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The complexes yac-[Mn(C0)3(r|^-L)]CF3S03 (L = [12]-, [14], [16]-aneS4 and 
[15]aneS5) have been prepared and characterised by mass spectrometry, IR and 
multinuclear (^H, ^^C{^H}, ^Wn) NMR spectroscopy and elemental analysis. Single 
crystal X-ray diffraction of adducts with L = [12]aneS4 and [ISJaneSj confirmed fac 
coordination of the ligand. Decarbonylation with MegNO afforded czj'-[Mn(C0)2(T|'^-
L)]CF3S03 as the first examples of thioether stabilised [Mn(C0)2]^. These were 
characterised as above and X-ray crystallography of adducts with L = [12]-, [16]-aneS4 
and [ISjaneSs revealed the consequences of increasing macrocyclic coordination. 

The coordination chemistry of soft donor ligands with Group IV metal halides has 
been investigated. The complexes [TiX4(L2)] (L2 = MeE(CH2)nEMe, o-C6H4(EMe)2, X 
= CI, Br; L2 = PhE(CH2)nEPh, X - CI; E = S, Se, n = 2, 3) and [Til4(L2)] (L2 = MeSe-
(CH2)nSeMe, n = 2, 3; o-C6H4(SeMe)2) have been prepared and characterised by 
electronic, IR and multinuclear (^H, ^^C{^H}, ^^Se{'H}) NMR spectroscopy and 
elemental analysis. NMR spectroscopy revealed dynamic inversion and dissociation 
processes in solution. X-ray crystallography of [TiCl4(L2)] (L2 = o-C6H4(SeMe)2 and 
MeE(CH2)nEMe, E = S, n = 2, 3; E = Se, n = 3) confirmed cza' coordination of the 
ligands and revealed trends in the coordination geometry at Ti(IV). 

Analogous reactions with Group 15 ligands afforded [TiX4(L2)] (L2 = Ph2As-
(CH2)2AsPh2, Ph2P(CH2)nPPh2 (n = 1, 2, 3), o-C6H4(PPh2)2, o-C6H4(EMe2)2, E = As, P) 
and [Til4{o-C6H4(EMe2)2}] (E = As, P). Reactions with 2 equivalents of ligand afforded 
rare 8-coordinate [TiX4(L2)2] for L2 - o-C6H4(EMe2)2, E = As, P, X = CI, Br, I. The 
complexes were characterised by electronic, IR and multinuclear (̂ H, 
^'P{'H}) NMR spectroscopy and elemental analysis. X-ray crystallography of [TiCl4(o-
C6H4(PMe2)2)] and [TiX4(o-C6H4(EMe2)2)2] p = P, X - CI, Br; E = As, X = Br) 
revealed changes in the geometry at Ti(IV) on increasing coordination number. 

While Zr(IV) and Hf(IV) showed a strong preference for hard donor ligands, the 
complexes [MCl4(L2)] (L2 = o-C6H4(AsMe2)2, MeE(CH2)nEMe, E = S, Se, n = 2, 3, M = 
Zr, Hf) were prepared from [MC^MeiS);] . Reactions with 2 equivalents of ligand 
afforded 8-coordinate [MCl4(L2)2] for L2 = MeE(CH2)2EMe, E = S, Se, M = Zr, Hf The 
complexes were characterised by IR spectroscopy and elemental analysis. X-ray 
crystallography of [ZrCl4(Me2S)2], [ZrCl4(MeS(CH2)3SMe)], [HfCl4(MeSe(CH2)2-
SeMe)], [MCl4(MeS(CH2)2SMe)2] (M = Zr, Hf), [ZrCl4(o-C6H4(AsMe2)2)2] r^ealed the 
consequences of changing coordination number, ligand architecture and metal centre. 

Rare 7-coordinate complexes [MX4(L3)] were prepared using L3 = [Z]aneS4 (Z = 9, 
10) for M - Ti, X = CI, Br, I; M = Zr, X = CI. However, tripodal L3 = MeC(CH2EMe)3 
(E = S, Se) afford only 6-coordinate [MX4(Ti^-L3)] for M = Ti, X = CI, Br; M = Zr, X = 
CI. While L3 - MeC(CH2AsMe2)3 afforded 6-coordmate [TiX4(Ti^-L3)] (X = CI, Br, I) 

and 8-coordinate [ZrCl4('n'̂ -L3)2]. The complexes were characterised by 'H, ^^C{̂ H} 
NMR (M = Ti) and IR spectroscopy and elemental analysis. X-ray crystallography of 
[TiBr4{MeC(CH2AsMe2)3}], [ZrCL,([9]aneS4)], [ZrCl4{MeC(CH2AsMe2)3}2] conGrmed 
6-, 7- and 8-coordination respectively and allowed comparison with the above structures. 
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Chapter 1 Introduction 

1.1 Introduction to Coordination Chemistry 

The chemistry of the transition metals is dominated by the formation of 

coordination and organometallic compounds. This is not entirely surprising considering 

the considerable number of possible metal / ligand combinations. However, 

examination of known transition metal coordination chemistiy reveals the m^ority of 

these complexes comply with simple trends concerning the properties of the metals and 

ligands. One such trend relates to the acidity or basicity of the metals and ligands. It was 

G. N. Lewis' who first classified substances that act as ligands as bases and the 

substances with which they react as acids. Thus was bom the formal definition of Lewis 

acids and bases: 

Lewis acid; electron pair acceptor 

Lewis base: electron pair donor 

It is the direct combination of these Lewis acids and bases that leads to the formation of 

coordinate bonds, and hence the term coordination compounds. 

While these Lewis definitions are useful, they provide little information on whether 

a particular combination of acid and base will react to give a stable compound. In 1958, 

Ahrland, Chatt and Davies devised a sub-classification of Lewis acids based on their 

reactivity.^ Hence, metals were identified as either a or c/ow.; 6 based on the 

definitions; 

Class a; metals that form stable complexes with first-row donor elements (N, O, F) 

Class b; metals that form stable complexes with second-row donor elements (P, S, CI) 

« 

However, this definition results in many borderline cases where the degree of a- or 6-

character is dependent on the oxidation state of the metal. In 1968, R. G. Pearson 

developed this concept fiirther to account for the dissimilar chemistries of diSerent 

metal oxidation states.^ Hence, Lewis acids and bases were sub-classified either hard or 

soft according to the definitions; 
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Hard base: donor with high electronegativity, low polarisability, resistance to oxidation 

So A base: donor with low electronegativity, high polarisability and readily oxidised 

Hard acid: acceptor with high positive charge density and low polarisability 

SoA acid: acceptor with low positive charge density and high polarisability 

Table 1 shows a selection of Lewis acids and bases classified as hard, soft or 

borderline. Based on these definitions, it is clear to see that the strongest interactions 

would result &om reactions of acids and bases of equivalent hardness. Thus, a hard 

acid/hard base interaction combines constituents with high charge density and low 

polarisability, resulting in bonding ionic in character (eg. NaC104)- Whereas a soft 

acid/soft base interaction combines highly polarisable constituents and hence the 

resulting bonding is covalent in character (eg. [Ag{o-C6H4(AsMe2)2}2]^. 

However, for a hard/soft combination, there is clearly a mismatch in the electronic 

properties of the acid and base, and therefore these interactions tend to be less stable 

than hard/hard or soft/soft interactions. Nevertheless, by careful choice of reaction 

conditions, it is possible to form stable compounds exhibiting hard/soft interactions. For 

example, the adducts [CrCl3([9]aneS3)]'^ and [V0Cl2([9]aneS3)]^ ([QjaneS] - 1,4,7-

trithiacyclononane) can be formed under anhydrous conditions by utilising the superior 

coordinating ability of the macrocyclic ligand. The chemistry described in this work 

will mainly concentrate on hard acid/soft base interactions to gain an insight into what 

properties of the soft bases affect the stability of the acid/base interaction. 

Table 1.1 Classification of hard and soft Lewis acids and bases 

Hard Borderline Soft 
i 

Acids H+, Li+ N a \ Ca^\ 
Ti% Fe^\Cr% 

Mn^+, BP; 

Fe^\ Cu^\Ru% 
N 0 \ SO2 

Cu+,Au\Ag+, 
Pd^\ Pt^\ Pt% 

Cd"+, Hg^+ 

Bases F1 Cr, HQ-, N O i l 
HzO, ORz, NRa, 

CIO4-, 

Br-, NO2-, 
N2, N3I SO3"-

ER2 (E = S, Se, Te), 
E'R3 (E' = P, As, Sb), 

CO, CgHe 
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1.2 Hard Metals of Group 4 

7.2.7 nfanmrn 

Titanium is a common element, with only iron, the fundamental component of the 

earth's core, more abundant in the earth's crust among the d-block elements. It exists in 

the form of two principal ores, ilmenite (FeTiO]) and rutile (TiOi), the latter 

representing the main use of titanium as a white pigment in the paint industry. Both ores 

involve titanium in its most common oxidation state, +4, where all four valence 

electrons are lost to present the Ti(IV) ion. The coordination chemistry of titanium is 

not exclusive to Ti(IV) though, with a wide range of complexes reported involving 

Ti(III). However, the lower oxidation states of titanium are much less common and are 

often unstable to oxidation.^'^ 

The most common coordination number of titanium is six, evident in all oxidation 

states of the metal. Again, this is not exclusive and there are examples of both higher 

and lower coordination n u m b e r s . T i ( I V ) complexes exhibit a large variation in 

coordination number, ranging from 4-coordinate in the tetrahedral TiCL, monomer, to 8-

coordinate dodecahedral [Ti(N03)4].'° The latter is however, one of only a small 

number of 8-coordinate Ti(IV) complexes, with 7-coordination yet less common, fbr 

example [TiCl(tropolone)3] (tropolone = C 7 H 5 O 2 ) . 
11 

The above examples include the halide TiCU, and indeed this is the major synthetic 

precursor to Ti(IV) complexes. TiBr4 is also a useful precursor, however very few 

characterised complexes involving TiL, have been reported, partly due to its low 

solubility in non-coordinating solvents. Moreover, the relative acceptor strengths of 

these titanium halides has been established as TiCL* - TiBr4 > with the latter 

leading to weakly coordinated complexes with donor ligands, if any at all. The few 

reported TiL} coordination complexes are not well characterised, for example [Tilz {o-

C6H4(AsMez)!} 2] [F]? is speculated on the basis of analytical and infra-red data alone. 
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7.2.2 ZfrcoMzwyM a/zcf 

Despite a difference in atomic number of 32, these heavier group IV elements 

exhibit near identical atomic radii due to the lanthanide contraction. Thus, the 

chemistries of Zr(IV) and Hf(TV) are very similar, more so than for any other pair of 

elements in the periodic table. Indeed, the two elements invariably occur together in 

nature, with the principal zirconium ores zircon (ZrSi04) and baddelyite (Zr02) 

containing ca. 2 - 5 % halhium. However, driven by their attractive, but contrasting 

nuclear properties, the separation of these elements has received renewed interest. Thus 

very weakly neutron absorbing zirconium is utilised in nuclear reactor construction, 

while highly neutron absorbing hafnium may be used within control rods in the reactors. 

As with titanium, both zirconium and hafnium show a strong preference for the +4 

oxidation state, with only a small number of reported Zr(HI) and Hf(ni) complexes, and 

sporadic reports of poorly characterised coordination complexes of the lower oxidation 

states. The larger size of zirconium and hafnium when compared with titanium 

generally leads to complexes of high coordination number, with eight-coordination most 

common. For example, bidentate 7V,A^-dialkyldithiocarbamate ligands, S2CNR2 are 

known to stabilise eight-coordination in the range of complexes [Zr(S2CNR2)4] (R = 

Me, Et, Pr)."" Although Zr(IV) and Hf(IV) are both strong Lewis acids, their larger 

ionic radii present less concentrated charge density and hence slightly softer character 

for the heavier group IV acids. While this lower Lewis acidity of Zr(IV) and Hf[IV) 

may reduce reactivity with donor ligands, the more diffuse charge may present greater 

orbital overlap with the polarised orbitals of soft donor ligands. Indeed, a small number 

of Zr(IV) and HI(IV) complexes involving phosphine, arsine and thioether ligands are 

known, (as discussed in Chapters 5 and 6), including six-coordinate [MCl4(THT)2] (M = 

Zr, Thus, it is possible that Zr(IV) and Hf(IV) haUdes may form a range of six 

and eight-coordinate complexes with other soft donor ligands of groups 15 and 16. 
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1,3 Soft Donor Ligands of Group 15 and 16 

The coordination chemistry of Group 15 ligands has an extensive history. In 1857, 

Hofmann'^ reported the first phosphine complex, while Cahours and Gal'^ reported the 

first arsine coordination complex in 1870. The discovery that arsine containing 

compounds were of therapeutic or, in some cases, poisonous value led to a huge 

development of arsine chemistry early in the century. However, from the 1930's, 

the expansion of phosphine chemistry has outstripped that of arsines following the 

realisation that phosphines were in fact superior ligands. This trend has continued to the 

present date with the development of FT-NMR techniques greatly enhancing the study 

of the 100% abundant spin nucleus. As a result, a number of industrially 

important phosphine compounds have been synthesised, including Wilkinson's catalyst, 

[RhC](PPh3)3] for the hydrogenation of alkenes/" 

1.3.1.1 Group 15 Lisand Synthesis 

The synthesis of phosphine and arsine ligands follow very similar methods, and 

outlined below are the some of the possible synthetic routes for a selection of the 

ligands used throughout this study. Phosphine synthesis is slightly more difficult than 

for arsines due to the ease of oxidation of P(III) to P(V). However, stibine ligands are 

even more challenging to synthesise due to the weakness of the Sb-C interaction leading 

to the facile elimination of the alkyl groups. 

Ph2E(CH2)oEPb2 (E = P, As)̂ ^ ^ 

THF X(CH9)nX 
2EPh3 + 2Li ^ ZLiEPhz — ^ P h 2 E ( C H 2 ) n E P h 2 + 2LiX 

0-C6H4(PPh2)2""^^ 

O-C6H4F2 
ILiEPhz ^ o-C6H4(EPh2)2 + 2LiF 
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• 0-C(,H4(E\1C2)2 27;28,29,30 

THF 
2EMe; 2Na ZNaEMe? 

0-C6H4CI2 
o-C5H4(EMe2)2 + 2NaCl 

" MeC(CH2AsMe2)3 31 

SNaAsMc] 
MeC(CH2Br)3 

MeC(CH2AsMe2)3 + 3NaBr 

13.1.2 M-E (E = P, As. Sb) Bondim 

The valence electronic configuration for the donor atoms in Group 15 ligands ER3 

(E = P, As, Sb) is np^ nd^. Three of these electrons are used in the three E-R bonds, 

leaving one lone pair of non-bonding electrons. It is this electron pair that is donated 

into an empty d orbital of a transition metal centre to form a o-bond. The Group 15 

donor elements also possess empty d orbitals that can, according to the Chatt bonding 

m o d e l , a c c e p t electrons from filled d orbitals of suitable (tt) symmetry on the metal 

centre. While this Tt-backbonding is widely accepted to occur in M-E bonding for mid-

and late transition metals, it has been argued that the d orbitals on the donor atoms are 

too diffuse and of too high energy to contribute significantly to the bonding. Recent 

quantum mechanical calculations, supported by single crystal X-ray diffraction studies, 

have suggested that 7t-acceptance may in fact involve the E-C a* orbitals which are of 

more suitable energy/^ While the latter is the generally accepted model, the X-ray 

diffraction evidence for this is of marginal significance according to the margins of 

error associated with the X-ray crystallographic data. 

The strength of the transition metal to Group 15 donor interaction ̂ has been 

investigated through the study of ligand exchange properties of the cations 

C5H5)Fe(C0)2(ER3)]'^ (E - P, As, Sb).̂ '̂  The results indicate the strength of the Fe-E 

mteraction decreases down Group 15 to give a donor ability order PR3 > ASR3 > SbR3. 

While the work within this present study will concentrate on d° metal centres incapable 

of n-bonding, the order of a-donating ability is expected to remain unchanged. 
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Other than the electronic considerations mentioned above, steric e&cts also 

influence the M-E interaction. With three substituents (R) on the Group 15 donor atoms, 

the ER3 ligand is potentially a bulky ligand. The extent of this 'bulkiness' has been 

modelled to some extent by Tolman,̂ ^ who devised a scale based upon the space 

occupied by the ligand upon coordination to a metal centre. The 'Cone Angle' model 

has two major assumptions; there is a fixed bond distance between metal and donor 

(2.28 A) and that the ligand occupies a complete cone of space emanating &om the 

metal centre, with no intermeshing between neighbouring ligands. The cone angle is 

then defined as the apex angle of the cone subtended at the metal centre (Figure 1.1). 

While the assumptions tend to overestimate spatial considerations, this simplistic model 

does allow semi-quantitative comparison of the steric effects of different ligands. 

However, it has been shown through X-ray diffraction studies^^ of complexes involving 

the bulky ligand PCyi that the molecules can adapt in order to accommodate steric over-

crowding, principally via intermeshing ligands or lengthening of the M-P bond and 

hence reducing the cone angle. 

Figure 1.1 Schematic representation of the Tolman Cone Angle in M-PR3 

Cone Angle 

1.3.2 Grouy 16 Lisands 

Although the roots to the coordination chemistry of Group 16 donor ligands can be 

traced back to the same era as Group 15 ligands, it is only relatively recently that the 

first major reviews in this area have been reported. This apparent neglect for Group 16 

coordination chemistry can be attributed to the generally accepted view that donor 
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ligands of Group 16 are weaker donors than those of Group 15. However, other factors 

influencing the comparative lack of interest in these ligands must include their toxicity, 

commercial unavailability and the fact that they are generally extremely malodorous. 

Recently however, thioether chemistry has benefited &om the development of 

raacrocyclic derivatives offering significantly improved donor abilities. Seleno- and 

telluro-ether chemistry has also received renewed interest through the development of 

FT-NMR techniques for studying the spin ys and ^̂ T̂e nuclei (7.58 and 6.99% 

abundance, respectively). As a consequence of this recent interest. Group 16 donor 

ligands are now an integral part of the development of thin film electronic materials 

formed v/a Chemical Vapour Deposition (CVD) processes (see Chapter 3).̂ ^ 

1.3.2.1 Group 16 Lisand Synthesis 

Similar to the ligands of Group 15, the synthesis of thio- and seleno-ether ligands 

follow very similar methods, and the synthetic routes for the ligands used in this study 

are outlined below. Again, the lower member of the group of ligands, telluroethers have 

the most challenging syntheses due to the weakness of the Te-C interaction leading to 

facile elimination rather than substitution reactions. 

