113.70(2) 1(1) Te(l) 1(4) 91.07(5) 

1(3) Te(l) 1(4) 97.74(2) 1(1) Te(2) 1(2) 92.27(3) 

1(1) Te(2) %3) 117.95(2) 1(2) Te(2) 1(3) 9933^0 

1(1) Te(3) 1(2) 92.86(2) 1(1) Te(3) 1(4) 93.86(5) 

1(2) Te(3) 1(4) 114.73(3) 1(2) Te(4) 1(3) 96.48(4) 

1(3) Te(4) 1(4) 98.13(3) C(l) Te(l) C(2) 94.3(4) 

C(l) Te(l) C(3) 90.9(4) C(2) Te(l) C(3) 94.7(4) 

C(10) Te(2) CXll) 94.4(4) C(10) Te(2) C%12) 90.4(4) 

C(13) Te(3) C%14) 93.8(5) C(13) Te^) C(15) 9L30O 

C(22) Te(4) C;(23) 94.0(4) cc%) Te(4) C(24) 89.8(3) 

Table 6.1 Selected bond distances ( A ) and angles (°) with e.s.d's for [o-

C6H4(CH2TeMe2l)2]. 
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The intermolecular Te-I-Te and I-Te-I angles are somewhat less distorted and 

thus, taken with the shorter intermolecular Te—I contact distances, may reveal the 

approximate location of the tellurium-based lone pair. 

It is clear that the lone pair does not point out of the triangular face defined by 

the three carbon atoms bound to each tellurium atom (e.g. the triangular face formed by 

C(10), C( l l ) and C(12)), as judged by the relatively small distortion from regular 

octahedral geometry in this part of the molecule. This leaves the possibility of the lone 

pairs being directed either along the vector of the Te(p^-I)2Te bridge in the Me2Te(p,^-

OiTeMea units (i.e. approximately into the centre of the bridge) or into the cavity of the 

cubane unit (i.e. out of the open triangular face formed by the three iodo-species bound 

to each tellurium) (Figure 6.6). 

1(2) 

Tc{2) 

T e ( l ) 

1(3) 

Figure 6.6 View of the Te4l4 cubane core with carbon atoms omitted. 

In fact, a combination of these two extremes appears to be in operation. The 

Te—I bond length distribution in the Te(p^-I)2Te bridge containing the tellurium atoms 

Te(3) and Te(4) is quite symmetrical, with the Te—I distances differing by no more 

than 0.038 A. In contrast, one side of the bridge containing Te(l) and Te(2) is 

asymmetric, with the Te—I distances differing by 0.127 A (I(3)-Te(l) 3.779(1), 1(3) -

Te(2) 3.652(1)) while the other side is more symmetrical (difference of 0.048 A ) . 

Since each tellurium atom in the [o-C6H4(CH2TeMe2l)2] molecule is in an identical 

coordination environment lone pair effects can be assessed, and the much greater 
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asymmetry in the side containing Te(l) and Te(2) suggests non-equivalent 

stereochemical activity of the lone pairs. Although it is difficult to be certain, the bond 

angle and length distributions suggest that three of the tellurium lone pairs are directed 

approximately into the cubane cavity, while the lone pair of Te(l) is localised in the 

region of the Te(p^-I)2Te bridge, giving rise to an unsymmetrical unit. However, it is 

equally likely that the observed distortions are a consequence of the weak, secondary 

Te—I contacts allowing a degree of flexibility in the cubane unit. 

The adoption of a pseudo-cubane arrangement is not unusual for RgTeX or 

RzTeX: species. The EtsTeX species (X = CI or Br) contain a Te4X4 core, however in 

these examples the cubane units are derived from linkage of four [EtsTe]"^ units by [X]' 

ions, with the Te—X distances being shorter in length than in the present compound 

(3.448(4) and 3.564 A for X = CI and Br respectively).^ The RzTeXi species [{g-

MeOC6H4}2Tel2] also displays a cubane-like motif, in this case the Te—I interactions 

(3.6922(6) - 3.9017(7) A ) form a centrosymmetric tetramer containing an open-faced 