. PhS(CH2)nSPh 38 

EtOH Cl(CH2)nCl 
2PhSH ^ 2NaSPh — — P h S ( C H , ) n S P h + 2NaCl 

Na 

. MeS(CH2)nSMe 38 

EtOH 2MeI 
HS(CH2)nSH ^ NaS(CHi)nSNa ^ MeS(CH2)nSMe + 2NaI 

Na 

. o-C6H4(SMe)2 39 

NaSMe 
0-C6H4CI2 

THF, -NaCl 

BuLi 
o-C6H4(SMe)Cl 

% MeSSMe 
^ o-C6H4(SMe)2 + LiCl 
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. PhSe(CH2),SePh40 

]%iSeSdMi » » PhS^TBzXiSeFh + ZUBr 

# MeSe(CH2)oSeMe40 

lEtzC) (:i((:H2)nCi 
(ge p<]wcler »» *» IVlelSeiXZIiTOnfSeTvIe i- 2]Li(:i 

MeLi 

. o-C6H4(SeMe)2^' 

NaSeSeNa Rongalite 
o-C6H4Br2 DJYQ? _2NaBr [-(^-SsCali^Se-ln 2MeI * o-C6H4(SeMe)2+ 2NaI 

. MeC(CH2EMe)3 (E = S, Se) 42,43 

IvIeCfCIizIBr)] 
3NaEMe » AAeCfCHjaMek + 3NaBr 

o Thioether Macrocyc les^ ^^^ 

High Dilution: Large volumes of solvent used in final stage to promote cyclisation 

over polymerisation. Typical route for thioether macrocycles; 

I I " ^ ^ \ ^ \ " I J 
ES 33 ] KOEH2O 

OH no ga Hs 

i 

Template: Donor atoms bound to metal ion and preorganised for cyclisation, 

or binding only possible for cyclised product. Less common for 

thioether macrocycles due to weak S-donor to metal interaction: 
S—\ 

"g ^ Mo(CO)3(MeCN)3 

s- s- ^ 

s 

,l'' 1 
CO * CO 

CO 

1 [ ^ 1 \ / 
BKCEj^Br S- S- S s' 

•- i 
) 

piagelO 

CO I CO 
CO 
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7.j.2.2 M-E - 6". Tej 

The valence electronic configuration for the donor atoms in Group 16 ligands ER] 

(E = S, Se, Te) is np'* nc^. Two of these electrons are used in the two E-R bonds, 

leaving two lone pairs of non-bonding electrons. As with the Group 15 ligands, one of 

these electron pairs is donated into an empty d orbital of a transition metal centre to 

form a a-bond. However, it is the presence of the second lone pair that increases the 

complexity of the bonding model for these ligands. If the lone pair remains non-

bonding, it is could be a source of tt-repulsion when interacting with electron rich metal 

centres. Alternatively, the lone pair may a-donate to a second metal centre to give a 

bridging ER2 unit, as observed in the adduct [Br2Pt(SEt2)2PtBr2].''^ Otherwise, the lone 

pair could Tc-donate into empty d orbitals of the correct symmetry on a a-bonded metal 

centre. While this may be possible during interactions with electron poor metal centres, 

there is no good evidence to suggest that 71-donation is significant for these ligands. 

In addition to the uncertainty concerning the contribution of the second lone pair 

to M-E bonding, empty d orbitals on the Group 16 donor also present the opportunity 

for TT-acceptance from filled d orbitals of the metal centre. However, by similar 

arguments concerning Tt-acceptance in Group 15 ligands, it is more likely that any such 

bonding in Group 16 ligands will involve E-C a* orbitals, and not the diffuse and high 

energy d o rb i t a l s .Whi l e it is difficult to establish unequivocally the presence of n-

backbonding, comparison of observed M-E bond lengths with the sum of the covalent 

radii of the two components has suggested this type of bonding occurs in some cases.'̂ ^ 

Indeed a recent report on macrocyclic thioether complexes suggested that rc-acceptance 

may be a significant part of M-S bonding in certain cases .However , it is the general 

consensus that for the majority of Group 16 donor ligands, 7i-bonding is either weak or 

totally absent, as supported by theoretical studies on thio- and seleno-ether complexes 

[Cr(C0)5(ER2)] (E = S, Se)."° 

As with the donor ligands of Group 15, experimental and theoretical studies have 

been reported for the Group 16 ligand cations [(r|^-C5H5)Fe(C0)2(ER2)]^ (E = S, Se, 

Te).̂ "̂  However, in contrast to Group 15, the results indicate the strength of the Fe-E 

interaction increases down Group 16 to give a donor ability order of TeR2 » SeR2 > 

SR2. Recently, work undertaken within this research group at the University of 
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Southampton has shown the same trend down Group 16 in the complexes [Mn(C0)3X-

(L-L)] (X = CI, Br; L-L - dithio-, diseleno- or ditelluro-ether)^^ and [Mn(C0)3(L3)]^ (L3 

= MeC(CH2EMe)3).^^ These results have been attributed to decreasing electronegativity 

down Group 16 leading to increasing donation to the metal centre. However, this also 

leads to increasingly diffuse a-orbitals on the donor, with the effect most pronounced 

for telluroether ligands. For low valent metal centres, as in the above examples, the 

spatial expansion of the d orbitals is also large and so there is good orbital overlap with 

the diffuse telluroether orbitals. The observed donor ability of ER2 therefore increases 

down Group 16, S < Se « Te. However, on increasing the metal oxidation state, the d 

orbitals contract and interaction with telluroether ligands decreases, giving a donor 

order S < Se > Te. This is exemplified by the inability of telluroethers to bond to high 

oxidation state platinum metals, while thio- and seleno-ethers form stable adducts. This 

contrasts with Group 15 donor ligand behaviour, where donor ability is always P > As > 

Sb. For the high oxidation state d° metals to be used in this study, the latter trend is 

expected and hence telluroether coordination is expected to be weak. Also, the absence 

of d electrons will nullify any 71-backbonding contributions. 

While the presence of only two R groups removes steric considerations for 

chalcogenoether ligands ( E R 2 ) , two lone pairs of electrons on the donor atoms leads to a 

pyramidal environment at the chalcogen, E via sp^ hybridisation. Consequently, if the 

two R groups are different (RER'), the chalcogen becomes chiral upon coordination c-

donation to a metal centre, assuming the second lone pair remains non-bonding. This 

chirality leads to the presence of two enantiomeric forms upon inversion at E, and this 

process is known simply as pyramidal inversion. The most common mechanism (Figure 

1.2) for this inversion process involves the interchange of two energetically equivalent 

configurations via a planar transition s t a t e . B y this definition, pyramidal inversion is 

simply a subtle molecular rearrangement and involves no bond cleavage. Other 

mechanisms that do involve dissociation and recombination of one or more of the 

substituents on E have been shown to exist,^ however the strength of metal-chalcogen 

bonds suggest bond cleavage is not a favoured mechanism for Group 16 ligands. 
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Figure 1.2 Proposed mechanism of pyramidal inversion for chalcogenoethers. 

V - i n 

M 
R' f ^ A 

Pyramidal inversion can give rise to subtle variations in the geometry of the 

molecule; hence it may be possible to elucidate the presence of the diastereoisomers 

through NMR spectroscopy. For monodentate ligands, rotation about the M-E bond is a 

low energy process and so the diastereoisomers are NMR indistinguishable. However, 

for chelating ligands, this rotation is generally not energetically feasible and so the 

different invertomers can be observed providing they are not interconverting rapidly via 

pyramidal inversion. Thus, pyramidal inversion in chalcogenoether complexes was first 

observed in the chelate complex [PtCl] {MeS(CH2)2SMe}] by Abel and co-workers in 

1966.^^ Thereafter, there have been various investigations into pyramidal inversion in 

other chalcogen-transition metal c o m p l e x e s . A review on the NMR studies of 

pyramidal inversion has revealed a number of factors which influence the activation 

energies associated with inversion,including: 

• Nature of the inverting centrê '̂̂ '̂̂ '̂̂ '̂  

Activation energies to pyramidal inversion generally accepted to increase down 

Group 16, S < Se < Te, although there is little qualitative data reported for Te. 

• Nature of the metal centre^' 

Coordination of the chalcogen to a metal centre dramatically reduces the energy 

barrier to inversion at E in two ways. Firstly, the electropositive nattire of the 

metal decreases the & character of the non-bonding lone pair, thus allowing 

easier access to the planar transition state. Secondly, this transition state may be 

stabilised via {p-cTjn conjugation between the chalcogen and the metal centre. 

• Ti-Conjugation in the donor ligand®' 

As with interactions with the metal, Ti-coigugation in the organic substructure 
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of the ligand may stabilise the transition state and reduce the inversion barrier. 

* Chelate ring strain 

Small chelate rings generate strained bite angles that increase the energy barrier 

to the trigonal transition state. Hence, there is a noticeable decrease in inversion 

barrier on increasing the chelate ring size from 5- to 6-membered. 

® Influence of trans ligands^^ 

Highly electronegative ligands to the ehalcogen may weaken the M-E 

bond and hence increase the energy barrier to inversion by reducing the 

stabilising influence of the metal centre. 

1.3.3 Limnd Architecture 

It is expected that the combination of hard Group 4 metal centres with soft donor 

ligands of Groups 15 and 16 will result in weak interactions, as indicated by the 

hard/soft acid/base principle discussed earlier. Consequently, the architecture of the 

ligands used will be carefully chosen to maximise the metal-donor interaction. 

Multidentate ligands can provide enhanced stability compared with monodentate 

ligands due to the kinetic advantage of one metal-ligand encounter offering numerous 

donor atoms. However, the coordination of multidentate ligands has a number of 

thermodynamic consequences, and the magnitude of stabilisation may also depend on 

the coordination environment at the metal centre. 

1.3.3.1 The Chelate Effect i 

The thermodynamic advantage of multidentate ligand (L*, x = denticity) 

coordination over that of the equivalent number (x) of monodentate ligands (L) can be 

recognised by observing the equilibrium between the two moieties: 

M(L)x + L, M(Lx) + x(L) 
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The equilibrium constant (K) associated with this scheme is related to the standard free 

energy, and therefore the enthalpy and entropy of the reaction by the equations: 

= - R T ( b I Q 

AG° = /UT - TAS° 

Therefore, the direction of the equilibrium is dependent on the enthalpic and entropic 

contributions of the two systems. For ligands involving the same donor atoms, the 

strength of individual metal-donor interactions remain relatively independent of ligand 

denticity and hence the enthalpy terms of each system are comparable. However, when 

considering the entropic contributions, it is evident that multidentate ligand coordination 

leads to more free species and hence greater entropy. The net result is a more negative 

free energy and therefore greater stabilisation for the multidentate complex. This is 

defined as the Chelate Effect, and the size of chelate stabilisation increases with the 

number of chelate rings formed during ligand coordination. The effect is also dependent 

on the size of the chelate rings, with 5- (most stable) and 6-membered chelate rings 

offering greatest stabilisation. 

J.3.3.2 MacrocvcZzc 

Macrocycles can be defined as cyclic molecules with nine or more atoms, at least 

three of which are donor heteroatoms. On coordination to a metal centre, a macrocycle 

of denticity n results in the formation of n chelate rings. However, the stabilisation 

observed surpasses that expected for the cumulative chelate stabilisation.^^ This is 

known as the Macrocyclic Effect^ and the basis to the thermodynamic stabilisation can 

be recognised by observing the equilibrium between macrocyclic coordination and that 

for an analogous open chain ligand of equal denticity; 

M ^ ( L c h a i n ) L m a c —* I V l ( L n i a c ) Lchain 

Here, the entropic contribution relates to the configurational freedom of the respective 

ligands. The ring structure of the macrocycle results in fewer configurational degrees of 
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freedom, hence little entropic loss on coordination to the metal centre. However, open 

chain ligands potentially possess a large number of rotational and vibrational degrees of 

freedom, most of which are lost on coordination. Thus, the entropic term for open chain 

ligand coordination is unfavourable and therefore favours macrocyclic coordination, as 

observed for aza-macrocyclic ligands on coordination with Ni(II).®^ 

The conformation of ligands can also influence the enthalpic contribution. 

Macrocyclic coordination is only effective when there is a good match between the 

macrocycle ring size and the size of the metal centre. Similarly, certain ring sizes lead to 

conformations where the donor atoms are to the ring (eg. [14]aneS4 = 1,4,8,11-tetra-

thiacyclotetradecane) and therefore require reorganisation prior to coordination. This 

increases the activation energy to coordination and hence reduces the net enthalpic 

stabilisation. Other factors also influence the effectiveness of macrocyclic coordination, 

including solvation effects. However, these are only significant for hard O- and N-donor 

macrocycles, and less important for the soft S-donor ligands to be used in this study. 

In order to maximise the chelate and macrocyclic effects discussed above, a range 

of ligand denticities will be used which generate 5- or 6-membered chelate rings on 

coordination to a metal centre. These are outlined below; 

# Bidentate ligands 

PhsE —(CEs).—EPhs KE—(CEzXi—ER 

Group 15 : E = P, As; n = 1, 2, 3 Group 16 E = S, Se; R = Me, !|h; n = 2, 3 

# Tripodal ligands 

Me Me Me 

I ' Y ' x r Y ' \ r 
MezAs^. { AsMes MeS , ' SMe MeSe SeMe 

MesAs Meb MeSe 
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Macrocyclic ligands 

\ ) / 

jiJaneS 

\ ' 

> 

\ \ 

1 

[10]aneS3 [12]aneS4 [14]aneS4 [16]aneS4 [15]aneS5 

1.3.3.4 Coordination Number and StereochemisUy 

As mentioned earlier, the common coordination numbers of Group 4 metal 

complexes range from six for titanium to eight for zirconium and hafnium. Therefore, 

for the MX4 (M = Ti, Zr, Hf; X = CI, Br, I) precursors to be used in this study, 

coordination of the above multidentate ligands can lead to a number of coordination 

geometries at the metal centre. Moreover, for the Group 16 donor adducts, the 

possibility of pyramidal inversion can also lead to a number of diastereoisomeric forms, 

as shown below. Inversion is not expected to be significant for the macrocyclic adducts 

due to the energy required for reorganisation of the ring structure. 

8 6-coordinate 

Formed by coordination of bidentate or ri'-tripodal ligands. The resulting 5- or 

6-membered chelate rings cannot span the metal centre for trans coordination, 

hence only the cis isomer is observed. Inversion for Group 16 ligands leads to 

two meso invertomers and a DL pair of enantiomers. 

Bidentates: 

X 

X 
M 

X 

/ 
:V) A' 

IT 

M. 
X 

X 

/ \ 

\ / 
enantiomeric DL pair 

M 

X 

"X 

X 
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11^-Tripods: 

mayo-7 

\ X 
M 

X \ 
7M&50-2 

/ 

enantiomeric DL pair 

o 7-coordinate 

Numerous geometries are known for 7-coordination. Four of these are capped 

octahedral (Csv), capped trigonal prismatic (C2v), pentagonal bipyramidal (Djh) 

and irregular 

/ / \ 

.X 

C3v Czv Djh C, 

For the MX4(tridentate) adducts studied here, the '4 + 3' donor set appears to 

be best accommodated by the capped octahedral structure. The expected weak 

interactions between hard metal and soft donor may lead to a distorted 

structure, with the trigonal base elongated away from the centre. While 

coordination of tridentate macrocycles in this way leads to only one isomer, 

tripodal coordination can result in anti or syn isomers; 

E 
X I 
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8-coordinate 

Again, numerous geometries have been observed for 8-coordination:^ 

Cubic Hexagonal bipyramidal Puckered HBP 
(HBP) 

Dodecahedral Square anti-prismatic 1 : 5 : 2 

However, only two of these are commonly observed in coordination 

complexes, dodecahedral and square anti-prismatic. The two structures are very 

similar, with the dodecahedral structure formed by simply distorting the square 

faces within the square anti-prismatic structure. Indeed, studies concerning the 

potential energy surface for ligand-ligand repulsion in 8-coordinate structures 

have shown a continuous interconversion between the two geometries. The 

structures differ only in that the eight ligand sites of the anti-prismatic structure 

are equivalent, while the dodecahedral geometry contains two different sites. 

Thus, the two pairs of ligand sites at the apex and base of the above 

representation are elongated to give four 'A'-type vertices and four 'B'-type 

vertices along the equator. Each type of ligand site form tetrahedra, hence the 

dodecahedral structure can be thought of as two interpenetrating tetrahedra. 

For the MX4(bidentate)2 adducts studied here, the '4 + 4' donor set appears to 

be best accommodated by the dodecahedral structure. Again, the interactions 

between hard metal and soft donor are likely to be weak, and therefore the 

donor ligands are expected to occupy the elongated 'A'-type vertices. 
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1.4 Characterisation Techniques 

The weakness of the hard/soft interactions studied in this work presents difficulties 

during complex characterisation. Due to the preference of the hard metal centres for 

hard donor ligands, the adducts formed are likely to be extremely moisture sensitive, 

with the soft ligands readily displaced by hard 0-donor ligands. Therefore, it is 

imperative that the air and moisture free conditions to be used during complex synthesis 

are maintained during characterisation. In general, this has prompted the use of 

rigorously anhydrous solvents, sample preparation within a continuously Nz-purged dry 

glove box and where possible, sealing the samples from external conditions. 

A range of spectroscopic techniques has been employed throughout this study and 

an overview is given below. In addition, microanalytical data have been collected for all 

isolated solids and electrospray mass spectrometry was utilised for the Mn(I) complexes 

discussed in Chapter 2. 

Previous studies have shown that the metal-halide stretching frequencies for the 

Group 4 metals occur in the region 400-250 cm'\^^ Therefore, IR spectra were recorded 

for all the Group 4 complexes formed here as nujol mulls (using sodium-dried Nujol) 

pressed between Csl plates in the range 1000-200 cm"\ The number of metal-halide 

stretching frequencies observed has been useful for determining the geometry of the 

complexes by applying group theory. 

The work described in Chapter 2 discusses manganese carbonyl adducts with 

thioether macrocycles. Here IR spectroscopy has been utilised to study changes in the 

manganese-carbonyl interaction via monitoring the C-0 stretching frequencies (2200-

1800 cm"^). Thereby, an increase in Mn(I) Tc-backbonding into the a*(C-0) orbital of 

the carbonyl will result in decreased C - 0 interaction and therefore a decrease in the C-0 

stretching frequency. This has been used to indicate the influence of the coordinating 

thioether donor ligands on the electronic properties of the Mn(I) centre. 
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7.4^2 /̂gcA'OMic ^oecA'p^copv 

For the d° Group 4 metal adducts studied here, electronic spectroscopy is simplified 

by the absence of d-d and metal to ligand charge transfer (MLCT) transitions. 

Therefore, with the exception of possible 71—̂ 71* transition from aryl substituents, all 

observed transitions can be defined as ligand to metal charge transfer (LMCT) 

transitions from lone pairs of electrons on the halides or Group 15 and 16 donor ligands. 

Solution spectra are preferable due to the possibility of calculating the molar 

absorption coefficient Smax- However, significant decomposition of the very moisture 

sensitive solutions was observed at the required low concentrations. Therefore, spectra 

were recorded by diffuse reflectance using anhydrous BaS04 as an inert diluent. 

The position of electronic transitions can confirm the donor types present in a 

complex by comparing the optical electronegativities (%opt) of the respective metal and 

ligand.^^ Thus, the lowest energy LMCT transition can be predicted using the 

equation: 

V = C[%opt(Ligand) - %opt(Metal)] 

For C = 30,000 cm'', the optical electronegativites are comparable to Pauling's values 

and using these, it was possible to predict the lowest energy electronic transition. 

M / c / e a r 5 ' p g c / r o ^ c o D V 

NMR spectroscopy has been used extensively throughout this study for the 

characterisation of the synthesised complexes. In many cases, multinuclear studies have 

been undertaken to provide complementary data relating to different aspects of the 

metal-ligand interaction. Furthermore, the utilisation of variable temperature NMR 

spectroscopy has permitted resolution of some of the dynamic processes occurring in 

solution, including pyramidal inversion for the Group 16 ligand complexes. 
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NMR spectra were recording in 5 mm tubes using anhydrous CDCl] or CD2CI2 

solutions of the complexes. The lower sensitivity of the other studied nuclei necessitated 

the use of 10 mm tubes with anhydrous CHCI3 or CH2CI2 sample solutions containing 

10-15% deuterated solvent. and NMR spectroscopy are well established 

techniques and therefore will not be discussed in detail here. 

The nucleus is 100% naturally abundant and with spin I = V2 and a relative 

receptivity of 6.6 x 10'^ compared to is an excellent nucleus for NMR spectroscopy. 