Te4lg cubane core. (Figure 6.3).'^ 

In order to determine whether the Mel derivatives of related di- and tri-telluro-

ethers adopt similar solid-state structures, and to also gauge the influence of the inter-

Te linkage unit in such species, attempts were made to crystallise the Mel derivatives 

of o-C6H4(TeMe)2, MeTe(CH2)3TeMe and MeC(CH2TeMe)3. However, their very low 

solubility in non-donor solvents frustrated these attempts, and even careful layering of 

acetone solutions of Mel and the telluro-ether failed to produce crystals of sufficient 

quality for X-ray diffraction studies. 

The reaction of PhTeMe with excess Mel in acetone produced PhTeMeil as a 

white powder in high yield, which was isolated by filtration and washed with acetone.'' 

This air-stable species proved soluble enough in CDCI3 to enable collection of the 

'^^Tej^H} NMR spectrum, which showed a single resonance at 565 ppm, compared to 

329 ppm for the parent PhTeMe."^ Again, 'H-NMR spectroscopy and micro-analytical 

data confirmed the identity of the product. Layering of neat Mel onto PhTeMe 

produced small colourless crystals of PhTeMegl suitable for X-ray diffraction studies. 

The X-ray crystal structure of PhTeMe2l reveals a centrosymmetric edge-shared dimer 

(Figure 6.7, Table 6.2), similar to the previously reported EtsTel and PhaTeCl adducts.^' 
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The PhTeMciI unit is derived from two PhTeMe2^ fragments linked through jj.̂ -

iodo bridges (3.6691(7) - 3.7584(8) A ) . The tellurium atoms adopt a distorted square 

pyramidal geometry in the discrete dimer, with the donor set comprised of three organic 

groups (a phenyl and two methyls) and two iodide anions, with the Te-C bond lengths 

similar to those reported in the literature (ca. 2.13 A) . 

C%la) 

C(2a) 

T e ( l ) 

Te(la) 

C%1) 

Figure 6.7 View of the PhMciTel dimer with the numbering scheme adopted. 

Ellipsoids shown at 40 % probability, H-atoms omitted for clarity. Atoms marked (a) 

are related by the symmetry operation -x, -y, -z. 

1(1) Te(l) 3.6591(7) I(la) Te(l) 3.7584(8) 

I(lb) Te(l) 3.9192(7) Te(l) CXI) 2.128(8) 

Te(l) C(2) 21320% Te(l) C(3) 2J32C0 

Te(l) 1(1) Te(la) 78.68Cy 1(1) Te(l) I(lzO 10L32CO 

1(1) Te(l) C%1) 79.7(3) 1(1) Te(l) C(2) 173.9(3) 

1(1) Te(l) C(3) 85^C0 %1) Te(l) C%1) 773C0 

1(1) Te(l) C(2) 168.3(2) (:(i) Te(l) C(2) 95.4(3) 

C(l) Te(l) C%3) 94.7(3) C(2) Te(l) C(3) 93.7(3) 

Table 6.2 Selected bond distances (A) and angles (°) with e.s.d's for [PhTeMc]!]. 
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However, a distorted octahedral coordination environment is completed by a 

long Te—I interaction (3.9192(7) A ) directed towards the open face of the tellurium 

atom. This interaction is between tellurium and a n^-iodo bridge of an adjacent dimer 

unit, and each dimer is linked to four other such units via bridging iodine atoms, giving 

rise to an extended sheet network (Figure 6.8). Thus the iodines are rather than 

bridging in this species, as observed in the previously discussed [o-

C6H4(CH2TeMe2l)2]2 molecule (Figure 6.5). All Te—I interactions are trans to Te-C 

bonds. 

Te(Ia) 

0) 
C(la) 

Figure 6.8 View of a portion of the sheet structure of PhMcaTel with phenyl groups 

omitted for clarity. 

The Teziz bridge is slightly asymmetric (A = 0.099 A ) but the Te-I-Te angle is 

not as acute as those in the pseudo-cubane unit discussed above. A similar arrangement 

was observed in the PhgSel adduct, with two PhsSe"^ cations asymmetrically bridged by 

two species to give a centrosymmetric dimer (4.153(1) — 3.722(1), A = 0.431 A) . 

In summary, the adduct can be described as a trigonal pyramidal PhMe2Te"^ cation 

bridged by I" anions to give an octahedral tellurium centre within an extended sheet 

network. 
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Reaction of the ditelluroether PhTe(CH2)3TePh with 1% in anhydrous THF 

followed by removal of solvent in vacuo produced a red-black powder which was 

washed with hexane and dried in vacuo. The product was sparingly soluble in non-

donor solvents, with the '^^Te{'H}-NMR spectrum revealing a weak signal at 651 ppm. 

This is shifted from the free ligand resonance (466 ppm) and the Mel adduct (609.7, 

610.3 ppm).^ Slow evaporation of a THF solution of the reactants in a 1:1 ratio gave a 

small amount of dark red crystals suitable for X-ray diffraction studies. 

Microanalysis consistent with the formula PhTe(I)2(CH2)3Te(I)2Ph was obtained for 

both the bulk and crystal samples. 

The crystal structure of the discrete PhTe(I)2(CH2)3Te(I)2Ph unit is similar to 

that of the related [ {E-(0Me)C6H4Te} 2CH2] species, and shows a saw-horse geometry 

about the tellurium atom with the iodines occupying axial positions and the carbon 

atoms of the phenyl and propyl groups bound equatorial (Figure 6.8).^^ The phenyl 

group shows rotational disorder between two perpendicular orientations, and were set 

as rigid groups for the purposes of data refinement. The Te-I distances (2.883(4) -

2.938(3) A ) are similar to those observed in {p-(0Me)C6H4Te(I)2}2CH2, and within the 

literature range for similar bonds in R2TeX2 species {ca. 2.851(2) - 2.959(1) A).̂ ^ The 

coordination geometry about tellurium is close to regular octahedral (Table 6.3). 

The description of the [{p-(OMe)C6H4Te(I)2}2CH2] structure by Singh alludes 

to a polymeric array comprised of intermolecular Te—I contacts (3.735(1) - 3.879(1) 

A ) , although no comment was made on the form of this polymer.^^ Examination of the 

packing of the individual PhTe(I)2(CH2)3Te(I)2Ph molecules also reveals an extended 

network. The discrete PhTe(I)2(CH2)3Te(I)2Ph units are twisted such that each linear 

I(l)-Te(l)-I(2) moiety is aligned parallel with a I(l)-Te(l)-I(2) moiety from a 

neighbouring PhTe(I)2(CH2)3Te(I)2Ph unit, leading to a rectangular, inter-molecular 

Te2l2 arrangement which serves to link the molecules and form a weakly bound chain 

polymer (Figure 6.9). 
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Figure 6.9 View of the Te—I interactions between the [PhTe(I)2(CH2)3Te(I)2Ph] 

molecules. Ellipsoids shown at 40 % probability, phenyl groups and H-atoms omitted 

for clarity. 

T e ( l b ) 

Figure 6.10 View of the fused-cradle arrangement of [PhTe(I)2(CH2)3Te(I)2Ph] 
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These secondary Te—I interactions (3.702(4) A ) are significantly shorter than 

those in the related p-(0Me)C6H4Te(I)2} 2CH2 adduct.'^ In the present species only the 

1(1) atoms are involved in secondary bonding to tellurium, with the 1(2) atoms 

remaining as terminal ligands. Further examination of this extended chain motif 

reveals the existence of another, much weaker Te—I interaction (4.069(3) A) . This 

long-range contact is at the limit of the sum of the van der Waals radii of the atoms 

(4.04 A ) , and exists between a tellurium atom at a comer of a rectangular TezI] unit and 

an iodine atom directly opposite, giving rise to a cradle-type motif comprised of three 

Teali units (Figure 6.10). One face of the cradle is shared between two units, leading to 

an alternating "up-down" chain arrangement with respect to the base of the cradle unit, 

with the propyl back-bone of the PhTe(I)2(CH2)3Te(I)2Ph molecule diagonally 

straddling the top of each cradle. The tellurium(IV) coordination environment may 

now be described as [5+1] coordinate (i.e. pseudo-six coordinate) however the bond 

angles involving the long range Te—I contacts are severely distorted from octahedral. 