The observed chemical shift for a PR3 ligand is largely governed by the nature of the 

substituents R; electron rich R results in low frequency shifts, whereas electron 

withdrawing R gives rise to high frequency shifts. Similarly, on coordination to a metal 

centre, the dominating a-donation of electrons away from the phosphine donor 

deshields the nucleus and results in a shift to higher frequency. This is known as the 

coordination shift (A), and is particularly significant for multidentate phosphines where 

chelate rings are formed on coordination to a metal centre. For these chelate rings, the 

observed shift has two components; the frequency shift due to the coordination of the 

two donor atoms (Adonor), and an additional contribution defined as the chelate-ring 

parameter (Anng): 

"̂ chelate Adonor A; ring 

The size of Anng is dependent on the size of the chelate ring.^' GeneraHy, for 5-

membered chelate rings, Anng is large and positive, for 4- and 6-membered it is small 

and negative and is neglible for larger ring sizes. This is well illustrated in the series cis-

[PtMe2{Ph2P(CH2)nPPh2}], where Armg values -52.2, +24.1, -14.1 and -0.7 are 

observed for n = 1 to 4 and hence chelate ring sizes four to seven, respectively.^^ 
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Selenium has six naturally occurring isotopes, of which ^^Se, with natural 

abundance 7.6%, spin I - yS and relative receptivity 5.26 x 10"̂  compared to 'H, is most 

suitable for NMR. spectroscopy. While the abundance and receptivity appear low, they 

compare well in relation to suggesting ^^Se is an accessible nucleus for NMR 

spectroscopy. However, long relaxation times necessitate slow pulse rates or the 

addition of a relaxation agent such as Cr(acac)3, and therefore in practice, ^̂ Se is more 

difficult to observe than As for coordination of selenoether ligands to a metal 

centre through a-donation deshields the ^'Se nuclei and the observed coordination shift 

is usually to high frequency. 

The 100% abundance of ^^Mn and the relatively high receptivity of 0.175 

compared with means the collection of ^'Mn NMR spectra is reasonably 

straightforward. However, ^̂ Mn nuclei have spin I = % and a moderate quadrupolar 

moment Q = 0.55 x 10"̂ ^ m^. Therefore, for complexes with less than octahedral (Oh) or 

tetrahedral (Ta) symmetry, the large electric field gradient generated by the quadrupole 

is expected to considerably broaden any ^^Mn resonances. For example, the Csv cation 

[Mn(C0)3([9]aneS3)]'^ ([9]aneS3 = 1,4,7-trithiacyclononance) gives a remarkably sharp 

^^Mn resonance with half height width w/, = 120 Hz. However, on decreasing the 

symmetry to Czv in [Mn(C0)3{MeS(CH2)2S(CH2)2SMe}]^ by using the equivalent open 

chain ligand, the observed ^^Mn resonance is considerably broadened, w>/, = 3500 Hz.'^ 

The significance of this broadening is reduced slightly due to the large chemical shift 

range o f -3000 to +490 ppm observed for manganese adducts. 
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Pz/̂ -̂acfzoM 

The data for the single crystal X-ray dif&action studies were routinely collected on 

either a Rigaku AFC7S four-circle diffractometer or an Enraf-Nonius Kappa CCD 

diffractometer. The resulting reflections were sorted and the quality of data was gauged 

from the percentage of expected reflections that were observed. Also, comparison of 

data for equivalent reflections allows calculation of an internal residual factor with 

values less than 0.1 typically representative of a good data set. 

The structures were solved using either direct methods'"^ or Patterson synthesis^^ 

methods; the latter most suitable for structures containing heavy atoms, while the 

former can be used for all structures. For the coordination complexes studied here, the 

involvement of a transition metal justifies the use of Patterson synthesis, however in 

some cases both methods may have been attempted to gain the best structure solution. 

Also, the presence of heavy atoms necessitates the application of absorption corrections. 

Therefore, for the Rigaku data, psi-scans^^ were routinely recorded during data 

collection and for the Nonius data, absorption was calculated by comparison of 

symmetry equivalent reflections using SORTAV software.^^ 

The resulting solutions were then refined using iterative cycles of full-matrix least-

squares refinements^^ that attempt to minimise the difference between the Fourier 

transforms of the structure solution and the observed data. From this, a number of 

residual factors can be calculated to gauge the quality of the structure solution, 

including the R-factor (R) and the weighted R-factor (Rw). Again, values less than 0.1 

typically represent a good structure solution. Another commonly quoted ratio is the 

number of observed reflections per parameter refined. Generally a reflection; parameter 

ratio of at least 8 is required for a satisfactory solution, though slightly lower values 

may be acceptable for high symmetry complexes. The reflection:parameter difference is 

also accounted for in the goodness of fit (GOF), which is a standardised comparison 

with optimal value equal to 1. 
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1.5 Overall Aims 

The aims of this study were to investigate a selection of hard acid/soA base 

interactions, with a view to establish the influence of donor atom and ligand architecture 

on interaction stability. As an introduction to soft donor coordination chemistry, the 

ability of thioether macrocycles to stabilise Mn(I) centres has been studied. For 

manganese carbonyl adducts, soft donor coordination requires the removal of electron 

withdrawing carbonyl ligands, with the associated increase in electron density at Mn(I) 

destabilising the metal centre. Therefore, while coordination of high denticity thioether 

ligands is not expected due to the poor 7i-backbonding properties of the donor, this may 

be achieved via choice of ligand architecture, in this case by macrocyclic stabilisation. 

To investigate hard/soft interactions, this study has concentrated on the chemistry 

of some of the hardest known metal centres, the d° cations of Group 4 (M = Ti, Zr, 

Hf). Using the halide precursors MX4 (X = CI, Br, I), the synthesis of a range of 

coordination complexes has been attempted using a variety of soft donor ligands from 

Groups 15 and 16. The metal-ligand interaction is expected to be weak and susceptible 

to dissociation in the presence of hard donors, hence the adducts are likely to be 

moisture sensitive. The stability of the interaction has been studied by numerous 

spectroscopic methods, with multinuclear NMR utilised to study the presence of 

dynamic processes in solution and therefore determine the relative acceptor and donor 

properties of MX4 and the soA ligands. Single crystal X-ray dif&action studies have 

been employed to establish the influence of different ligand architectures on the 

coordination number and geometry observed at the metal centre. 

Some of the Group 4 coordination complexes attempted within are potentially 

single source precursors to metal-chalcogenide materials used for various electronic 

applications. The formation of these materials via controlled thermal decomposition of 

the complexes has been discussed briefly. 
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Chapter 2 Stabilisation of Manganese(I) Carbonyls by Thioether Macrocycles 

2.1 Introduction 

Unlike most other transition metals, the organometallic chemistry of manganese 

does not have an extensive history. Unconfirmed reports of phenylmanganese species 

date from 193?/'^ however it was over a decade later before dimanganese decacarbonyl, 

[Mn2(CO)]o], was isolated in 1949/ and subsequently characterised in 1954̂ * as the first 

substantiated organomanganese compound. Significantly, this post-dated the discovery 

of ferrocene and hence much of the early work in organomanganese chemistry 

concentrated on the development of analogues to ferrocene derivatives. 

Other significant early discoveries include the m j'/Yw synthesis of Na[Mn(C0)5] 

and the carbonylation of Mnl? to [Mn(C0)5l], with both pentacarbonyl adducts serving 

as important precursors to Mn~' and Mn^ carbonyl complexes, respectively/ 

[Mn(C0)5Cl] and [Mn(CO)5Br] were subsequently prepared in 1959 through cleavage 

of the metal-metal bond in [Mn2(CO)io] by the respective halogen,^ and the accessibility 

of these manganese pentacarbonyl halides has led to their extensive use as synthetic 

precursors to a range of organomanganese compounds. 

Manganese in organometallic chemistry generally assumes the formal oxidation 

states -1 , 0 or +1. Of these, ]Vln(I) is of particular interest due to the stability of the 

electronic configuration presenting the basis for low-spin, kinetically inert, diamagnetic, 

octahedral complexes. However, such a low oxidation state requires the presence of Ti-

acceptor ligands to reduce the high electron density associated with the manganese 

centre. Despite this, the v(CO) stretching &equency of 2090 cm'' for the parent Mn(I) 

carbonyl cation, [Mn(C0)6]^, (in THF) shows only a small deviation to that of 6ee 

carbon monoxide at 2143 cm"'. This suggests only a small extent of 7t-bonding between 

metal and ligand, in contrast to the strong Tc-bonding observed in the isoelectronic 

adducts [Cr(C0)6] and [V(C0)6]', with respective v(CO) 6equencies 1996 cm ' (in 

CCI4) and 1859 cm ' (in THF).'^ 

The weak ix-bonding observed for Mn(I) carbonyls presents the opportunity for 

substitution reactions via dissociation of carbonyl ligands. A large variety of complexes 

involving group 15 ligands have been synthesised this way, with carbonyl cations 

ranging firom pentacarbonyl [Mn(C0)5L]'" adducts to monocarbonyl [Mn(C0)(L)5]^ 

species fbr phosphine l i g a n d s . I n d e e d , the strongly 7t-backbonding phosphine 

Page 30 



Chapter 2 Stabilisation of Manganese(I) Carbonyls by Thioether Macrocycles 

ligands are also known to stabilise homoleptic Mn(I)-phosphine complexes/^ Thus, 

[Mn(dmpe)3]^ [dmpe = l,2-bis(dimetbylphosphino)ethane] is synthesised v/a reaction of 

[(jyM-Tj''-pentadieny])Mn(dmpe)2] with dmpe and NH^PFa. Similar reaction in the 

presence of the trimethyl phosphite afkrds [Mn(dmpe)2{P(0Me)3}2]^, with the 

coordination sites vacated by the pentadienyl ligand now accommodated by the stronger 

7i-acceptor phosphite ligand. 

Until recently, complexes involving group 16 ligands have been much less studied, 

with work undertaken within this research group at Southampton addressing this 

situation over the last few years. Thus, a series of tricarbonyl complexes of the form 

yac-[MnX(C0)3(L2)] (X = CI, Br, and _/ac-[Mn(C0)3(L3)r have been 

synthesised involving bi- and tri-dentate thio-, seleno- and telluro-ether ligands, 

respectively. Detailed multinuclear (̂ H, ^^Se{'H}, ^^^Te{'H} and ^^Mn) NMR 

spectroscopy, X-ray crystal structure determinations and IR v(CO) frequency analyses 

have shown increasing cr-donation along the series S < Se « Te. 

Of particular interest to this study are the cationic carbonyl thioether complexes 

_/ac-[Mn(C0)3(L3)]^ for L3 = MeS(CH2)2S(CH2)2SMe, MeC(CH2SMe)3 and [10]aneS3 

(1,4,7-trithiacyclododecane);^^ and yac-[Mn(C0)3([9]aneS3)]^ ([9]aneS3 = 1,4,7-

trithiacyclononane) reported elsewhere.^° The latter two complexes represent the only 

known Mn(I) macrocyclic thioether complexes and there are no reported examples with 

thioether ligands of higher denticity. However, coordination of the tetraselena 

macrocycle [16]aneSe4 (1,5,9,13-tetraselcnacyclobexadecane) with Mn(I) has been 

reported,̂ ^ affbrdingyac-[Mn(C0)3(Ti^-[16]aneSe4)]^. Attempts to complete macrocyclic 

coordination via decarbonylation provided limited spectroscopic data consistent with 

forming the dicarbonyl species c/5-[Mn(CO)2(r|'^-[16]aneSe4)]^. However, difficulties 

encountered in isolating a pure sample of the unstable product prevented full 

characterisation of the dicarbonyl adduct. i 

This chapter investigates the coordination chemistry of macrocyclic thioether 

ligands of high denticity with the Mn(I) centre. Reported within is the synthesis and 

spectroscopic characterisation of a series of Mn(I) tricarbonyl cationic complexes of the 

form _/ac-[Mn(C0)3(ri''-L)][CF3S03], incorporating the tetrathia- and pentathia-

macrocyclic ligands, L = [12]-, [14]-, [16]-aneS4 and [15]aneS5 ([12]aneS4 = 1,4,7,10-

tetrathiacyclododecane, [14]aDeS4 = 1,4,8,1 l-tetrathiacyclotetradecaae, [16]aneS4 = 
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1,5,9,13-tetrathiacyclohexadecaTie, [ISjaneSs = 1,4,7,10,13-peiitathiacyclopentadecane). 

The subsequent decarbonylation of these complexes is investigated to afford the first 

characterised series of Mn(T) dicarbonyl cationic complexes incorporating thioether 

ligands, ci^-[Mn(C0)2(ii'^-L)][CF3S03].^' The complexes are characterised by elemental 

analysis, IR and multinuclear ('H, ^^Mn) NMR spectroscopy, and electrospray 

mass spectrometry. Single crystal X-ray structure determinations are also reported for 

the complexes /ac-[Mn(C0)3('r|''-L)][CF3S03] (L = [12]aneS4, [ISjaneSg) and cẑ -

[Mn(C0)2(il^-L)][CF3S03] (L = [12]-, [16]-aneS4, [ISjaneS;), to authenticate the 

geometry around the Mn(I) centre and to permit discussion on the consequences of 

increasing thioether coordination for the [12]aneS4 and [ISjaneSg complexes. 

The only other reported examples of Mn(I) dicarbonyl cations incorporating the 

electron rich [Mn(C0)2]^ fragment involve strongly n-backbonding phosphine and 

phosphite ligands. Examples include both c/j- and ^mM;y-[Mn(CO)2(L')4]̂  complexes for 

L' = PHPhz,^^ PPh(0Me)2 and P(OMe)3.^^ The synthesis of these complexes utilises the 

precursor _/ac-[Mn(C0)3(Me2C0)3]C104, formed vza reaction of [Mn(C0)5Br] and 

Ag[C104] in acetone. Reaction of the precursor with phosphite ligands affords cz,y-

dicarbonyl adducts that isomerise to the ^mn^-adducts on reflux.̂ "" Whereas, the less 

strong 7i-acceptor phosphine ligands displace only the acetone groups to afford 

tricarbonyl adducts. Subsequent decarbonylation presents cw-dicarbonyl species on 

reaction with Me3N0, or ^ra/z^-dicarbonyl species via photolytic routes.̂ ^ A similar 

synthetic route was employed in this work, with the poor 71-bonding properties of 

thioether ligands affording only /ac-tricarbonyl adducts on reaction with the fac-

[Mn(C0)3(Me2C0)3]^ precursor. Although the larger of the macrocycles used here 

could accommodate the ?ra«5-dicarbonyl adduct on decarbonylation, the highly 

electron-rich Mn(I) centre would be insufficiently stabilised by trans carbonyl ligands 

competing for electron density. Thus, the complexes exhibit exclusively cz.y-^carbonyl 

geometry at Mn(I) in order to maximise the Mn-CO -> p-a backbonding. 
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2.2 Results and Discussion 

Reaction of yac-[Mn(C0)3(Me2C0)3]CF3S03^^ with one molar equivalent of 

thioether macrocycle L (L = [12]-, [14]-, [16]-aneS4 or [15]aneS5) in degassed acetone 

at room temperature afkrded golden yellow solutions of_/ac-[Mn(C0)3(r|''-L)]CF3S03 

(Figure 2.1). Reaction vessels were wrapped with aluminium fbil to exclude light and 

reaction progress was monitored by solution IR spectroscopy of the carbonyl region. 

Reaction completion was evident through loss of bands at 2022 and 1932 cm ' due to 

yhc-[Mn(C0)3(Me2C0)3]CF3S03, together with the appearance of two or three new 

carbonyl stretching bands corresponding to the tricarbonyl product. 

Figure 2.1 Reaction scheme for the synthesis offac-[Mn(C0)3(Ti"^-L)|CF3SO3. 

/ ^ \ / 

O C M e ? 
Me2C0^ 

\ / \ I / 
,Mn + ..S 

+ 

O C ' ' " / \ thioetber OC""' / \ 
CO macrocycle CO n = S or C 

yac-|Mn(C0)3(Me2C0)3]CF3S03 yac-[Mn(C0)3(n^-L)]CF3S03 

The complexes were isolated as yellow solids by removal of MegCO m vacuo, 

dissolution of the residual yellow oils in CHCI3 and precipitation with light petroleum 

ether (40-60°C). The solids showed a tendency to form oils on filtration, though 

washing with copious volumes of light petroleum ether gave air stable solids for L = 

[12]-, [14]-aneS4 and [15]aneS5. However, isolation of pure ^c-[Mn(C0)3('n^-

[16]aneS4)]CF3S03 proved unsuccessful and only limited characterisation was 

permissible using the residual orange oil formed on removal of solvent. Microanalytical 

data obtained for the isolated solids confirmed the formulation as [Mn(C0)3(L)]-

CF3SO3. Electrospray mass spectrometry showed the parent cation [Mn(C0)3(L)]^ as 

the most intense peak together with fragment peaks corresponding to loss of carbonyl 

ligands at much lower intensity (Figure 2.2). 
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Figure 2.2 Electrospray mass spectrum forfac-(Mn(C?0}3(T]"^-(MlancS^)) (MeCN). 
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Solution IR spectroscopy (MezCO) of [Mn(C0)3(T|-[12]aneS4)]^ and [Mn(C0)3-

(T]^-[14]aneS4)]^ showed three stretching vibrations, (2A' + A"), consistent with yhc-

tricarbonyl species with symmetry. This low symmetry can be attributed to the 

coordination of the macrocyclic rings presenting large chelate rings involving the 

uncoordinated donor atoms, thus precluding Cg symmetry (Figure 2.3). However, the 

spectra for [Mn(CO)3(T]^-[16]aneS4)]^ and [Mn(C0)3(r|''-[ 1 fjaneSs)]"^ showed only two 

carbonyl stretching vibrations in this region. This may be due to the polar Me2C0 

medium in which the spectra were recorded resulting in broadening of the bands and 

preventing sufficient resolution of the carbonyl bands. Indeed, the spectrsf of these 

species did show broad bands and hence Csl disk IR spectroscopy was undertaken to 

provide greater resolution of the stretching frequencies. Thus, the spectra of 

[Mn(C0)3('ti^-[12]aneS4)]^ and [Mn(C0)3('rj^-[14]aneS4)]^ showed sharp bands (Figure 

2.4), while the spectrum of [Mn(C0)3(r|^-[15]aneS5)]^ revealed the splitting of the 

broad low frequency band observed in solution. While similar analysis was not possible 

for [Mn(C0)3(r|^-[16]aneS4)]^, these results suggest the adducts exhibit Cg symmetry. 
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Figure 2.3 Cs symmetry about the Mn(I) centre in/ac-[Mn(CO)3(T)^-L)]CFsSOs. 
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The observed carbony] stretching frequencies (Table 2.1) compare well with other 

cationic Mn(I) tricarbonyl thioether complexes reported in the literature. Notable 

examples areyac-[Mn(C0)3{MeC(CH2SMe)3}]CF3S03 (2048, 1968 cm ' in CHCI3) and 

yhc-[Mn(C0)3{MeS(CH2)2S(CH2)2SMe}]CF3S03 (2047, 1968 cm ' in MezCO).'^ Both 

complexes involve T]^-coordination of the thioether and form 6- and 5-membered 

chelate rings respectively. The observed bands showed the expected shift to low 

frequency compared with the parent Mn(T) cation [Mn(C0)6]^, due to the poor 71-

backbonding capacity of thioethers promoting strong 7i-backbonding into the C - 0 

antibonding orbitals. 

Table 2.1 Carbonyl stretching vibrations for /flc-[ !VIn(CO)3(ri" -̂L)J CF3SO3. 