The angles subtended at the tellurium(IV) atom indicate a pseudo-octahedral geometry, 

although two particularly large distortions involving the weakly bound I(lb) and I(lc) 

(I(lb) Te(l) C(l) 136.24(4), I(lc) Te(l) 1(2) 72.63(2) °) indicate that the lone pair may 

be localised in the triangular face defined by C(l), 1(2) and I(lb). 

Te(l) 1(1) 2.9384(9) Te(l) I(lb) 3.7019(6) 

Te(l) 1(2) 2.8830(9) Te(l) I( lc) 4.0699(8) 

1(1) Te(l) 1(2) 177.86(3) 1(1) Te(l) I( lc) 108.68(2) 

1(1) Te(l) I(lb) 89.43(2) 1(1) Te(l) C( l ) 94.94(3) 

I(lc) Te(l) 1(2) 72.63(2) I(lb) Te(l) C( l ) 136.24(4) 

1(2) Te(l) I(la) 92.62(2) 1(2) Te(l) C(2) 85.17(3) 

1(2) Te(l) I(lb) 92.63(2) Te(l) 1(1) Te(lb) 90.53(2) 

Table 6.3 Selected bond distances (A) and angles (°) with e.s.d's for 

PhTe(I)2(CH2)3Te(I)2Ph 
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6.2.2 Antimony(IIl) and Bismuth(III) Halide Complexes of Telluroether Ligands 

Reaction of MX3 (M = Sb or Bi; X = CI, Br or I) in anhydrous MeCN (X = CI, 

Br) or THF (X= I) with an equimolar CH2CI2 solution of L (L = PhTeMe, 

MeC(CH2TeMe)3 or RTe(CH2)3TeR; R = Me or Ph) at room temperature produced, 

upon concentration of the solution in vacuo, a series of orange-brown or dark brown 

powders which were filtered, washed with CH2CI2 and dried in vacuo. Poor solubility 

in both donor and non-donor solvents prevented NMR measurements for these 

complexes, however microanalyses show that all the solids are of 1:1 stoichiometry and 

IR spectra revealed weak features in the region 300 - 200 cm'^ due to v(M-Cl). These 

observations are similar to those made for the [SbXs {MeC(CH2TeMe)3} ] species (X = 

CI, Br or I), which represent the only other reported examples of MXg-telluroether 

complexes?^ Similar reaction of AsXg with these ligands produced insoluble black or 

dark brown solids, which were isolated as above but failed to give reproducible 

microanalytical data. Slow evaporation of an MeCN solution of BiBr3 layered with an 

equimolar CH2CI2 solution of PhTeMe produced a very small crop of deep red needle 

crystals. Similar crystallisation attempts with other MX3—L combinations produced 

only powders of 1:1 stoichiomtery. 

The structure of the [BiBr3(PhTeMe)] complex, the first structurally 

characterized complex containing a bismuth-telluroether bond, consists of a planar, 

bromide-bridged Br2Bi-(p^-Br)2-BiBr2 unit with a PhTeMe ligand bound to each 

bismuth atom in apical, mutually anti positions [Bi-Te 3.0533(7) A ] (Figure 6.12, Table 

6.4). This bond is remarkably short, and is approximately equal to the sum of the 

single bond covalent radii for the elements (2.98 A ) . The bromide bridge is asymmetric 

(2.8286(10) - 3.0806(10), A = 0.2520 A ) , and the terminal Bi-Br distances differ by 

0.208 A (2.6490(10) - 2.8573(10)). The Te-C distances are similar to those in the 

species discussed previously {ca. 2.11 A) . 
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^la) 
Br(2a) 

Br(3b) 

Figure 6.11 View of the extended structure of [BiBr3(PhTeMe)] with the numbering 

scheme adopted. Ellipsoids shown at 40 % probability, H-atoms omitted for clarity. 

Atoms marked (a) are related by the symmetry operation 1-x, 1-y, -z. 

BKl) Te(l) 3.0533(7) 13i(l) B^3) 2L8573(10) 

Bi(l) B^l ) 2.8286(10) ]3i(l) Br(la) 3.0806(10) 

BKl) Br(2) 2.6490(10) 131(1) Br(3b) 3.1572(10) 

Te(l) Bi(l) B^[l) 92.30(3 B^l) I3i(l) Br(3b) 85.10(3) 

Te(l) Bi(l) Br(2) 90.92(3) I3i(l) B02) EK(lb) 86.65(3) 

Te(l) B%1) B02) 87.55(2) Br(2) Bi(l) Br(la) 175.06(4) 

Te(l) Bid) Br(la) 84.18(2) Br(2) Bi(l) Br(3) 96.11(3) 

Te(l) BKl) Bnpb) 168.06(3) Br(2) Bi(l) Br(3b) 100.87(2) 

BrU) Bi(l) Br(2) 92.45(2) ]3i(l) B^l ) Br(la) 92.17(3) 

B^l) Bi(l) Br(3) 171.44(2) Bi(l) Br(3) Bii(lb) 86.65(3) 

B^l) Bi(l) Br(la) 87.83(3) C(l) Te(l) C(2) 9&82C0 

Table 6.4 Selected bond distances ( A ) and angles (°) with e.s.d's for [BiBr3(PhTeMe)]. 
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From consideration of the terminal and bridging Bi-Br bonds, the bismuth 

coordination geometry is most accurately described as irregular octahedral on account 

of a secondary, inter-dimer Bi—Br contact (3.1572(10) A ) (shown as open, dashed 

bonods in Figure 6.11). This occurs between the bromine atom Br(3) of one dimer unit 

and a bismuth atom of another dimer directly above Br(3), and is directed toward the 

open face of the bismuth atom. Of note is the similarity of the two Bi-Bryndge bond 

lengths within each dimer (2.8286(10) and 2.8573(10) for Bi(l)-Br(l) and Bi(l)-Br(3) 

respectively). Thus, the intermolecular Bi—Br contact is trans to the Bi-Te bond, and 

leads to an asymmetric rectangular 812812 unit linking each dimer (2.8573(10) - 3.145 

A , A = 0.2877). These contacts give rise to a stacked array of [BiBr3(PhTeMe)] dimers 

arranged in a step-wise manner (Figure 6.11). A similar linking unit was observed in 

the PhTe(I)2(CH2)3Te(I)2Ph chain (in this case a Te2l2 bridge) (Figures 6.9 and 6.10). 

The present complex is structurally similar to the discrete [AsCl3(PMe3)] 

molecule described in Chapter 2 (Figure 2.17). However, where each [AsCl3(PMe3)] 

molecule is weakly linked through a single long range, intermolecular As—CI contact 

to give a chain of dimer units arranged orthogonally, the [BiBrs (PhTeMe)] dimers are 

aligned parallel, giving rise to a stacked array of [BiBr3(PhTeMe)] dimers arranged in a 

step-wise manner. The interactions are likely to be due to the combination of a vacant 

coordination site and the strong acceptor properties of the BiBrs species. In this regard, 

the present complex is more akin to the [Sbl3(PMe3)] species reported by Norman and 

co-workers (Chapter 2, Figure 2.7).^° 

The adoption of a slightly irregular octahedral geometry about the bismuth (III) 

atom would indicate that the bismuth-based lone pair does not exert any significant 

stereochemical activity. However secondary interactions tend to form in the region of 

the lone pair and so, in view of mild distortions in the Br2Bi-()Li^-Br)2-BiBr2 unit, it is 

arguable that lone pair is directed out of the triangular face defined by Br(la) - Br(3) -