Complex v(CO) / cm ' (Csl disk) 

A' A' + A" 

y2zc-[Mn(C0)3([12]aneS4)]CF3S03 2061 1973,1951 

_/2zc-[Mn(C0)3([14]aneS4)]CF3S03 2042 1966, 1953 

yac-[Mn(C0)3([16]aneS4)]CF3S03" 2042 1954(br) 

,/ac-[Mn(C0)3([15]aneS5)]CF3S03 2047 1974,1951 

' Solution IR spectroscopy data (Me^CO) 
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Figure 2.4 Carbonyl region of [Mn(CO)3(r) -[ 121 aneS4)J IR spectrum (Csl disk) 
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As discussed in Chapter 1, coordination of chelating bidentate thioether ligands to 

metal centres leads to chirality at S, with pyramidal inversion giving rise to 

diastereoisomers (invertomers); two equivalent meso forms and a DL enantiomeric pair. 

In the case of the r|^-thioether macrocycles involved here, there are a number of 

possible invertomers as each coordinated thioether donor is capable of inverting 

independently. The nature of non-equivalent invertomers can be idei^ified by 

multinuclear NMR spectroscopy, providing pyramidal inversion is slow on the NMR 

time-scale. 

Other Mn(I) carbonyl complexes involving acyclic thioether ligands have shown 

inversion at S-donors to be close to the rapid inversion high-temperature limit at room 

temperature.'^'^ Thus, [Mii(C0)3{MeC(CH2SMe)3}]CF3S03 and [MnX(C0)3-

{MeS(CH2)3SMe}] exhibit fast inversion, whereas [MiiX(C0)3{MeS(CH2)2SMe}] (X = 
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C], Br, I) display slower inversion at room temperature and show the presence of 

invertomers. The constraints of the macrocyclic ring in the thioethers studied here will 

increase the energy barrier to inversion and present, in most cases, one invertomer at 

room temperature. Hence, multinuclear ('H, ^^Mn) NMR spectroscopy has 

been employed to establish the properties of the invertomers formed foryac-[Mn(C0)3-

('r|^-L)]CF3S03. Only NMR spectroscopy was possible for the reaction mixture 

residue ofyac-[Mn(C0)3(T|^-[l 6]aneS4)]CF3S03. 

NMR spectroscopy proved the most informative of the NMR active nuclei 

available for investigating the nature of the invertomers formed. The spectrum for^ac-

[Mn(CO)3(ii^-[12]aneS4)]^ showed three broad resonances in the methylene region, 8 

30.7, 36.3 and 38.2, with approximate intensities 1:2:1. Such equivalence of carbon 

environments may be attributed to the presence of mirror plane symmetry, as shown in 

Figure 2.5a. Thus, the resonances reveal increasing shifts to high frequency from 

carbons adjacent to the uncoordinated donor (5 30.7, d) to carbons adjacent to the donor 

involved in two 5-membered chelate rings (8 38.2, a). The four carbons surrounding the 

remaining coordinating donor atoms are approximately equivalent and intermediate in 

6equency (8 36.3, b » c). 

Figure 2.5 Representations of invertomers observed in NMR spectroscopy 

of \'In(CO)3(ri"'-L)]CF3SO3 for L = a) [12]aneS4, b) [ISJaneSg. 
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Likewise, the NMR spectrum foryac-[Mn(C0)3(Ti^-[15]aneS5)]" (Figure 

2.6) showed only four resonances in this region. 6 31.1, 33.7, 35.0 and 37.8, with 

approximate intensities 2:1:1:1. Again, the equivalence of carbon environments may be 

attributed to the presence of a mirror plane (Figure 2.6b). As for yac-[Mn(C0)3('rj^-

[]2]aneS4)]^, the resonances reveal increasing shifts to high frequency &om carbons 

ac^acent to the uncoordinated donors (8 31.1, d » e) to carbons ac^acent to the donor 

involved in two 5-membered chelate rings (6 37.8, a). However, the four carbons 

surrounding the remaining coordinating donor atoms are now no longer approximately 

equivalent, presumably due to the larger 11-membered chelate ring containing the 

uncoordinated donor atoms. Hence, the carbon atoms involved in 5-membered chelate 

rings are shifted to slightly higher &equency (6 35.0, b) than the large chelate ring 

carbons (8 33.7, c). 

Figure 2.6 NMR spectrum of |Mn(CO)3(l 15|aneS?)|" (methylene region). 

45 40 35 30 8/ppm(CH2Cl2/CDCl3) 
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The spectrum for yac-[Mii(C0)3(r|^-[]4]aneS4)]^ was more comphcated and 

showed six resonances, 6 24.4, 24.7, 27.4, 31.8, 36.2 and 36.4, with approximate 

intensities 1:1:2:2:2:2. This increase in complexity was expected as the asymmetry of 

T]^-coordinated [14]aneS4 prevents equivalence of environments across a mirror plane, 

as above. Despite this, the trends in frequency shifts remain the same, with carbons 

involved in 5- or 6-membered chelate rings shifted to high fi-equency (6 36.4, 36.2) and 

carbons ac^acent to the uncoordinated donors least shifted to high &equency (6 27.4) of 

the carbons ac^acent to donor atoms. However, the propylene bridges in [14]aneS4 

present carbon environments isolated &om thioether contact altogether, and hence even 

less shifted to high frequency (6 24.4, 24.7). 

The NMR spectra also showed substantially broadened carbonyl 

resonances, with broadening attributed to the interaction with the directly bonded ^̂ Mn 

quadrupole. The data acquired were sufficient to define the carbonyl resonances for fac-

[Mn(C0)3(T|^-L)]\ L - [12]aneS4 (6 214-219), [14]aneS4 (6 215-224) and [ISjaneSs (6 

212-219). These values compare well with other cationic Mn(I) tricarbonyl thioether 

complexes reported in the literature,''^''^ notably with /ac-[Mn(C0)3{MeC-

(CHzSMe)]}]^ (8 214-217) and_/ac-[Mn(C0)3{MeS(CH2)2S(CH2)2SMe}]+ (6 212-220). 

Also of note, the NMR spectra 0fyac-[Mn(C0)3(r|^-[12]aneS4)]CF3S03 

and yac-[Mn(C0)3(Ti^-[14]aneS4)]CF3S03 showed several weak resonances in both 

carbonyl and methylene regions, later confirmed to be due to the dicarbonyl species, 

cw'-[Mn(C0)2(r|'^-L)]CF3S03 (Section 2.2.2.1). This spontaneous decarbonylation in 

solution can be attributed to the energetic stabilisation proffered by the macrocyclic 

effect vm complete coordination of the tetrathia macrocycles. Consequently, 

[Mn(C0)3(T|^-[15]aneS5)]CF3S03 showed no such evidence of decarbonylation, as 

macrocyclic coordination is not completed in the dicarbonyl species. 

Room temperature 'H NMR spectroscopy proved rather uninformative as the 

resonances observed were considerably broadened by the ^̂ Mn quadrupole. Similar 

broadening has been observed for other Mn(I) carbonyl thioether complexes, where low 

temperature (200 K) spectra showed only a minimal sharpening of the resonances.'"' 

Although the broadening has prevented conclusive assignment of proton environments, 

the observed chemical shift ranges are as expected. 
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Work undertaken within this research group has shown the importance of ^̂ Mn 

NMR spectroscopy in investigating changes in electron density at the manganese 

centre/'*'^^ The studies relating to thioether donors have shown that the manganese 

nucleus becomes less shielded as thioether coordination is changed from macrocyclic to 

acyclic/^ Thus, the complexes ^c-[Mn(CO)3([9]aneS3)]\yac-[Mn(CO)3([10]aneS3)]^ 

and_/ac-[Mn(C0)3{MeS(CH2)2S(CH2)2SMe|]^ show resonances at 6 -963 (120), -764 

(550) and -696 (3500), respectively [linewidths in parentheses (Hz)]. 

In ^c-[Mn(C0)3(Ti^-L)]CF3S03, the macrocyclic thioether ligand acts essentially 

as a chelating tridentate ligand. However, the constraints of the macrocyclic ring lead to 

strained metal-ligand interactions. The observed ^̂ Mn NMR spectra reflect this, with all 

complexes exhibiting resonances to high &equency of both the macrocyclic and acyclic 

coordinated examples above (Table 2.2). Indeed, only yac-[Mn(C0)3(r|^-[15]aneS))]\ 

with a large macrocyclic ring that can accommodate i^^-coordination with less strain, 

displays a resonance even comparable with yac-[Mn(C0)3{MeS(CH2)2-

S(CH2)2SMe}]^. The observed linewidths, ranging fi-om 1700-3000 Hz, are moderately 

large, but comparable with the acyclic trithioether example above. The broadness can be 

attributed to the unsymmetrical nature of the r|^-niacrocyclic coordination reducing the 

local symmetry at Mn(I) to Cs, and giving rise to a large electric field gradient. 

Table 2.2 NMR data for selected Mn(I) tricarbonyl thioether complexes. 

Complex Wl/2 / Hz " 

yac-[Mn(C0)3([12]aneS4)]CF3S03 -334 3000 

yac-[Mn(C0)3([14]aneS4)]CF3S03 -471 1700 

_/ac-[Mn(C0)3([16]aneS4)]CF3S03 -276 3000 

_/ac-[Mn(C0)3([15]aneS5)]CF3S03 -658 2^00 

_/^c-[Mn(C0)3([9]aneS3)]Br -963 120 

yac-[Mn(CO)3([10]aneS3)]Br -764 550 

_/ac-[Mn(C0)3{MeS(CH2)2S(CH2)2SMe}]CF3S03" -696 3500 

Spectra recorded in CH2CI2/CDCI3 unless otherwise stated; ^ In dmf; ' Data taken from reference^ . 
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Previous work on Mn(I) trithioether tricarbonyl complexes include ciystallographic 

studies on_/ac-[Mn(CO)3(L^)]^, = [QjaneSs/" [lOJaneSs, MeC(CH2SMe)3 and MeS-

(CH2)S(CH2)SMe.^^ To allow comparison with these examples, single crystal X-ray 

diffraction studies were undertaken on two of the complexes formed here. Thus, single 

crystals 0f _/ac-[Mn(C0)3([12]aneS4)]CF3S03 and y^c-[Mn(C0)3([15]aneS5)]CF3S03 

were grown by vapour diffusion of diethyl ether into CH2CI2 solutions of the adducts. 

The structure of [Mn(C0)3([12]aneS4)]^ (Figure 2.7, Tables 2.3, 2.4) shows the 

Mn(I) centre coordinated to three mutually carbonyl ligands and three thioetber 

donors from the tetrathia macrocycle. The constraints within the small macrocyclic ring 

results in a distortion of the octahedral environment around Mn(I). Thus, S-Mn-S bond 

angles deviate from the expected 90°, with 5-membered chelating thioether bite angles 

contracted [87.10(3) and 86.47(2)°] and the 8-membered ring angle augmented 

[104.87(3)]. Such large distortion suggests the flexibility within the small macrocyclic 

ring is insufficient to alleviate strain associated with Tj^-coordination. 

Figure 2.7 View of the structure of /ac-[Mn(CO)3([12]aneS4)]^ with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

8(2) 

C ( 5 ) 
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Table 2.3 Selected bond lengths foryac-[Mn(CO)3([12)aneS4)]\ 

Atom Atom Distance / A Atom Atom Distance / A 

Mn(l) S(l) 2.3881(7) Mn(l) S(2) 2.3461(7) 

Mn(l) S(3) 2.3728(7) Mn(l) C(9) 1.809(3) 

Mn(l) C(10) 1.815(3) Mn(l) C( l l ) 1.837(3) 

C(9) o ( ] ) 1.146(3) C(10) 0(2) 1.147(3) 

C( l l ) 0(3) 1.135(3) 

able 2.4 Selected bond angles for / a c- [ M n (CX)) 3 ([ 12) a n e S 4) ] . 

Atom Atom Atom Angle / ° Atom Atom Atom Angle / ° 

S(l) Mn(l) S(2) 87.10(3) S(l) Mn(l) S(3) 104.87(3) 

S(l) Mn(l) C(9) 82.76(8) S(l) Mn(l) C(I0) 170.65(8) 

S(l) Mn(l) C( l l ) 91.84(8) S(2). Mn(l) S(3) 86.47(2) 

S(2) Mn(l) C(9) 93.35(8) S(2) Mn(l) C(10) 92.76(8) 

S(2) Mn(l) C( l l ) 176.44(8) S(3) Mn(l) C(9) 172.34(8) 

S(3) Mn(l) C(10) 84.45(8) S(3) Mn(l) C( l l ) 90.53(8) 

C(9) Mn(l) C(10) 87.9(1) C(9) Mn(l) C( l l ) 89.9(1) 

C(10) Mn(l) C( l l ) 88.8(1) 

The Mn-S bond lengths reflect the strained coordination, with thioether donor 

atoms associated with the 8-membered chelate ring showing slightly longer bonds to the 

Mn(I) centre [Mn-S(l) 2.3881(7), Mn-S(3) 2.3728(7) A] than the donor involved in two 

5-membered chelate rings [Mn-S(2) 2.3461(7) A ] , Hence, the observed Mn-S bond 

lengths are slightly longer than those reported in the literature 14,19,20 Notably yac-

[Mn(CO)3{MeS(CH2)S(CH2)SMe}]^ shows similar trends in trithioether coordination, 

with one short bond to the donor involved in two 5-membered chelate rings [2.320(3) 

A] and longer bonds to the terminal donor atoms [2.352(3), 2.402(4) A].̂ ^ 
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The fourth thioether donor remains uncoordinated, though is approximately 

coplanar with the coordinated donor atoms. Interestingly, this configuration places the 

uncoordinated thioether donor directly above one of the carbonyl ligands suggesting 

macrocyclic coordination of the thioether might be completed vm decarbonylation. 

The crystals obtained for [Mn(C0)3([15]aneS5)]CF3S03 were not as strongly 

dif&acting as fbr the [12]aneS4 analogue, hence the final residuals were correspondingly 

higher (Figure 2.8, Tables 2.5, 2.6). Nevertheless, the structure obtained shows similar 

distorted octahedral geometry around Mn(I) to that above, comprising three mutually-

yac carbonyl ligands and three thioether donor atoms &om the pentathia macrocycle. 

Again, S-Mn-S bond angles in the 5-membered chelate rings are contracted [85.7(1) and 

87.3(1)°], however the larger 11-membered chelate ring angle is only slightly 

augmented [92.00(10)]. This reflects the capacity of the large macrocyclic ring to 

relieve the strain associated with Tj^-coordination of the pentathia macrocycle. The 

release of strain is also reflected in shorter Mn-S bond lengths [Mn-S(l) 2.329(3), Mn-

S(2) 2.329(3), and Mn-S(3) 2.368(3) A], now more comparable with those reported in 

the literature. The remaining donor atoms remain uncoordinated. 

Figure 2.8 View of the structure of /«£•-[\lii(C0)3([ 15janeS.s)!^ with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

Ml 1(1) C ( 1 0 ) 
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Table 2.5 Selected bond lengths for /«c-[Mn(CO)3(( 1 SjaneS?)!' 

Atom Atom Distance / A Atom Atom Distance / A 

Mn(l) S(l) 2.329(3) Mn(l) S(2) 2.329(3) 

Mn(l) S(3) 2.368(3) Mn(l) C( l l ) 1.82(1) 

Mn(l) C(12) 1.81(1) Mn(l) C(13) 1.81(1) 

C( l l ) 0(1) 1.13(1) C(12) 0(2) 1.14(1) 

C(13) 0(3) 1.16(1) 

Table 2.6 Selected bond angles for/flc-[Mn(CO)3([15]aneS5)]\ 

Atom Atom Atom Angle / ° Atom Atom Atom Angle / ° 

S(l) Mn(l) S(2) 85.7(1) S(l) Mn(l) S(3) 92.00(10) 

S(l) Mn(l) C ( l l ) 92.1(4) S(l) Mn(l) C(12) 178.3(3) 

S(l) Mn(l) C(13) 91.8(3) S(2) Mn(l) S(3) 87.3(1) 

S(2) Mn(l) C ( l l ) 90.6(3) S(2) Mn(l) C(12) 92.6(3) 

S(2) Mn(l) C(13) 176.9(3) S(3) Mn(l) C(l l ) 175.2(4) 

S(3) Mn(l) C(12) 88.1(3) S(3) Mn(l) C(13) 91.0(3) 

C( l l ) Mn(l) C(12) 87.7(5) C( l l ) Mn(l) C(13) 91.3(4) 

C(12) Mn(l) C(13) 90.0(5) 

Both structures include a non-coordinating CF3SO3" anion to maintain electro-

neutrality. Also of note, the invertomer observed in the solid state for fac-

[Mn(C0)3([12]aneS4)]CF3S03 correlates well with the predictions &om NMR 

analysis. Figure 2.7 clearly shows the approximate mirror plane present in 

[Mn(C0)3([12]aneS4)]^, leading to the near equivalence of carbon envirormients either 

side of the plane. Figure 2.8 shows such a mirror plane is not present in ^ c -

[Mn(C0)3([15]aneS5)]CF3S03, however the larger macrocyclic ring may present greater 

degrees of G-eedom in solution and lead to the equivalence of carbon environments 

observed by NMR spectroscopy. 
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2.22 MacrocvcZe Co/MZP/exeĵ  

Following decarbonylation of the tetrathia macrocyclic tricarbonyl complexes 

during acquisition of NMR data (Section 2.2.1.1), attempts were made to 

isolate the dicarbonyl species [Mn(C0)2(r|'^-L)]CF3S03. Thus, [Mn(C0)3(Ti''-L)]CF3S03 

(L = [12]-, [14]-aneS4 or [15]aneS4) was treated with one molar equivalent of MesNO in 

dry, degassed MeCN solution at room temperature. An immediate colour change 

occurred to give orange solutions of [Mn(C0)2(r|'^-L)]CF3S03. Reaction completion was 

evident through solution IR spectroscopy, with loss of carbonyl bands due to the ̂ ac-

tricarbonyl species and the appearance of two new bands &om the dicarbonyl products. 

The complexes c/;y-[Mn(C0)2(r|'*-L)]CF3S03 were isolated as air stable orange 

solids by removal of MeCN m vocMo, washing with Et20 to remove Me3N0, dissolution 

of the residual orange oils in CHCI3 and recrystallisation vm vapour diffusion of light 

petroleum ether (40-60 °C). Attempts to isolate solids via precipitation led to the 

formation of oils. Microanalytical data and electrospray mass spectrometry confirmed 

the formulation as [Mn(C0)2(L)]CF3S03, with mass spectra showing the parent cation 

[Mn(C0)2(L)]^ as the most intense peak. Fragment peaks corresponding to the loss of a 

carbonyl ligand were only observed for cig-[Mn(C0)2(Tl'^-[15]aneS5)] (Figure 2.9). 

Figure 2.9 Electrospray mass spectrum for /ac-l Mn(CO)2(ti''-[ 15]ancSg)]^ (MeCN). 
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Reaction of the yoc-[Mii(CO)3(Ti^-[16]aneS4)]CF3S03 crude oi] with MesNO also 

showed carbonyl bands corresponding to the dicarbonyl species by solution IR 

spectroscopy. However recrystallisation attempts afforded only very few crystals of cẑ -

[Mn(C0)2(r|'^-[16]aneS4)]CF3S03 and thus characterisation was limited to mass 

spectrometry, IR spectroscopy and X-ray crystallography. 