Br(3b). 
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6.3 Conclusions 

The majority of the work described in this chapter has focused upon the solid-

state structures adopted by some simple RsTeX and RaTeXa telluronium compounds 

obtained from reaction of mono- and bi-dentate telluro-ethers with Mel or h. High 

frequency shifts in the '^^Te NMR spectra of the adducts (compared to the parent 

telluroether) indicate oxidative addition of Mel or I2 to the tellurium atom. The 

structures are derived from weak, secondary Te—I interactions between [RgTe]^ and 

[I]" ions, with the tellurium atom adopting a distorted octahedral geometry through 

three primary Te-C and three weak Te—I interactions, and the iodide ions adopting a 

p^-bridging mode. This bonding arrangement leads to a cubane arrangement in the [0-

C6H4(CH2TeMe2l)2] complex and coordination networks in the [PhTeMe2l] and 

[PhTe(I)2(CH2)3Te(I)2ph] species, and further illustrates the ability of tellurium to 

participate in secondary bonding. 

Like the structurally characterised MX3 complexes of thio- and seleno-ether 

species described in earlier chapters (M = As, Sb or Bi; X = CI, Br or I), the 

[BiBr3(PhTeMe)] complex adopts a coordination polymer structure (in this case an 

extended chain) derived from secondary, intermolecular Bi—Br contacts (3.0806(10) 

A) , with the telluroether bound to bismuth through a particularly short secondary bond 

(3.0533(7) A ) . The bismuth(III) atom adopts an octahedral geometry, with little 

apparent lone-pair distortion. The range of isolated adducts is much more limited than 

for the MX3 thio- and seleno-ether complexes discussed in Chapters 3 and 4. 

In contrast to the telluronium compounds discussed above, there is no evidence 

that the tellurium atom in [BiBr3(PhTeMe)] is involved in secondary bonding 

interactions to either the bismuth or bromine atoms. However, in view of the 

established acceptor properties of the group 15 trihalides toward chalcogenoethers, it 

seems likely that such complexes containing multidentate or macrocyclic telluroethers 

would display secondary M—Te interactions, giving a range of coordination network 

motifs similar to those observed in analogous thio- and seleno-ether complexes. 
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6.4 Experimental 

General experimental conditions are given in Appendix 1. Antimony(III) and 

bismuth(III) halides, Mel and h were obtained commercially (Aldrich and Alfa) and 

used as received. Telluroether ligands were prepared using literature methods/'^'* 

[o-C6H4(CH2TeMe2l)2]. To a degassed acetone solution of o-C6H4(CH2TeMe)2 

(0.1 Og, 0.26 mmol) was added an acetone solution (10 cm^) containing excess Mel. 

The mixture was stirred at room temperature for 2 hours, and the resultant white 

powder filtered and washed with diethyl ether. Yield 0.15g, 88%. Calculated for 

CizHzoIiTez: C, 21.4; H, 3.0%. Found: C, 20.9; H, 2.6. 'H NMR: 6 7.25 (m, 4H), 4.68 

(s, 2H), 3.96 (s, 2H), 1.57 (s, 12H) ppm. {'H} NMR: 6 134.4, 132.2, 129.2, 30.8, 

12.8 ppm. ^^^Te{'H}NMR:6 526(s)ppm. 

[PhTeMeil]. Procedure as above. White powder. Yield 94 %. Calculated for 

CgHiiIiTei. C: 26.6; H, 3.1 %. Found: C, 26.1; H, 3.2 %. IR/cm'^: 537 (Te-C). 

NMR: 8 7.29 (m, 5H), 2.24 (s, 6H) ppm. ^^^Te{'H} NMR: 6 565 ppm (s). 

(MeC(CIl2TeMe2l)3]. Procedure as above. Pale orange powder. Yield 83%. 

Calculated for CnHgylsTes: C, 14.3; H, 2.9 %. Found: C, 14.9; H, 2.9 %. ^̂ ^Te{̂ H} 

NMR: 6 464 ppm. IR/cm ' 533 (Te-C). 

[Me2(I)TeCH2Te(I)Me2]. Procedure as above. Pale orange powder. Yield 88%. 

Calculated for C5Hi4l2Te2: C, 10.3; H, 2.4 %. Found: C, 10.6; H, 2.4 %. ^^^Te{'H} 

NMR: 6 546 ppm. IR/cm'̂  534, 501 (Te-C). 