These are the first thioether complexes incorporating the [Mn(C0)2]^ fragment, and 

their formation is thought to be attributable to the strong binding capabilities of 

macrocyclic thioethers. Solution IR spectroscopy (Me2C0) showed two carbonyl 

stretching vibrations, consistent with ciy-dicarbonyl species. The T]'̂ -coordination of the 

tetrathia ligands may present pseudo-C2\ local symmetry at Mn(I) (Figure 2.10), with 

the two bands observed corresponding to A] + B] stretching vibrations. For 

[Mii(C0)2(T|''-[15]aneS5)]CF3S03, the presence of the 8-membered chelate ring 

containing the uncoordinated thioether donor, may reduce the local symmetry at Mn(I) 

to Ci, though two bands are still observed (2A). 

Csl disk IR spectroscopy showed a sharpening of the bands, together with the 

appearance of fine structure on one of the two bands (Figure 2.11). This is attributed to 

solid-state effects, whereby the close packing of neighbouring molecules can lead to 

small differences in the observed carbonyl stretching frequencies. Interestingly, the fine 

structure was observed on the low fi-equency carbonyl band for the pseudo-C2v tetrathia 

macrocycle complexes, whereas C] [Mn(C0)2(Ti'^-[15]aneS5)]CF3S03 shows fine 

structure on the higher frequency band. Presumably, this is due to the different 

symmetry of the pentathia macrocyclic adduct. 

Figure 2.10 Symmetry around the Mn(I) centre in a.v-1 Mn(CO)2(ri''-L)|CF3SO3. 

/ s 
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L = tetrathia macrocycle L = pentathia macrocycle 
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Due to the absence of other Mn(I) dicarbonyl thioether complexes, comparison of 

the carbonyl stretching A-equencies observed is restricted to the small number of such 

complexes incorporating P-donor ligands.'^Thus, cz^-[Mn(C0)2(PHPh2)4] \ formed as 

above by treatment of the tricarbonyl adduct with MegNO, exhibits carbonyl stretching 

frequencies at 1964 and 1909 cm'V^ Other dicarbonyl species have been formed vza 

direct reaction with the yac-[Mn(C0)3(Me2C0)3]^ precursor using 4 : 1 ratios of strong 

Ti-acceptor hgands. Examples include C2^-[Mn(CO)2(L')4]^ for L' - PPh(0Me)2 (1992, 

1938 cm"') and P(0Me)3 (2000, 1944 cm ').̂ ^ 

Figure 2.11 Carbonyl region of | M n(CO)2(Ti'*-|I21aneS^)]' IR spectrum (Csl disk) 
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The carbonyl stretching frequencies reported for the P-donor adducts above are 

significantly higher than those observed for the thioether complexes formed here (Table 

2.7). This is consistent with a concentration of electron density on the Mn(I) centre from 

o-donation of the thioethers. This promotes strong 7i-backbonding into the CO 

antibonding orbitals and hence reduces the carbonyl stretching frequency, as observed. 
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The large extent of this Tc-backbonding suggests the thioethers are not competing for 

electron density and that 7t - a c c e p t a n c e by the donor atoms in these species is negligible. 

This is despite reports in the literature that suggest 7i-backbonding plays an important 

part in metal-ligand bonding for homoleptic thioether complexes.̂ '̂ '̂ ^ However, the 

strong 7i-acceptor carbony] ligands in the complexes formed here are expected to 

dominate the Ji-backbonding and make any such contribution by the much poorer 

acceptor thioether ligands insubstantial. 

Table 2.7 Carbonyl stretching vibrations for c7.v-[Mn(CO)2(r|^-L)|CI 3SO3. 

Complex v(CO) / cm'̂  (Csl disk) 

A] + B] 

cz.y-[Mn(C0)2([12]aneS4)]CF3S03 1946 1876, 1867 

cA9-[Mn(C0)2([14]aneS4)]CF3S03 1952 1886,1878,1866 

cz^-[Mn(C0)2([16]aneS4)]CF3S03° 1956 1885 

w-[Mn(C0)2([15]aneS5)]CF3S03'' 1967,1961 1884 

" Solution IR spectroscopy data (Me2C0) '' C, symmetry (2A) 

Attempts to isolate the monocarbonyl complex [Mn(C0)(r|^-[15]aneS5)]CF3S03 

vfo reaction of the dicarbonyl complex with excess Me3N0 or by photochemical routes 

proved unsuccessful. This is not surprising since the IR data from the dicarbonyl 

adducts suggest negligible 7i-acceptance by the thioether donors, hence fiirther removal 

of strongly ru-accepting carbonyl ligands would destabilise the already highly electron-

rich Mn(I) centre. This contrasts the coordination chemistry of strong n-acceptor P-

donor ligands with Mn(I), where monocarbonyl adducts are known. For example, the 

cationic complexes [Mn(C0){P(0R)3}5]PF6 (R - Me, Et, Pr\ Ph) can be formed Wo 

reaction of the hydride species [Mn(H)(CO) {P(0R)3} 4] with PhsCPFg and phosphite 

ligand.^^ Indeed, as mentioned earlier, homoleptic phosphine coordination can also be 

attained, as in [Mn(dmpe)3]'^ and [Mn(dmpe)2{P(0Me)3}2].^'' Clearly, the strong Ti:-

acceptor properties of the P-donor ligands involved in these complexes are sufBcient to 

stabilise the highly electron-rich Mn(I) centre even in the absence of carbonyl ligands. 
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As for the dicazbonyl adducts, multinuclear ('H, ^^Mn) NMR 

spectroscopy was employed to establish the properties of the invertomers formed for 

/ac-[Mn(C0)2(r|'^-L)]CF3S03. NMR spectroscopy again proved the most 

informative of the NMR active nuclei available for investigating the nature of the 

invertomers formed. The spectrum for yac-[Mn(C0)2(Tl'*-[12]aneS4)]CF3S03 showed 

four resonances of approximately equal intensity in the methylene region, 8 31.6, 37.6, 

42.1 and 45.7 (Figure 2.12). [12]aneS4 is a highly symmetric macrocycle and can 

potentially bind symmetrically to present Civ adducts with only two non-equivalent 

carbon environments. This is not observed here, presumably due to the strain associated 

with attaining tetrathia coordination from the small macrocycle resulting in distorted 

geometry around the Mn(I) centre. The observed equivalence of the carbon 

environments may however be attributed to one of two invertomers, differing in the 

orientation of one donor atom (Figure 2.13). The resulting C2 or Cs forms both present 

four carbon environments (each 2C), consistent with the observed four resonances of 

approximately equal intensity. 

Figure 2.12 NMR spectrum of [Mn(CO)2([12]aneS4)]^ (methylene region). 

50 45 40 35 30 6 /ppm (CH2CI2/CDCI3) 
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Figure 2.13 Representations of the possible invertomers observed in NMR 

spectroscopy of cw-[Mn(CO)2(Ti'*-[12]aneS4)]CF3SO3. 

i mirror plane 

V 
C? axis 

C; symmetry C2 symmetry 

The NMR spectrum for^c-[Mn(C0)3(T]^-[14]aneS4)]CF3S03 showed five 

resonances of approximately equal intensity in the methylene region, 5 31.0, 33.0, 34.0, 

37.0 and 44.5. Here the equivalence of environments could not be attributed to a mirror 

plane because of the alternating methylene and propylene bridges in [14]aneS4. 

However, similar equivalence can be attained through C2 symmetry. The spectrum for 

/ac-[Mn(C0)2(r|'^-[15]aneS5)]CF3S03 was much more complicated and showed ten 

resonances of equal intensity in the methylene region, 6 32.4, 33.1, 33.7, 36.7, 37.9, 

38.0, 38.5, 39.6, 40.9 and 43.2, suggesting no symmetry in the cation. As for the 

tricarbonyl adducts, the carbons adjacent to the coordinated donor atoms are shifted to 

high frequency and those adjacent to the uncoordinated donor least shifted. 

Also of note, the above resonances for cza'-[Mn(C0)2(Tl[ 12]aneS4)]CF3SO3 and 

cw-[Mn(C0)2(r|'^-[14]aneS4)]CF3S03 confirm the spontaneous formation of the 

dicarbonyl adduct during acquisition of NMR data for the tricarbonyl species 

(Section 2.2.1.1). The dicarbonyl resonances observed here correlate exactly with the 

weak resonances observed in the tricarbonyl spectra. 

The NMR spectra also showed substantially broadened carbonyl 

resonances for cy^-[Mn(C0)2(Ti'*-L)]CF3S03, L = [12]aneS4 (6 220-222), [14]aneS4 (6 

218-226) and [15]aneS5 (6 220-225). These values are to high frequency of those 

observed for the tricarbonyl species by ca. 6 ppm, corresponding to the stronger n-

backbonding of the carbonyls with the more electron rich Mn(I) centre. 
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The NMR spectra of cz^-[Mn(C0)2(T]'^-L)]CF3S03 also showed the effects of 

the increased electron density on Mn(I) in the dicarbonyl species, with a significant shift 

to low frequency by several hundred ppm (Table 2.8). The resonances observed are also 

considerably broader and required longer acquisition times than the tricarbonyl adducts 

(Figure 2.14). This is consistent with the decrease in local-symmetry at Mn(I) on 

formation of the c/.v-dicarbonyl species, resulting in increased electric field gradient and 

therefore increased line broadening. Again, room temperature 'H NMR spectroscopy 

proved rather uninformative as the resonances observed were considerably broadened 

by the ^^Mn quadrupole. However, the observed chemical shift ranges are as expected. 

Table 2.8 NMR data for cM-[Mn(C0)2(T|^-L)]CF3S03. 

Complex Wi/2 / Hz 

cz.y-[Mn(C0)2([12]aneS4)]CF3S03 -1540 18000 

c(^-[Mn(C0)2([14]aneS4)]CF3S03 -1350 30000 

czj-[Mn(C0)2([l 5]aneS5)]CF3S03 -980 12000 

Spectra recorded in CH2CI2/CDCI3. 

Figure 2.14 Comparison of the NMR spectra of a) fac-1Mn(CO)3(ri'^-

[ISlaneS;)]^ and b) cM-|Mn(CO)2(Ti^-|15)aneS5)]+ (CH2CI2 / CDCI3). 

a) b) 

I I I I I n I I I I 

620 640 660 680 8/ppm 800 900 1000 11008/ppm 
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To ascertain the consequences of decarbonylation of the tricarbonyl adducts and 

subsequent tetrathia coordination of the macrocycles, single crystal X-ray dif&action 

studies were undertaken on the dicarbonyl complexes formed here. Thus, single crystals 

of cfj'-[Mn(C0)2([12]aneS4)]CF3S03 and cf^-[Mn(C0)2([15]aneS5)]CF3S03 were grown 

by vapour diffusion of light petroleum ether (40-60°C) into CHCI3 solutions of the 

adducts. A small number of moderate quality single crystals of czj'-[Mn(C0)2-

([16]aneS4)]CF3S03 were also acquired during attempts to isolate the bulk sample. 

The structure of [Mn(C0)2([12]aneS4)]CF3S03 shows two independent Mn(I) 

carbonyl cations, two non-coordinating CF3SO3' anions maintaining charge neutrality 

and one molecule of CHCb in the asymmetric unit. Both [Mn(CO)2([12]aneS4)]^ 

cations show the Mn(I) centre coordinated to two mutiially-cw carbonyl ligands and all 

four S-donors &om the tetrathia macrocycle. However, one of the cations exhibited 

disorder around the thioether donor atoms trans to the two carbonyl ligands. This was 

adequately modelled to reveal the presence of two different conformations occupying 

the same space within the ciystal lattice. Although this disorder model provides an 

adequate solution to the diffraction data, it precludes meaningful discussion of bond 

parameters, and hence the disordered cation will be ignored in the following discussion. 

The ordered [Mn(C0)2([ 1 ZjaneS/i)]^ cation exhibits a distorted octahedral 

environment around the Mn(I) centre, resulting from strained tetrathia coordination of 

the [12]aneS4 macrocycle (Figure 2.15, Tables 2.9, 2.10). Thus, S-Mn-S bond angles 

deviate from the expected 90°, with those associated with the 5-membered chelate rings 

even more contracted [83.12(9), 83.47(9), 85.98(9), 87.20(9)°] than those observed in 

the tricarbonyl adduct [86.47(2) and 87.10(3)°]. The extent of strain associated with 

macrocyclic coordination can be determined from the bond angle between the mutually-

non-chelating donors. Thus, the S(l)-Mn(l)-S(3) bond angle [164.80(9)°] shows 

severe contraction from the idealised 180° geometry. Such large distortion suggests the 

relatively small 12-membered macrocycle is poorly matched to the ionic size of Mn(I). 

Despite such strain on the macrocycle, the Mn-S bond distances are shorter 

[2.311(2), 2.316(3), 2.326(3), 2.338(3) A] than in the tricarbonyl adduct [2.3461(7), 

2.3728(7), 2.3881(7) A ] . This may be attributed to the superior stabilisation proffered 
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by the macrocyclic effect (see Chapter 1). Indeed, the observed bond distances are 

comparable with those of the macrocyclic adducts [Mn(C0)3([X]aneS3)]^ [X = 9, 

2.314(4) - 2.341(4) A, three independent cations in the asymmetric imit;^° X = 10, 

2.303(5) - 2.405(6) A, two independent cations in the asymmetric unit].^^ 

Figure 2.15 View of the structure of the ordered c/.v-(Mn(CO)2(|12]aneS4)r cation 

in the asymmetric unit, with numbering scheme adopted. Ellipsoids 

drawn at 40% probability, H-atoms omitted for clarity. 

C(l) 

c:(S) 

C ( 1 0 ) 

Table 2.9 Selected bond lengths for the ordered c/5-fMn(CO)2([12]aneS4)]^ cation. 

Atom Atom Distance / A Atom Atom Distance / A 

Mn(l) S(l) 2.311(2) Mn(l) S(2) 2.338(3) 

Mn(l) S(3) 2.316(3) Mn(l) S(4) 2.326(3) 

Mn(l) C(9) 1.795(10) Mn(l) C(10) 1.795(10) 

C(9) 0(1) 1.147(11) C(10) 0(2) 1.158(11) 
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Table 2.10 Selected bond angles for the ordered m-[Mn(CO)2(| 12]aneS4)I* cation. 

Atom Atom Atom Angle / ° Atom Atom Atom Angle / ° 

S(l) Mn(l) S(2) 85.98(9) S(l) Mn(l) S(3) 164.80(9) 

S(l) Mn(l) S(4) 83.12(9) S(l) Mn(l) C(9) 96.3(3) 

S(l) Mn(l) C(10) 93.0(3) S(2) Mn(l) S(3) 87.20(9) 

S(2) Mn(l) S(4) 91.30(9) S(2) Mn(l) C(9) 87.2(3) 

S(2) Mn(l) C(10) 172.7(3) S(3) Mn(l) S(4) 83.47(9) 

S(3) C(9) 96.9(3) S(3) Mn(l) C(10) 95.4(3) 

S(4) Mn(l) C(9) 178.5(3) S(4) Mn(l) C(10) 95.7(3) 

C(9) Mn(l) C(IO) 85.7(4) 

The observed bond lengths also show the bonding characteristics of the carbonyl 

ligands in the cation. The Mn-S bond distances for the thioether donor atoms trans to 

carbonyls are significantly longer than those of the mutually-^ran^ thioethers. This can 

be attributed to strong Tx-acceptor capabilities of the carbonyls removing electron 

density from the electron rich Mn(I) centre, thus reducing the metal-donor interaction of 

the trans thioether donors. This increase in carbonyl ir-bonding correlates with shorter 

Mn-C bond distances and longer C-0 distances than the tricarbonyl adduct. However, 

the large estimated standard deviations (a) associated with the disordered structure 

prevents conclusive comparison of the carbonyl bond distances, as the differences 

remain marginally below the required level of significance (3a). 

The conformation of the ordered [Mn(CO)2([12]aneS4)]^ cation also correlates well 

with the conclusions from IR and NMR spectroscopy. Figure 2.15 shows the 
£ 

S(4) donor is orientated in the opposite direction to the other donor atoms, thus 

precluding Cz symmetry. However, a non-crystallographic mirror plane is clearly 

evident, with the Mn(I) centre, both carbonyl ligands and S(2) and S(4) positioned 

within the plane. This presents Cg symmetry as inferred earlier. 

The crystals obtained for [Mn(C0)2([15]aiieS5)]CF3S03 were not as strongly 

diffracting as for the [12]aneS4 analogue, hence the carbon atoms were refined only 
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isotropically and the final residuals were correspondingly higher (Figure 2.16, Tables 

2.11, 2.12). Nevertheless, the structure obtained shows similar distorted octahedral 

geometry around Mn(I) to that above, comprising two mutually-c^ carbonyl ligands 

and four thioether donor atoms from the pentathia macrocycle. 

Figure 2.16 View of the structure of crs-[Mn(CO)2(l 1 SjaneSs)]' with numbering 

scheme adopted. Carbon atoms refined isotropically, ellipsoids 

drawn at 40% probability and H-atoms omitted for clarity. 

crio) 

C(U) 

Table 2.11 Selected bond lengths for cM-[Mn(CO)2([15]aneSs)]\ 

Atom Atom Distance / A Atom Atom Distance / A 

Mn(l) S(l) 2.334(5) Mn(l) S(2) 2.325(6) 

Mn(l) S(3) 2.285(5) Mn(l) S(4) 2.387(6) 

Mn(l) C( l l ) 1.82(2) Mn(l) C(12) 1.79(2) 

C( l l ) 0(1) 1.12(2) C(12) 0(2) 1.14(2) 
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Table 2.12 Selected bond angles for cLs-[Mn(CO)2([ 151aneS?)]" 

Atom Atom Atom Angle / ° Atom Atom Atom Angle /" 

S(l) Mn(l) S(2) 85.2(2) S(l) Mn(l) S(3) 171.1(2) 

S( l ) Mn(l) S(4) 93.6(2) S(l) Mn(l) C( l l ) 93.8(5) 

S( l ) Mn(l) C(12) 88.8(6) S(2) Mn(l) S(3) 86.3(2) 

S(2) Mn(l) S(4) 85.0(2) S(2) Mn(l) C( l l ) 178.3(6) 

S(2) Mn(l) C(12) 92.9(7) S(3) Mn(l) S(4) 88.5(2) 

S(3) Mn(l) C ( l l ) 94.6(5) S(3) Mn(l) C(12) 88.7(6) 

S(4) Mn(l) C ( l l ) 96.4(6) S(4) Mn(l) C(12) 176.6(7) 

C ( l l ) Mn(l) C(12) 85.7(8) 

Again, S-Mn-S bond angles in the 5-membered chelate rings are contracted 

[85.0(2), 85.2(2), 86.3(2) and 88.5(2)°], however the angles are still comparable with 

those in the tricarbonyl adduct [85.7(1) and 87.3(1)]. This reflects the capacity of the 

large macrocyclic ring to accommodate ri'^-coordination of the pentathia macrocycle 

with little increase in strain over r|^-coordination. This can also be ascertained from the 

bond angle between the two mutually-/ra«5" donor atoms, where distortion from 

idealised 180° geometry is reduced [ZS(l)-Mn(l)-S(3) = 171.1(2)°] in comparison to 

the severely strained [Mn(CO)2([12]aneS4)]^ cation [164.80(9)°]. 

The Mn-S bond distances [2.285(5), 2.325(6), 2.334(5), 2.387(6) A] are also 

comparable with those in the tricarbonyl adduct [2.329(3), 2.329(3), 2.368(3) A]. This 

again diGers from the [12]aneS4 complexes, where Mn-S bond distances shorten 

significantly upon T|^-coordination. This can be attributed to the absence of the 

macrocyclic effect for [Mn(C0)2([15]aneS5)]\ where coordination of the pentathia 

macrocycle is still not complete. 

The conformation of the [Mn(CO)2([15]aneS5)]^ cation again correlates well with 

the conclusions &om IR and NMR spectroscopy. Figure 2.16 clearly shows the 

presence of the uncoordinated donor precludes C2 or mirror symmetry and reduces the 

symmetry of the cation to Ci, as inferred earlier. 
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The crystals obtained for [Mn(C0)2([16]aneS4)]CF3S03 were even less strongly 

diffracting than the [ISjaneS^ analogue, hence again the carbon atoms were refined only 

isotropically and the Rnal residuals were significantly higher (Figure 2.17, Tables 2.13, 

2.14). The structure obtained does however show a similar distorted octahedral 

geometry around Mn(I) to that above, comprising two mutually-cfj- carbonyl ligands 

and all four thioether donor atoms from the tetrathia macrocycle. The size of the 

estimated standard deviations associated with the bond distances and angles precludes 

any detailed comparisons, though these do indicate much less distortion than in the 

[12]aneS4 and [ISjaneSs analogues. Thus, the angle between the two mutually-^on^ 

donor atoms is close to the idealised 180° [ZS(l)-Mn(l)-S(3) = 178.6(2)°], suggesting 

the propylene bridges provide sufficient flexibility to retain near octahedral geometry 

upon r|''-coordination of the macrocycle. 

Figure 2.17 View of the structure of c/.v-l Mn(CO)2(i 161 aneSa) |' with numbering 

scheme adopted. Carbon atoms refined isotropically, ellipsoids 

drawn at 40% probability and H-atoms omitted for clarity. 

C(9) 
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C(7) 
C(6) 

C(4) 

Mn(l) 

C(13) 

C(ll) 
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Table 2.13 Selected bond lengths for cis-[Mn(C0)2([ 16]aneS4)f. 

Atom Atom Distance / A Atom Atom Distance / A 

Mn(l) S(l) 2.37(4) Mn(l) S(2) 2.31(2) 

Mn(]) S(3) 2.38(6) Mn(l) S(4) 2.34(2) 

Mn(l) C(13) 1.78(5) Mn(l) C(14) 1.76(4) 

C(13) 0(1) 1.14(4) C(14) 0(2) 1.16(3) 

Table 2.14 Selected bond angles for cis-[ Mn(CO)2(f 16]aneS^) 1 \ 

Atom Atom Atom Angle / ° Atom Atom Atom Angle /" 

S(l) Mn(l) S(2) 96(2) S(l) Mii(l) S(3) 85.5(3) 

S(l) Mn(l) S(4) 85(2) S(l) Mn(l) C(13) 92.9(7) 

S(l) Mn(l) C(14) 173.9(7) S(2) Mn(l) S(3) 93(2) 

S(2) Mn(l) S(4) 178.6(2) S(2) Mii(l) C(13) 89(2) 

S(2) Mii(l) C(14) 90(2) S(3) Mn(l) S(4) 88(2) 

S(3) Mii(l) C(13) 177.9(7) S(3) Mn(l) C(14) 92.8(8) 

S(4) Mn(l) C(13) 91(2) S(4) Mn(l) C(14) 89(2) 

C(13) Mn(l) C(14) 89(1) 
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2.3 Conclusions 

The complexes yac-[Mn(C0)3(T|^-L)]CF3S03 (L = [12]-, [14]-, [16]-aneS4 and 

[ISjaneSs) have been prepared vm the reaction 0fy2zc-[Mn(C0)3(Me2C0)3]CF3S03 with 

L in acetone. Microanalyses, electrospray mass spectrometry and 'H NMR spectroscopy 

have confirmed the identity of these complexes. IR spectroscopy has confirmed the 

presence of three mutually /ac-carbonyl ligands and together with NMR 

spectroscopy has shown the complexes exhibit symmetry. ^̂ Mn NMR spectroscopy 

has shown the electron density at the Mn(I) centre is less than for other reported 

trithioether Mn(I) tricarbonyl cationic complexes. This was attributed to strained 

coordination of the tetrathia macrocycles, with the larger pentathia macrocyclic 

complex exhibiting a resonance more comparable with the literature. 

X-ray crystallography of the [12]aneS4 and [ISjaneSg tricarbonyl adducts has 

confirmed the above conclusions showingyac-[Mn(CO)3(T|^-L)]CF3S03, with pseudo-Cg 

symmetry clearly evident for the [12]aneS4 adduct. Longer Mn-S bond distances than 

for other reported trithioether Mn(I) tricarbonyl cationic complexes supports the 

conclusions from ^^Mn NMR spectroscopy, and the observed bond angles clearly show 

greater strain associated with r]^-coordination of the tetrathia macrocycle compared to 

the pentathia macrocycle. 

NMR spectroscopy of the isolated tetrathia macrocyclic adducts also 

showed spontaneous decarbonylation in solution to a8brd small quantities of the 

dicarbonyl adducts, [Mn(C0)2(Ti"^-L)]CF3SO3. This was attributed to the stabilisation 

proffered by the macrocyclic effect upon t]"^-coordination. Thus, the [ISjaneSj 

tricarbonyl adduct showed no signs of spontaneous decarbonylation, as the macrocyclic 

effect would not be a driving force here. 

The complexes czj'-[Mn(C0)2('n'*-L)]CF3S03 have been prepared Wa the impaction of 

yoc-[Mn(CO)3(T|^-L)]CF3S03 with Me3N0 in MeCN, and present the first examples of 

thioether stabilisation of the highly electron-rich [Mn(C0)2]^ fragment. Microanalyses, 

electrospray mass spectrometry and ' h NMR spectroscopy again confirmed the identity 

of these complexes. IR spectroscopy has confirmed the presence of two mutually cis-

carbonyl ligands, and the anomalously low carbonyl stretching frequencies show the 

thioethers are acting principally as cr-donors, with negligible 7i-bonding. NMR 
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spectroscopy ruled out the possibility of C2v symmetry for the tetrathia macrocycle 

adducts, suggesting the ligands must bind unsymmetrically, giving complexes with C2 

or Cs symmetry. ^̂ Mn NMR spectroscopy showed an increase in electron density at the 

Mn(I) centre corresponding to the increased thioether coordination together with the 

loss of the strong Tt-acceptor carbonyl ligand. The observed resonances were also 

significantly broadened compared to the tricarbonyl adducts, reflecting the reduced 

local symmetiy at the Mn(I) centre. 

X-ray crystallography of the [12]aneS4, [16]aneS4 and [ISjaneSg dicarbonyl 

adducts has confirmed the above conclusions showing cz\y-[Mn(C0)2(r|'^-L)]CF3S03, 

with pseudo-Cs symmetry clearly evident for the [12]aneS4 adduct. The bond angles for 

the cM-[Mn(CO)2(ri'^-[12]aneS4)]^ also show severe strain associated with 

coordination of the small macrocyclic ring around the Mn(I) centre. Despite this, the 

Mn-S bond distances are significantly shorter than the tricarbonyl adduct, presumably 

due to stabilisation by the macrocyclic effect. Indeed, the [ISjaneSj dicarbonyl adduct 

shows no significant changes in bond distances compared to the tricarbony] adduct due 

to the absence of the macrocyclic effect. The bond angles also change little from the 

tricarbonyl adduct, suggesting [ISjaneSs is sufficiently large to accommodate 

coordination with little increase in strain over q^-coordination. The [16]aneS4 

dicarbonyl structure continues this trend, with the propylene bridges between donor 

atoms permitting near octahedral coordination, although the high estimated standard 

deviations associated with the bond angles prevent conclusive analysis. 

The above syntheses have demonstrated the ability of thioether macrocycles to 

stabilise the highly electron-rich [Mn(C0)2]^ 6agment, despite negligible Tt-

backbonding from the thioether donor atoms. Presumably, the stabilisation is attained 

through the macrocyclic effect from the q'^-coordination of the tetrathia macrocycles. 

However, the isolation of the pentathia macrocyclic dicarbonyl complex suggests the 

macrocyclic effect is not the sole factor. Attempts to utilise the macrocyclic effect to 

stabilise the monocarbonyl species [Mn(C0)(ri^-[15]aneS5)]CF3S03 proved 

unsuccessful. This is not surprising considering the negligible participation of the 

thioethers in 71-bonding, thus removal of strongly rc-accepting carbonyl ligands would 

only further destabilise the already highly electron-rich Mn(I) centre. 
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2.4 Experimental 

The compounds [Mn(C0)5Cl]^' and yac-[Mn(C0)3(Me2C0)3]CF3S03^^ were 

prepared vm the literature procedures and the ligands [12]-, [14]-, [16]-aneS4 and 

[15]aneS5 purchased from Aldrich Chemical Company. Dry MeCN required for Mn(I) 

the decarbonylation reactions was distilled over P2O5 and all solvents were degassed 

with dry N2 for 15 minutes prior to use. Reactions were performed under an N2 

atmosphere with reaction vessels wrapped in aluminium foil to exclude light, and 

isolated products were stored in foil covered vials. 

_/ac-[Mn(C0)3(n^-[12]aneS4)]CF3S03 

[12]aneS4 (48 mg, 0.2 mmol) was added to a solution ofyac-[Mn(C0)3(Me2C0)3]-

C F 3 S O 3 (0.2 mmol) in MezCO in a foil covered flask. The solution was stirred under an 

N2 atmosphere at room temperature for ~2 hours. Solution IR spectra were taken at 

regular intervals to observe the loss of carbonyl stretching frequencies at 2022 and 1932 

cm'̂  corresponding to yac-[Mn(C0)3(Me2C0)3]CF3S03. The resulting solution was 

reduced to dryness m wcwo, the orange oil formed dissolved in CHCI3 (5 cm^) and 

petroleum ether (40-60 °C, 10 cm^) added to give a yellow precipitate. This solid was 

filtered, washed with petroleum ether (40-60 °C, 3 x 25 cm^) and dried m vacwo to give 

the required yac-[Mn(C0)3(T|^-[12]aneS4)]CF3S03 (yield 80 mg, 76 %). Required for 

[Ci2Hi6F3Mn06S5]. % CHCI3: C = 25.6, H = 2.8 %; found: C - 26.0, H - 2.8 %. 

Electrospray mass spectrum (MeCN): found = 379, 351; calculated for [Mn(C0)3-

([12]aneS4)]'^ /%/z = 379, [Mn(C0)2([12]aneS4)]^ /zzA = 351. NMR: 6 2.5-4.0 (br, 

CHz). '^C{'H} NMR: 8 214-219 (br, CO), 38.2 (CHi, 2C), 36.3 (CHz, 4C), 30.7 (CHz, 

2C). ^̂ Mn NMR: 6 -334, -3000 Hz. v(CO) (Me2C0): 2061s; 1972s, 1958s; (Csl 

disk): 2061s, 1973s, 1951s cm '. 

fac- [Mn(CO)3(Ti'̂ - [ 14] aneS4)] CF3SO3 

As above, but using [14]aneS4 (54 mg, 0.2 mmol). A yellow solid was isolated as 

the required yac-[Mn(C0)3(T]^-[14]aneS4)]CF3S03 (yield 90 mg, 81 %). Required for 

[Ci4H2oF3Mn06S5]: C = 30.2, H = 3.6 %; found: C = 29.9, H = 3.3 %. Electrospray 

mass spectrum (MeCN): found m/z = 407, 379; calculated for [Mn(CO)3([14]aneS4)]^ 
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= 407, [Mn(C0)2([14]aiieS4)]" = 379. 'H NMR: 6 2.1-4.0 (br, CHz). 

NMR: 6 215-224 (br, CO), 36.4, 36.2, 31.8, 27.4 (CHs, each 2C), 24.7 and 24.4 (CH], 

both IC). NMR: 6 -471, -1700 Hz. v(CO) (Me2C0): 2043s 1965s, 1955s; (Csl 

disk): 2042s, 1966s, 1953s cm"'. 

_/ac-fMn(C0)3(Tl^-[16]aneS4)]CF3S03 

As above, but using [16]aneS4 (60 mg, 0.2 mmol). A solid was not isolated, 

however characterisation performed on the orange oil formed by removal of solvent in 

vacwo allowed identification of the product to be the required ^c-[Mn(C0)3(T)^-

[16]aneS4)]CF3S03. Electrospray mass spectrum (MeCN): found = 435, 407; 

calculated fbr [Mn(C0)3([16]aneS4)]^ = 435, [Mn(C0)2([16]aneS4)]^ = 407. 

^̂ Mn NMR: 6 -276, w.̂  -3000 Hz. v(CO) (Me2C0): 2042s, 1954s cm '. 

/flc-IMn(CO)3(Ti^-[ 15] aneSs)] CF3SO3 

As above, but using [15]aneS5 (60 mg, 0.2 mmol). A yellow solid was isolated as 

the required yac-[Mn(C0)3(T|^-[15]aneS5)]CF3S03 (yield 100 mg, 85 %). Required fbr 

[Ci4H2oF3Mn06S6]: C = 28.6, H = 3.4 %; found: C = 28.2, H = 3.1 %. Electrospray 

mass spectrum (MeCN): found /wA = 439; calculated for [Mn(C0)3([15]aneS5)]^ /w/z = 

439. 'H NMR: 6 2.6-3.7 (br, m, CH2). "C{'H} NMR: 8 212-219 (br, CO), 37.8, 35.0, 

33.7 (CH2, each 2C), 31.1 (CHz, 4C). ^̂ Mn NMR: 6 -658, w.̂  -2200 Hz. v(CO) 

(Me2C0): 2046s, 1966s; (Csl disk): 2047s, 1974s, 1951s cm '. 

CM-(Mn(C0)2(ii^-[12]aneS4)]CF3S03 

yac-[Mn(C0)3(T|''-[12]aneS4)]CF3S03 (53 mg, 0.1 mmol) was dissolved in dry 

degassed MeCN (40 cm^) under an N2 atmosphere in a foil covered flask. AesNO (8 

mg, 0.1 mmol) was added resulting in an immediate solution colour change from yellow 

to orange. The solution was stirred under N2 for ~1 hour and solution IR spectra were 

taken at regular intervals to observe a loss in the /ac-carbonyl stretching ^equencies. 

The resulting solution was reduced to dryness in vacuo and the orange oil formed 

washed with Et20 (3 x 25 cm^). The remaining residue was dissolved in CHCI3 (5 cm"") 
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and recrystallised Wa slow vapour diffusion of petroleum ether (40-60 °C) into this 

solution. The resulting yellow brown solid was filtered, washed with petroleum ether 

(40-60 °C, 3 x 1 5 cm^) and dried m vocwo to give the required cz.y-[Mn(C0)2(Tj'̂ -

[12]aneS4)]CF3S03 (yield 45 mg, 90 %). Required for [CnHieFsMnOgS;]. CHCI3: C 

= 24.8, H - 3.0 %; found: C = 25.2, H = 3.3 %. Electrospray mass spectrum (MeCN): 

found m/z = 351 calculated for [Mn(CO)2([12]aneS4)]"^ m/z = 351. 'H NMR; 6 2.5-4.1 

(br, AM, CHz). NMR: 6 220-222 (br, CO), 45.7, 42.1, 37.6, 31.6 ( % , each 2C). 

^̂ Mn NMR: 6 -1540, wy; -18000 Hz. v(CO) (MezCO) 1964s, 1892s; (Csl disk): 1946s, 

1876s, 1867s cm '. 

CM-[Mn(C0)2(n^-[H]aneS4)]CF3S03 

As above, but using /ac-[Mn(C0)3(Ti^-[14]aneS4)]CF3S03 (56 mg, 0.1 mmol). An 

orange brown solid was isolated as the required cz\y-[Mn(C0)2(Ti'*-[14]aneS4)]CF3S03 

(yield 31 mg, 60 %). Required for [Ci3H2oF3Mn05S5]: C = 29.5, H = 3.8 %; found: C = 

29.3, H = 3.6 %. Electrospray mass spectrum (MeCN): found = 379; calculated for 

[Mn(C0)2([14]aneS4)]^ /M/z - 379. 'H NMR: 8 2.3-3.9 (br, /», CH2). NMR: 8 

218-226 (br, CO), 44.5, 37.0, 34.0, 33.0, 31.0 (CHz, each 2C). ^̂ Mn NMR: 8 -1350, w.̂  

-30000 Hz. v(CO) (MezCO) 1960s, 1888s; (Csl disk): 1952s, 1886s, 1878s, 1866s cm \ 

CM- [Mn(CO)2(n''416] aneS^)] CF3SO3 

As above, but using residual oil from above synthesis of _/ac-[Mn(C0)3(r|^-

[14]aneS4)]CF3S03 (0.1 mmol). A low yield of orange crystals were isolated and 

provided limited characterisation as the required czj^-[Mn(C0)2(Tj'^-[14]aneS4)]CF3S03 

(yield 10 mg, 18 %). Electrospray mass spectrum (MeCN); found m/z = 407; calculated 

for [Mn(CO)2([16]aneS4)]^ = 407. v(C0) (Me2C0) 1956s, 1885s. , 

c«-[Mn(C0)2(Ti''.[15]aneS5)]CF3S03 

As above, but usingyhc-[Mn(C0)3(T|^-[15]anGS5)]CF3S03 (59 mg, 0.1 mmol). A 

brown solid was isolated as the required czj'-[Mn(C0)2(Ti'*-[15]aneS5)]CF3S03 (yield 35 

mg, 68 %). Required for [Ci3H2oF3Mn05S6]: C = 27.9, H == 3.6 %; found: C = 27.5, H = 
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3.4 %. Electrospray mass spectrum (MeCN): found /M/̂  = 4 ] ] , 383; calculated for 

[Mn(C0)2([15]aneS5)]'^ m/z = 411, [Mn(C0)([15]aneS5)]^ /M/z = 383. NMR: 8 2.3-

3.9 (br, /M, CHz). NMR: 6 220-225 (br, CO), 43.2, 40.9, 39.6, 38.5, 38.0, 37.9, 

36.7, 33.7, 33.1, 31.1 (CHz, each IC). NMR: 8 -980, -12000 Hz. v(CO) 

(MezCO) 1962s, 1885s; (Csl disk): 1967s, 1961s, 1884s cm'^ 

Crystallographic Studies 

Details of the ciystallographic data collection and refinement parameters are given 

in Table 2.15. Crystals of [Mn(C0)3(Tj^-L)]CF3S03 (L = [12]aneS4 and [15]aneS5) were 

grown by vapour diffusion of diethyl ether into solutions of the complexes in CH2CI2. 

Whereas crystals of [Mn(C0)2(r|'^-L)]CF3S03 (L = [12]aneS4, [16]aneS4 and [I5]aneS5) 

were grown by vapour diffusion of light petroleum ether (40-60 °C) into solutions of the 

complexes in CHCI3. Data collection used a Rigaku AFC7S four-circle diffractometer 

except for [Mn(C0)2([15]aneS5)]CF3SO3, for which data collection used an Enraf 

Nonius Kappa CCD diffractometer. Both diffractometers used graphite-monochromated 

Mo-Ka X-radiation (A, = 0.71073 A ) and each was equipped with an Oxford Systems 

open-flow ciyostat operating at 150 K. 

The solution^^ and refinement^® of the structures of [Mn(C0)3([12]aneS4)]CF3S03 

and [Mn(C0)3([15]aneS5)]CF3S03 were routine. The crystals of [Mi](C0)2([16]aneS4)]-

CF3SO3 and [Mn(C0)2([15]aneS5)]CF3S03 were rather weakly dif&acting and this 

reflected in the relatively low number of observed reflections. The structures were 

solved routinely by heavy atom m e t h o d s , b u t there was insufGcient data of good 

quality to refine all atoms anisotropically. Hence carbon atoms were refined 

isotropically^® and H atoms were included in calculated positions. The structure solution 

of [Mn(C0)3([15]aneS5)]CF3S03 was sufGcient to compare geometric parameters, 
<( 

whereas the solution of [Mn(C0)3([16]aneS4)]CF3S03 only allowed confirmation of the 

gross coordination architecture around the Mn(I) centre. 