[PhTe(I)2(CH2)3Te(I)2Ph]. To an anhydrous THF solution (10 cm )̂ of 

PhTe(CH2)3TePh (0.11 g, 0.12 mmol) was added a THF solution (5 cm^) of I2 (0.2 g, 

excess). The red-black solution was stirred at room temperature for 2 hours and the 

solvent removed in vacuo to give a red-black powder, which was rinsed with hexane 

and dried in vacuo. Yield 46 %. Calculated for Ci5Hi6l4Te2; C, 18.8; H, 1.7. Found; 

C, 18.5; H, 1.5 %. IR/cm'̂  530 (Te-C). '^^Te{'H}-NMR: 6 651 ppm. 
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[SbBr3{MeTe(CH2)3TeMe}]. To an anhydrous MeCN solution of SbBrs (0.09 g, 0.25 

mmol) was added an equimolar anhydrous MeCN solution of MeTe(CH2)3TeMe. The 

resultant orange solution was concentrated in vacuo to obtain an orange powder, which 

was washed with CH2CI2 and dried in vacuo. Yield 0.13 g, 74 %. Calculated for 

CsHizBrsSbTei: C, 8.7; H, 1.7. Foimd: C, 8.5; H, 1.9 %. 

[Sbl3{MeTe(CH2)3TeMe}]. Procedure as above, using anhydrous THF solutions of 

Sbls and MeTe(CH2)3TeMe. Yield 82 %. Red powder. Calculated for CgHuIsSbTez: 

C, 7.2; H, 1.5. Found: C, 7.2; H, 2.1. 

[BiCl3{MeTe(CH2)3TeMe}|. Procedure as above, using anhydrous MeCN solutions of 

BiCla and MeTe(CH2)3TeMe. Brown powder. Yield 44 %. Calculated for 

CsHizClsBiTez: C, 9.3; H, 1.9. Found: C, 9.4; H, 2.1. m/crn'^ 237,255 and 261. 

[BiCl3{MeC(CH2TeMe)3}]. Procedure as above, using BiCls and MeC(CH2Te]Me)3. 

Orange-brown powder. Calculated for CgHisBiCl3Te2: C, 11.8; H, 2.2. Found: C, 

11.5; H, 2.0. IR/cm"'; 239, 250 and 260 cm'\ 

[BiBr3{MeC(CH2TeMe)3}]. Procedure as above, using BiBrg and MeC(CH2TeMe)3. 

Brown powder. Calculated for CgHigBiBrsTez: C, 10.1; H 1.9. Found: C, 9.8; H, 2.0 

%. 

[BiBr3(PhTeMe)]. Procedure as above, using BiBr3 and PhTeMe. Red-brown powder. 

Yield 35 % Calculated for CvHgBiiBrsTei: C, 12.6; H, 1.2 %. Found: C, 12.3; H, 0.9 

%. 
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6.5 X-Ray Crystallography 

Details of the crystallographic data collection and refinement parameters are 

given in Table X. Colourless crystals of [o-C6H4(CH2TeMe2l)2]. CHCI3 were grown 

by infusion of diethyl ether into a solution of the compound in CHCI3, while those of 

[PhTeMeil] were obtained by drop-wise addition of neat Mel to PhTeMe. Data 

collection for the former used a Rigaku AFC7S four-circle diffractometer (T = 150 K), 

while the latter used an Enraf-Nonius Kappa CCD diffractometer (T = 120 K), both 

with graphite-monochromated Mo-Ka radiation (k = 0.71073 A) . Although the 

programme indicated an orthorhombic cell for the [o-C6H4(CH2TeMe2l)2].V2 CHCI3 

adduct, the Laue check failed and a precession simulation failed to show the mirror 

symmetry which would confirm an orthorhombic cell, hence the data were re-collected 

and the structure solved and refined assuming a monoclinic cell. Otherwise, structure 

solution and refinement were routine. 