The crystals of [Mn(C0)2([12]aneS4)]CF3S03 were also weakly diffracting and this 

was reflected in slightly higher than normal residuals. The structure was solved by 

heavy atom methods"^ and developed with iterative cycles of full-matrix least squares 

refinement^® to reveal two independent cations, two independent CFsSOs^ anions and 
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one CHCI3 solvent molecule in the asymmetric unit. One of the cations showed disorder 

within the macrocyclic ring, giving two ligand conformations in a 70:30 ratio. The 

conformations are related by C2 rotation about an axis passing through the Mn(I) centre 

and bisecting the carbonyl ligands. The two components do not superimpose due to the 

unsymmetrical coordination of the [12]aneS4 macrocycle, where one thioether donor is 

oriented in the opposite direction to the others (Section 2.2.2.2). Thus, the thioether 

donor atoms to the carbonyl ligands, and the carbons adjacent to these donors, 

have alternative positions. In order to model this disorder, it was necessary to constrain 

the Mn-S bond distances for the disordered donor atoms to 2.32 A , otherwise some of 

the observed bond distances were unrealistically short, with others unrealistically long. 

All non-H atoms, except for those in the minor component, were refined anisotropically 

and H atoms were included in calculated positions. Although the disorder model was 

adequate, the structural information available from the disordered cation was of limited 

value, other than to support the notion of unsymmetrical coordination of the [12]aneS4 

ligand. The second cation showed no signs of disorder and therefore structural 

discussion and comparison of geometric parameters for this complex were based on the 

ordered cation alone. 
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Table 2.15 Crystallographic data collection and refinement parameters for |Mn(C())3(L)|CF3SO3 and IMn(C"0)2(I>)]Cl'\iSO,. 

[Mn(C0)3([12]aneS4)]" [Mn(C0)3([15]aneS3)r [Mn(CO)2([12]aneS4)]̂  i:Mn(C0)2([15]aneS;)]' [Mn(C0)2([16]aneS4)]̂  

CD 

OS 
o\ 

Formula 

Fomiula weight 

Crystal system 

Space group 

a I k 

6 / A 

c / A 

« / " 

/9/° 

yr 

z 

XMo-Kg) / c m ' 

No. of unique reflections 

/?i„t (based on F^) 

No. of obs. reflections " 

No. of parameters 

R'' 

R.' 

CnHisFjMnOgSs 

528.49 

Triclinic 

f T (# 2) 

9.4610(9) 

11.593(2) 

9.372(1) 

93.56(1) 

96.581(10) 

72.653(9) 

974.3(2) 

2 

12.68 

3427 

0.023 

2650 

244 

0.027 

0.039 

CKHjoFjMnOftSf, 

588.60 

Monoclinic 

f2,/M(# 14) 

11.420(4) 

14.642(3) 

13.605(3) 

90 

96.55(2) 

90 

2260.0(9) 

4 

11.91 

4168 

0.030 

2847 

271 

0.072 

0.101 

Cu.sHij 5CI1 jFjMnOsSs 

560.16 

Triclinic 

r T (# 2) 

14.095(2) 

15.267(3) 

9.641(2) 

90.983(17) 

90.332(14) 

86.531(13) 

2070.6(6) 

4' 

13.83 

7306 

0.068 

3708 

511 

0.066 (^l)'' 

0.1643 (w;;2)' 

560.59 

Monoclinic 

f2,/» (# 14) 

10.125(2) 

8.641(2) 

24.554(5) 

90 

99.55(3) 

90 

2118.5(8) 

4 

12.63 

4418 

0.254 

1233 

188 

0.082 

0.073 

C,;H24F3MnO,S5 

556.58 

Orthorhombic 

Pbca (#61) 

11.674(8) 

17.046(9) 

22.434(6) 

90 

90 

90 

4464(3) 

8 

11.08 

6461 

0.105 

2214 

187 

0.083 

0.129 

' Observed if [/. > 2o(7.)] " = Z (|F.b.|j - |F..kli) / Z |Fnk|i ' Wi(|F̂ |i - IF.kli)" / Zwi|F |̂; "^1=1 (|F^| - |F̂ „|) / Z |F.k| ' w/;2 = w(|F^k| - IF̂ ,̂,!)" / Zw|F"̂ ,|: 
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3.1 Introduction 

The small ionic radius and high positive charge associated with the Ti(IV) centre 

makes for an extremely hard Lewis acid. Thus, the coordination chemistry of Ti(IV) is 

dominated by that involving hard Lewis bases, such as N- and 0-donor ligands. 

Consequently, one would expect coordination with soft donor ligands such as thioethers 

to be unfavoured. Indeed, a thermodynamic study of the stability of TiCU adducts with 

tetrahydrofuran (THF) and tetrahydrothiophene (THT) showed stronger coordination of 

the 0-donor compared to the S-donor/ although the small difference in coordination 

strengths suggests Ti(IV) is a softer acceptor than its position in the periodic table 

would imply. Other examples of thioether coordination with Ti(IV) have also presented 

some rather unexpected conclusions. Thus, a series of complexes [TiX4(L)] and 

[TiX4(L)2] (X = CI, Br) have been synthesised involving the potentially bidentate cyclic 

ligands, L - 1,4-dioxaii (C4Hg02), 1,4-thioxan (C4HgOS) and 1,4-dithian (C4H8S2).'̂ '̂  IR 

spectroscopy of the [TiX4(L)] complexes suggests the ligands bridge two Ti(IV) centres 

to give a polymeric structure with 6-coordinate titanium (Figiire 3.1). However, IR 

spectra of the [TiX4(L)2] complexes show only monodentate coordination of the ligand 

to present monomeric 6-coordinate Ti(IV) (Figure 3.1). Notably, the spectra of the bis-

1,4-thioxan complexes show C-O-C stretching modes unaltered from the free ligand, 

whereas the C-S-C stretching modes are shifted to low frequency. This, together with 

'H NMR spectroscopic data showing a greater shift to high frequency for protons 

ac^acent to the S-donor compared to those adjacent to the 0-donor, shows thioether 

coordination is preferred over ether coordination for these ligands. Similarly, 

selenoether coordination is observed in the 1,4-selenoxan adduct [TiCl4(C4H8Se0)2].^ 

Figure 3.1 Predicted structures of |TiCL(L)) and [TiCl4(L)2] for L - 1,4-dioxan, 

1,4-thioxan and 1,4-dithian (E = S, Se; taken from refs. 4 and 9). 
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Further examples showing preferential coordination of thioethers over ethers with 

Ti(IV) are presented in the series of TiCL̂  adducts involving the potentially tridentate 

ligands MeC(X)(Y)(Z) [X = Y = Z = CHzOMe; X = Y = CHzOMe, Z = CHzSMe or 

CHzNMez; X = CHzOMe, Y = CHzSMe, Z = CHzNMez]/ VT-NMR spectroscopy 

shows the presence of an uncoordinated donor, suggesting the ligands act as bidentates 

only to give 6-coordinate [TiCLt{r|^-MeC(X)(Y)(Z)}]. When all three donor types are 

present, the major product observed shows the expected coordination of the hard N- and 

0-donor atoms, with the thioether remaining uncoordinated. However, a second product 

is also observed in significant proportion, with thioether coordinated in preference to the 

0-donor. Furthermore, the complex involving MeC(CH20Me)2(CH2SMe) shows 

coordinated S-donor and a free 0-donor as the major product. These results suggest 

thioether coordination may be preferred over ether coordination for these ligands, 

however the absence of structural characterisation prevents conclusive determination. 

The above examples suggest there is little disparity between the coordination of 

thioethers, selenoethers and ethers with TiXt (X = CI, Br) for certain ligand types, 

indicating Ti(IV) may be of softer character than implied by the hard-soft acid-base 

(HSAB) principle (see Chapter 1).̂  Thus, there was immediate interest in investigating 

the coordination of S-donor ligands with Ti(IV) following the synthesis of the above 

1,4-thioxan and 1,4-dithian complexes in 1964. Examples of the early reported 

complexes include [TiX4(L')2] for L' = monodentate thiols (EtSH, "PrSH, "BuSH and 

PhSH, X = Cl);^ monodentate thioethers (MegS and Et2S, X = Cl);'° and cyclic 

thioethers {(CH2)nS for n = 3-5, X = CI, Br}.̂ ^ However, characterisation of these 

complexes was restricted to melting points, elemental analyses and IR spectroscopy 

only. Various [TiX4(L")] complexes have also been reported for L" = bidentate thiols 

(ethane-1,2-dithiol, propane-1,2-dithiol and propane-1,3-dithiol, X = CI);® bidentate 

thioethers {RS(CH2)2SR for R = Me, Et and Ph, X = CI, Br};'^ and monodentate cyclic 

thioethers {(CH2)nS for n - 3-5, X = CI, Br}.'' Again, spectroscopic characterisation of 

these complexes is very limited, with no detailed solution or structural studies reported. 

Complexes involving Se-donor coordination are much less common, with [TiCl4(L)] (L 

= Et2Se,''̂  Me2Se(CH2)2SeMe and Me2Se(CH2)3SeMe'^) among the few early examples. 

The above complexes are all extremely moisture sensitive, brightly coloured (red-

yellow) complexes, most involving 6-coordinate Ti(IV). This moisture sensitivity may 
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be responsible for the very limited spectroscopic characterisation reported for these 

early complexes. It was 1987 before the first multinuclear NMR studies were reported, 

providing confirmation of the cz.y coordination of [TiX4(L)2] (L = Me2E, E = S, Se, X = 

CI, Br)/'* Kinetic studies investigating the isomerisation of these complexes 

suggest the halide ligands preferentially reside trans to the chalcogenoether ligands, 

whereas the equivalent Sn(IV) adducts form both cis and trans isomers. It was proposed 

that the determining factor for 02.9-71X4 adducts was the possibility X-Ti 

bonding, utihsing empty Ti(IV) <^-orbitals. Thus, as chalcogenoethers do not strongly 

participate in 7i-bonding (Chapter 1), the trans halides experience no competition for the 

(f-orbitals. For Sn(IV), X-Sn bonding is not significant and hence both 

and trans isomers are observed. The chemistry of Sn(IV) provides a good comparison to 

Ti(IV) as both are hard Lewis acids with very similar covalent and ionic radii. 

Only recently have a limited number of Ti(IV) halide adducts with thio- or seleno-

ether ligands been structurally characterised, with [TiCl2(NBu')([9]aneS3)] reported as 

the first such macrocyclic complex. The structure shows octahedral geometry at 

Ti(IV), with Ti-S bond lengths to NBu' significantly longer than the czg Ti-S 

distances, consistent with the well known trans influence of the imido ligand."' 

Octahedral geometry at Ti(IV) has also been observed for the complexes [TiCl4(L)2] (L 

= CgHiiSH,'^ C4HgS,'^ MezSe and Et2Se).̂ ^ The structures confirm the adducts are 

monomeric with cis coordination of the monodentate donor ligands, as assigned via IR 

spectroscopy in the early reported syntheses. Accompanying these structures was the 

reported synthesis of TiCU adducts with MeSSMe,'^ MeSeSeMe and EtSeSeEt.^® 

Structural characterisation of two of these complexes (Figure 3.2) show the ligands 

bridge two Ti(IV) centres with 6-coordination accomplished via bridging chloride 

ligands to give [{Cl3Ti}2(|i-Cl)2(n-L')] (L' = MeSSMe, EtSeSeEt). This bridging 

geometry may be attributed to the inability of the dichalcogenide ligand to chejate. 

These dichalcogenide Ti(IV) adducts are examples of a relatively new class of 

compounds used as single source precursors to titanium dichalcogenide materials. Pure, 

crystallographically orientated thin films of these materials are desirable due to their 
ori 11 oo 

potential as high-energy cathode materials in rechargeable lithium batteries. ' ' ' 

Conventional routes to TiS2 include the vapour phase reaction of TiCU with organo-

thiols, -sulfides and -disulfides via high temperature and/or high pressure chemical 
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vapour deposition Single source precursors have pre-fbrmed Ti-E (E = S, 

Se) interactions, hence eliminating the need for two-phase CVD and the problems 

associated with mixing gases at low pressures. Indeed, TiS^ thin films have been formed 

by this method at atmospheric pressure and at reduced temperatures.^^ Similarly TiSe: 

films, previously unattainable via two-phase CVD, have been formed by this method. 

Figure 3.2 View of the structure of [(TiCl4)2(MeSSMe)] (taken from ref. 18) 

This chapter investigates the coordination chemistry of bidentate thio- and seleno-

ether ligands with titanium halides, with a view to producing new single source 

precursors to titanium dichalcogenide materials. The volatility of these adducts and the 

deposition orientations of the TiE2 (E = S, Se) films formed via thermal decomposition 

are expected to vary with the halogen and ligand structure. Thus, reported within is the 

synthesis and spectroscopic characterisation of a series of TiX^ (X = CI, Br and I) 

complexes with various bidentate thio- and seleno-ether ligands [ M e E ( C H 2 ) n E M e , 

PhE(CH2)2EPh and o-C^IitCEMe); for E - S or Se, n = 2 or 3].^^ The complexes are 

characterised by elemental analysis and IR, UV-visible and multinuclear (^H, 

^^Sej^H}) NMR spectroscopy. X-ray single crystal structure determinations are reported 

for the complexes [TiCl4(L)] {L = MeS(CH2)2SMe, MeS(CH2)3SMe, MeSe(CH2)3SeMe 

and o-C6H4(SeMe)2} in order to establish the effects of changing the donor atom and 

ligand backbone on the metal-donor interaction. A brief discussion on the 

decomposition of these complexes is also reported, including the structural 

characterisation of the partially hydrolysed oxo-bridged binuclear adduct, 

[({MeS(CH2)2SMe}Cl3Ti})2(M-0)]. 
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3.2 Results and Discussion 

Reaction of TiCU with one molar equivalent of bidentate thio- or seleno-ether 

ligand, L2 [Lz = MeE(CH2)nEMe, PhE(CH2)2EPh, o-C6H4(EMe)2 for E - S or Se, n - 2 

or 3] in rigorously anhydrous «-hexane at room temperature resulted in the immediate 

precipitation of bright yellow, orange or red solids, [TiCl4(L2)], in high yield (Figure 

3.3). Similarly, dissolution of TiBr4 in rigorously anhydrous CH2CI2 followed by 

addition of one molar equivalent of L2' [L2' = MeE(CH2)nEMe, o-C6H4(EMe)2 for E = S 

or Se, n = 2 or 3] afforded deep orange and red solutions of [TiBr4(L20]- Again, 

intensely coloured solids were isolated in high yield via precipitation with «-hexane. As 

expected, reactions of TiL) were less straightforward due to its poor solubility in non-

coordinating solvents and much poorer acceptor properties. Hence, deep purple Til4 

solutions were prepared via partial dissolution in comparatively large volumes of mildly 

refluxing CH2CI2 and subsequent filtration to remove any undissolved material. 

Addition of one molar equivalent of L2" [L2" = MeE(CH2)2EMe, o-C6H4(EMe)2 for E = 

S or Se] resulted in significant colour changes to give dark red/brown solutions of 

[Til4(L2")]. The products proved particularly difRcult to isolate as solids, with the 

thioether complexes affording only oily residues unsuitable for characterisation. The 

selenoether adducts were isolated as deep red powdered solids vm precipitation with 

hexane, though in considerably lower yields than the TiCU and TiBr4 adducts. 

Figure 3.3 Reaction scheme for the synthesis of [TiX4(L2)], X = CI, Br, I. 
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All of the isolated complexes are extremely moisture sensitive, liberating the free 

ligand and rapidly decolourising almost immediately upon exposure to moist air. 

Similarly rapid hydrolysis has been observed for the related class of Ti(IV) complexes, 

[TiCl3Me(L)] for L = Me0(CH2)20Me, MeS(CH2)2SMe and Me2N(CH2)2NMe2.^^ Here 

the O- and S-donor adducts are hydrolysed almost immediately on exposure to moist 
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air. Even reaction with the more stable group 15 N-donor adduct is fast, with hydrolysis 

becoming apparent within one minute. Therefore, the compounds isolated here were 

routinely handled and stored in a dry, continuously Nz-purged glove box, under which 

conditions, the solids remained stable and showed no signs of decomposition over a few 

months. [TiCl4{PhSe(CH2)2SePh}] was the sole exception and decolourised within one 

month, thus its decomposition behaviour was further investigated (Section 3.2.4). 

The formulation of the complexes as [TiCl4(L2)], [TiBr4(L2')] and [Til4(L2")] was 

confirmed via microanalytical data. With five naturally abundant titanium isotopes 

providing a distinctive signature for titanium adducts, mass spectrometry was conducted 

on a number of representative complexes to confirm the molecularity of the products. 

However, electrospray mass spectrometry resulted only in ligand displacement by the 

MeCN carrier solution. While various vapour phase techniques (chemical ionisation, 

electron ionisation and MALDI) afforded only peaks corresponding to ionised &ee 

ligand, TiX4^ (X = CI, Br) and sequential loss of halide. These results are consistent 

with the expected weak interaction between soft chalcogenoether ligands and the hard 

Ti(IV) centre being insufficient to withstand either dissolution in coordinating solvents 

or the high energy ionisation conditions of the vapour phase techniques. Similarly 

unsuccessful electron ionisation mass spectroscopy have been reported for the Ti(IV) 

adducts [TiCl4(RSH)] (R = Et, "Pr, "Bu, Ph) and [TiCl4{HS(CH2)nSH}] (n - 2, 3).^ 

The successful isolation of the above titanium halide thio- and seleno-ether 

complexes prompted a study of telluroether coordination with Ti(IV). Thus, TiCU was 

added to a solution of MeTe(CH2)3TeMe and o-C6H4(TeMe)2 in M-hexane at 0 °C, 

resulting in the immediate precipitation of brown solids. However, microanalytical data 

indicated a complicated mixture of titanium chloride and chlorinated telluroether ligand, 

similar to that reported during the attempted synthesis of [TiCl4(Et2Te)2]."° These 

results are not surprising as the poor interaction between the contracted orbi^ls of the 

hard Ti(IV) centre and the diffuse orbitals of the soft Te donor may prevent the 

formation of Ti-Te interactions. Telluroether coordination with Ti(IV) has been reported 

recently, with reaction of TiC^ with the tellurium-bridged chelating bis(aryloxo) ligand, 

Ls = 2,2'-Te(4-Me-6-'Bu-C6H20)2 affording chloride bridged [{Cl(L3)Ti(n-Cl)}2].^^ 

Structural characterisation (Figure 3.4) shows coordination of the peripheral 0-donors 

places the Te-donor in close proximity to the Ti(lV) centre, thus promoting interaction. 
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Figure 3.4 View of the structure of [{Cl(L3)Ti(|J,-Cl)}i] (taken from ref. 29) 

Ti'" "O 

X = CI, R = feu, R' = Me 

3.2.1 IR and UV-visible syectroscopy 

Although the small chain lengths of the ligands used dictates only cis coordination 

when chelating, trans coordination of two bridging hgand molecules may be observed 

in a polymeric structure (Figure 3.5). In the latter, the D4h local symmetry around the 

Ti(IV) centre would present only one IR active titanium-halide stretching vibration, Eu. 