Page 196 



Chapter 6 Main Group Complexes and Reactions of Telluroether Ligands 

[o-C6H4(CH2TeMe2l)2] .^CHCls [PhTeMe2l] 

Formula Cii.sHia.gClijIiTez CgHiiITe 

Formula Weight 732.99 361.68 

Crystal System Monoclinic Monoclinic 

Space Group C2/c(# 15) f2^%i(#14) 

a / A 18.05(2) 8.9319(3) 

6 / A 13.34(1) 9.9545(4) 

c / A 33.907(9) 11.1719:2(4) 

a/" 90 90 

p/° 9&17fO 104.201(2) 

x/° 90 90 

[ / / 8162.<l(l) 101(114(6) 

z 16 4 

p (Mo-Ka)/ cm"̂  60.69 59.37 

Unique obs. Reflections 7532 2195 

Obs. Reflections 

with [/:> 2(T(/)] 4899 1580 

R 0.037 &040 

Rw 0XM3 0.044 

Table 6.5 Crystallographic data collection and refinement parameters for the [o-

(:6li4((:tl2T\:Af(%J[)2].14(:ii(:i3aiid [F%iT'(d\4e2l] cwnipleoces. 
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[PhTe(I)2(CH2)3Te(I)2Ph] [BiBrsCPhTeMe)] 

Formula Ci5Hi6l4Te2 CyHgBiBrsTe 

Formula Weight 959.11 668.43 

Crystal System Orthrhombic Monoclinic 

Space Group Pbcn (# 60) f2i/M (# 14) 

a / A 23.6450(2) 8.4820(2) 

6 / A 9.0897(2) 6.7592(2) 

c / A 10.1816(3) 22.5808(8) 

a/" 90 90 

90 100.676(1) 

90 90 

[ / / A ^ 2188.29(5) 1272.18(6) 

z 4 4 

H (Mo-Ka)/ cm' 83.056 254.863 

Unique obs. Reflections 2854 2956 

Obs. Reflections 

with [ /> 2a(7)] 1747 2144 

R 0.052 0.037 

Rw 0.071 0.039 

Table 6.6 Crystallographic data collection and refinement parameters for the 

[PhTe(I)2(CH2)3Te(I)2Ph] and [BiBr3(PhTeMe)] complexes. 
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APPENDIX 1 

General Experimental Conditions 

Infrared spectra were measured as pressed Csl discs or nujol mulls between Csl 

plates using a Perkin-Elmer 983G spectrometer over the range 220 - 4000 cm"' and 

electronic spectra were recorded by diffuse reflectance on a Parkin Elmer Lambda 19 

UV/visible spectrometer for samples diluted in a 1:5 ratio with BaS04. 'H-NMR 

spectra were obtained in CDCI3 and CD3NO2 solutions using a Broker ACS 00 

spectrometer operating at 300 Hz, while '^Se- and '^^Te-NMR were recorded 

on a Broker AM360 spectrometer operating at 145.5, 68.7 and 113.6 MHz respectively. 

Chemical shifts to high frequency of reference compounds (SiMe4), ^'P (external 

85% H3PO4), ^'Se (neat Me2Se) and '^^Te (neat MciTe) are reported as positive. 

Samples were prepared in a Nz-purged glove box. Microanalytical data were collected 

by the University of Strathclyde microanalytical laboratory. 

Single crystal X-ray diffraction data were collected on either a Rigaku AFC7S 

four-circle diffractometer or an Enraf Nonius Kappa CCD diffractometer. Both utilised 

Mo-Ka X-radiation of wavelength 0.71073 A. The X-ray source for the former was a 

sealed X-ray tube, while a Nonius FR591 rotating anode X-ray generator was used for 

the latter. In all cases, the selected crystal was mounted onto a glass fibre with 

hydrocarbon grease and immediately cooled (150 K for Rigaku or 120 K for CCD) 

using an Oxford Systems open-flow cryostat. Residual factors R and Rw are defined 

thus; 

R = Z(|Fobs|-|Fcalc|)/Z|Fobs| 

Rw = [ZWi (|Fobs"|-|FcalcV/^Wi|FobsYf 
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