For coordination, the complex has C2v symmetry and hence exhibits four such 

vibrations, 2A\ + Bi + B2. The number of Ti-X stretching vibrations observed should 

therefore determine which molecular structure is formed. However, as cis coordination 

at Ti(IV) could also be attained vm bridging ligand molecules, for example [CL^Tijp-

LzjzTiC^j, X-ray crystallographic studies have been undertaken to unequivocally 

confirm the coordination geometry at Ti(IV) (Section 3.2.3). 

Figure 3.5 View of two of the possible binding modes of the bidentate ligands. 
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Far IR data were collected for the [TiX4(L2)] (X = CI, Br) adducts, with the high 

sensitivity of the complexes dictating the use of sodium dried-Nujol mulls pressed 

between Csl plates. All of the spectra showed four overlapping Ti-X stretching 

vibrations (Figure 3.6), thus confirming the formulation as cz^-[TiX4(L2)]. The observed 

stretching frequencies of 420-370 cm"' for v(Ti-Cl) and 330-290 cm"' for v(Ti-Br) 

compare well with those reported for similar thioether complexes [TiX4(L)2], L = 

(CH2)nS, n - 3-5 [420-380 and 318-306 cm"' for X = CI, Br respectively]." IR 

spectroscopy of the TiLt adducts showed no metal-halogen stretching vibrations down to 

220 cm"', though this is not surprising as the far IR spectrum of TiLt shows all but one 

of the Ti-I stretching and bending modes occur below 200 cm"'.̂ ° 

Figure 3.6 v(Ti-Cl) region of [TiCU{MeSe(CH2)2SeMe} | IR spectrum (Nujol mull). 
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The intense colours of the solids isolated as [TiX4(L2)] indicate the presence of 

strong electronic transitions within the complexes. As Ti(IV) is cf, metal-ligand and d-d 

transitions are not possible, hence any observed transitions can be unambiguously 

defined as ligand-metal charge transfer (LMCT) transitions. Attempts to collect solution 

phase electronic spectra using Schlenk quartz cells and rigorously anhydrous C H 2 C I 2 

resulted only in the rapid hydrolysis of the small concentrations of compounds 

necessary. Thus, spectra were recorded by diffuse reflectance, using anhydrous BaS04 

as the inert diluent. The resulting spectra for the chloro-adducts showed several broad, 

but resolved intense LMCT transitions, whereas those of the bromo-adducts were ill 

defined and overlapping. This is not surprising since on electronegativity grounds the 

electronic transition 7x(Cl) —> Ti(t2g) is likely to be quite different from 7i(S or Se) —> 

Ti(t2g), whereas Tc(Br) —> Ti(t2g) is probably more comparable with the S and Se 

transitions. Thus, the data shows Tc(Cl) -> Ti(t2g) transitions at ca. 28500 cm"\ 7i(Br) 

Ti(t2g) at ca. 22500 cm"\ 7i(S) —> Ti(t2g) at ca. 22000 cm'̂  and 7i(Se) ^ Ti(t2g) at ca. 

21000 cm''. Although these values are subject to large errors (+ 1000 cm'') due to the 

broad nature of the observed bands, the halide transitions do compare well with the 

lowest energy 7t(X) Ti(t2g) LMCT transitions in similar Ti(rV) adducts [TiXg]̂ " [ca. 

28000 cm'% X = CI; 22000 cm'\ X = Br]/' Furthermore, comparison of the data with 

the transitions predicted using the Pauling scale of optical electronegativities,^^ shows 

good correlation within the errors of the Pauling values and hence confirms the donor 

types present. These data, together with the above IR spectroscopic and microanalytical 

data, confirm the formulation of the products as cw-[TiX4(L2)]. 

2.2.2 Multinuclear NMR spectroscopy 

As discussed in Chapters 1 and 2, pyramidal inversion at the chalcogeA leads to 

diastereoisomers (invertomers) for chalcogenoether ligands that chelate to metal centres. 

Multinuclear NMR spectroscopy can provide valuable information regarding the two 

NMR distinguishable sets of invertomers (meso and DL pair. Figure 3.7), provided 

pyramidal inversion and dissociation of the ligand are slow on the NMR time scale. 

Thus, 'H, '^C{'H} and where appropriate, ^^Se{'H} NMR spectroscopic studies were 

undertaken for the complexes [TiX4(L2)] for X = CI, Br, L 
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Figure 3.7 View of the possible invertomers for c»-|TiX4(L:)| (E = S, Se). 
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The room temperature H NMR spectra of the TiClVdithioether adducts showed 

sharp resonances with the expected coupling patterns corresponding to H-environments 

of the respective ligands (Figure 3.8). Analysis of the chemical shifts reveals a high 

frequency shift upon ligand coordination, consistent with the reduced electron density at 

the thioether following a-donation to the Ti(IV) centre (see Chapter I). The absence of 

resonances due to different invertomers may be attributed to one of three factors. Either 

one invertomer is energetically favoured to the exclusion of the other, the system is 

exhibiting fast ligand exchange or fast pyramidal inversion is occurring. The reported 

variable temperature NMR studies of the Ti(IV) complex [MeTiCls {MeS(CH2)2-

SMe}] has shown sharp resonances at room temperature that resolve to reveal 

individual invertomers at low temperatures (-100 This suggests the room 

temperature system is probably exhibiting rapid inversion at the thioether. The 

TiCU/dithioether adducts formed here are expected to show similar behaviour, 

consistent with the low-energy barrier to inversion for coordinated thioether donors (see 

Chapter l)/"" The 'H NMR spectra for the selenoether adducts support this, showing 

similar shifts to high frequency upon coordination, though with significantly broader 

resonances than for the thioether adducts (Figure 3.8). This suggests pyramidal 

inversion is slower than the high temperature limiting case, consistent with the higher 

activation energies for inversion at selenoethers compared to thioethers/^ < 

The 'H NMR spectra for the bromo-adducts showed much broader resonances with 

less resolved splitting patterns (Figure 3.8). This broadening may be attributed to the 

increased activation energy for inversion at the chalcogen due to the poorer acceptor 

ability of TiBr4, as shown by the reduced shift to high frequency shift compared with 

the above chloro-adducts. Thus the planar transition state is less stabilised (see Chapter 

1) and may slow pyramidal inversion below the high temperature limiting case to 

Page 79 



Chapter 3 Tjtajiium(IV) Halide Complexes with Bidentate Thio- and Seleno-ether Ligands 

present broad coalesced resonances from the different invertomers. Furthermore, the 

weaker interaction between the chalcogenoether and the poorer TiBr4 acceptor may also 

lead to resonance broadening vm ligand dissociation. 

The 'H NMR spectra for the iodo-adducts revealed resonances even less shifted to 

high frequency compared with the chloro- and bromo-adducts. This is again consistent 

with the even poorer acceptor properties of Til4 removing less electron density from the 

chalcogenoether donors. Indeed, the observed resonances were reasonably sharp, which 

may indicate that the H-environments &om the coordinated and uncoordinated ligand 

are averaged due to rapid ligand exchange, and thus rendering comparison of chemical 

shifts for these adducts meaningless. 

Figure 3.8 Comparison of RT ^ H NMR spectra for a) |TiCU{McS(CH2bSMe} J, b) 

[TiBr4{MeS(CH2)3SMe}] and c) [TiCl4{MeSe(CH2)3SeMe}] (CDCI3). 
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Although low temperature 'H NMR spectroscopy can show the relative 

contributions of pyramidal inversion and/or ligand dissociation in the above [TiX4(L2)] 

adducts, this was not employed due to the expected increased complexity and possible 

overlapping of coupled resonances at low temperatures. Thus, variable temperature 

and ^^Sej'H} NMR spectroscopy were employed to further investigate these 

dynamic processes. NMR spectroscopy of the metal centre nucleus has been informative 

in previously reported studies of the SnX4 adducts with Group 16 ligands.̂ '̂ '̂ ^ Hence, 

47/49rpi spectroscopy was attempted in order to probe the bonding characteristics of 

the thio- and seleno-ether ligands in the Ti(IV) complexes formed here. NMR 

spectroscopy has been previously reported in the study of isomerisation of 

[TiCL} {(MeO)3PO}2] at room tempera ture .However , the quadrupolar spin states and 

low relative receptivities of the NMR active nuclei, '̂ T̂i (7.28 %, I = ^/a, Dp = 1.5 x 10^) 

and "̂ T̂i (5.51 %, I = Dp = 2.1 x 10"^), make acquisition of these data difficult. Thus, 

although both '̂ T̂i and '*̂ Ti resonances were observed at room temperature for a test 

solution of [(ri^-C5H5)2TiC]2] in CH2CI2/CDCI3, cooling led to a broadening and 

eventual loss of the signal, presumably due to the quadrupole. Furthermore, no 

resonances were observed either at room temperature or on cooling for the thio- and 

seleno-ether [TiX4(L2)] complexes formed here. This unfortunately rendered ''̂ ^^^Ti 

NMR spectroscopy of no use for these Ti(IV) adducts. 

3.2.2.1 Dithio- and diseleno-ether adducts of TiCU 

The room temperature NMR spectra of the TiCU/dithioether adducts 

reveal sharp resonances corresponding to only one conformation of the ligand (Figure 

3.9), consistent with the high temperature limiting case of pyramidal inversion. The 

resonances are significantly shifted to high frequency indicating the reduced electron 

density at the thioether following cr-donation to the Ti(IV) centre. The equivalent 

spectra for the diselenoether adducts show similar shifts to high frequency, though with 

significant broadening of the resonances. This indicates that pyramidal inversion is 

slower in the diselenoether adducts, consistent with the higher activation energy for 

inversion at coordinated selenoethers compared with thioethers.^^ These data parallel 

the conclusions from the room temperature ^H NMR spectroscopy of these adducts. 
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Figure 3.9 VT NMR spectroscopy of [TiCL{MeS(CH2)2SMe}] 
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V S ^ v i/VX/v̂ --̂  

45 40 35 30 25 20 8/ppm 

Lowering the temperature slows the pyramidal inversion process and gradually 

reveals resonances due to the individual invertomers. Figure 3.9 shows the variable 

temperature NMR spectra for [TiCl4{MeS(CH2)2SMe}]. Thus, at room 
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temperature, two resonances are observed corresponding to the methyl (8 23.2) and 

methylene (6 38.9) carbon environments. Cooling down to 260 K shows pyramidal 

inversion has slowed sufficiently to show broad resonances due to the individual 

invertomers. While cooling further to 220 K stops pyramidal inversion on the NMR 

time scale and shows four sharp resonances due to the meso and DL forms of the methyl 

(6 22.2, 23.5) and methylene (6 39.1, 39.4) carbon enviroimients. Similarly, variable 

temperature ^^Se{'H} NMR spectroscopy also revealed the presence of individual 

invertomers on cooling. Thus, the room temperature ^'Se{'H} NMR spectra for the 

TiCWselenoether adducts showed no ^ Ŝe resonances due to fast pyramidal inversion; 

whereas spectra at 200 K revealed two '^Se resonances of varying intensity (Figure 

3.10). The low temperature spectra of all the TiCU adducts have also revealed a large 

variation in the ratio of meso/DL invertomers, ranging from almost 1 : 1 for [TiCUjo-

C6H4(EMe)2}] (E = S, Se) to ca. 8 : 1 for [TiCl4{MeSe(CH2)3SeMe}]. 

The role of ligand dissociation in solution for the TiCU adducts was also 

investigated NMR spectroscopy. Thus, a solution of MeS(CH2)2SMe and 

[TiCl4{MeS(CH2)2SMe}] showed broad resonances corresponding to 

coordinated [8 22 (Me), 39 (CH2)] and uncoordinated [6 18 (Me), 35 (CH2)] ligand at 

room temperature. The fact that resonances were observed for both free and coordinated 

ligand suggests ligand exchange is slow at room temperature on the NMR time-scale. 

Cooling to 250 K results in the resolution of meso/DL invertomers for the coordinated 

ligand [6 22.0, 23.5 (Me), 39.0, 39.3 (CH2)] and reveals no significant frequency shift 

for the free ligand [5 16.0 (Me), 33.0 (CH2)]. There was also no evidence for the 

formation of the 8-coordinate species [TiCL^ {MeS(CH2)2SMe}2] via in situ reaction 

with excess ligand. Although similar addition of free ligand was not performed for all 

complexes, most of the low temperature spectra show an absence of resonances due to 

uncoordinated ligand, suggesting ligand exchange is not significant in these adducts. 

However, the low temperature (200 K) '^C{'H} NMR spectra of the adducts involving 

MeE(CH2)3EMe, E = S, Se, did show very weak resonances corresponding to free 

ligand. Presumably, the less favoured 6-membered chelate ring formed on the 

coordination of these ligands presents more labile ligands capable of room temperature 

ligand dissociation. 
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Figure 3.10 LT NMR spectrum of [TiCl4{MeSe(CH2)3SeMe}| 

(CH2CI2/CDCI3: 

1 I I I I ^ 1— 
195 190 185 180 175 ]-%) 6 /ppm 

3.2.2.2 Dithio- and diseleno-ether adducts of TiBvd 

Following the observed trends from NMR spectroscopy, it was expected that the 

Ti(IV) adducts would show increasingly dynamic behaviour in solution with decreasing 

Lewis acidity of the TiX4 adduct. Indeed, the room temperature and ^^Se{^H} 

NMR spectra of the TiBr4 thio- and seleno-ether adducts gave no observable resonances 

corresponding to either free or coordinated ligand, suggesting the presence of dynamic 

processes in solution. Cooling to 200 K slowed these processes sufficiently to observe 

weak ^^C{'H} resonances shifted to high frequency corresponding to coordinated 

ligand, with the individual invertomers observed in most cases. In addition, the spectra 

also showed strong resonances corresponding to imcoordinated ligand. For example, the 

NMR spectrum of [TiBr4{o-C6H4(SeMe)2] (Figure 3.11) shows resonances 

corresponding to free o-C6H4(SeMe)2 [6 8.1 (Me); 126.7, 129.2 (0-C6H4)] and the 

and DL invertomers of the coordinated ligand [525.5, 25.9 (Me); 131.3, 134.5 (0-C6H4, 

invertomers not resolved)]. This suggests that fast ligand exchange is occurring at room 

temperature, giving rise to an equilibrium between [TiBr4(L2)] and TiBr4 + free L2. On 

cooling to 200 K, ligand exchange stops on the NMR time scale, and so the spectrum 

shows the equilibrium mixture present while ligand exchange was still fast.y^Se{'H} 

NMR spectroscopy showed only resonances little shifted from free ligand even at 200 

K, suggesting ligand exchange is still fast on the ^^Se{'H} NMR time scale. 

3.2.2.3 of 

The room temperature NMR spectra for the TiL/diselenoether adducts 

suggested that fast ligand exchange was occurring in solution as a result of weak metal-
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ligand interactions with the poor Lewis acid TiL). Variable temperature and 

^^Se(^H} NMR spectroscopy of these adducts has confirmed these observations. Thus, 

the room temperature NMR spectrum (Figure 3.11) of [Til4{o-C6H4(SeMe)2] 

showed sharp resonances only slightly shifted to high frequency [5 9.8 (Me); 128.6, 

131.5 (0-C6H4)] with respect to free o-C6H4(SeMe)2 [6 8.1 (Me); 126.7, 129.2 (0-

C6H4)]. Cooling to 200 K resulted in an increased shift to high &equency [6 12.8 (Me); 

129.5, 131.0 (o-C^Iit)], though no resonances corresponding to free o-C6H4(SeMe)2 

were observed. This indicates ligand exchange has been slowed, but is still fast on the 

NMR time scale at 200 K, consistent with the poor acceptor ability of Tilt presenting 

only weak interactions with the selenoether donors. The ^^Se{'H} NMR spectra parallel 

these observations, showing a single resonance slightly shifted to high frequency at 

room temperature [6 214, cf. 200 in free o-C6H4(SeMe)2]. Again the 200 K spectrum 

showed an increased high frequency shift [5 239], but no free ligand resonance. 

Figure 3.11 LT NMR spectra of [TiXilo-CACSeMe):}] for X = CI, Br, I 

(CH2CWCDCI3) 

120 30 10 8 /ppm 
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In view of the paucity of structurally characterised thio- and seleno-ether 

complexes of Ti(IV) and in order to confirm the coordination geometry at Ti(IV), single 

crystal X-ray diffraction studies were undertaken on four of the complexes formed here. 

Thus, single crystals of [TiCl4{MeS(CH2)2SMe}], [TiCl4{MeS(CH2)3SMe}], [TiCL-

{MeSe(CH2)3SeMe}] and [TiCl4{o-C6H4(SeMe)2}] were grown by slow evaporation of 

CH2CI2 solutions of the complexes in a dry N2-purged glove box. 

The structures of all four complexes (Figures 3.12 - 3.15, Tables 3.1 - 3.4) show a 

distorted octahedral environment at Ti(IV) comprising four chloro ligands and two 

mutually cis thio- or seleno-ether donors from the chelating ligand. The bond angles 

between any two mutually cis chloride ligands are greater than that expected for 

octahedral geometry, with the greatest distortion observed between the two chlorides 

to the thio- or seleno-ether donor atoms. These angles range from 102.8(1)° in 

[TiCl4{MeS(CH2)3SMe}] to 109.28(7)° in [TiCl4{o-C6H4(SeMe)2}], a deviation of 

almost 20° from the expected 90° in the latter. Indeed, these angles are more consistent 

with the tetrahedral geometry of the originating TiCl4 adduct, with the angles distorted 

slightly to accommodate the incoming dithio- and diseleno-ether ligands. Thus, the 

bond angles between the two mutually chloride ligands are most distorted, ranging 

60m 165.1(1)° in [TiCl4{MeS(CH2)3SMe}] to 162.91(3) in [TiCl4{MeS(CH2)2SMe}]. 

Such large deviations from the expected octahedral geometry may be attributed to the 

spatial requirements of the chlorides, with electronic repulsion from three lone pairs of 

electrons on each chloride ligand. Similar distortions have been observed for the 

equivalent Sn(IV) dichalcogenoether complexes, [SnX4(L)] for L = dithio-, diseleno- or 

ditelluro-ether ligand. '̂̂ '̂ ^ For example, the equivalent SnCLt adducts to those 

structurally characterised here show bond angles between the two chlorides trans to the 

thio- or seleno-ether donor atoms in the range 96.32(8) - 101.7(1)° and mutiAlly fra/Ay 

chloride bond angles in the range 169.7(1) - 172.04(8)°. These distortions are less 

severe than for the Ti(IV) complexes formed here and this can be attributed to reduced 

steric crowding in the Sn(IV) adducts due to longer M-Cl bond distances in the latter. 

The Ti-Cl bond distances have also been informative for these complexes. The 

bond distances for the chlorides trans to the thio- or seleno-ether donor atoms range 
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fi-om 2.2253(9) and 2.2358(8) A in [TiCl4{MeS(CH2)2SMe}] to 2.247(4) A in 

[TiCL,{MeSG(CH2)3SeMe}]. These are significantiy shorter than the mutually 

chloride bond distances, ranging &om 2.278(3) A in [TiCl4{MeSe(CH2)3SeMe}] to 

2.2907(8) and 2.2926(8) A in [TiCl4{MeS(CH2)2SMe}]. These data suggest a froMa 

influence order on Ti(IV) of CI > S, Se, consistent with the preference of hard chloro 

ligands by the hard Ti(IV) centre. However, this order is opposite to that observed for 

more commonly studied soft Pt(Il) complexes, indicating that the trans influence of 

ligands is dependent on the hardness of the metal centre. Indeed, equivalent dithio- and 

diseleno-ether complexes of the hard Sn(IV) centre also show a similar disparity in M-

C1 bond distances [d(Sn-Cltmns s/se) = 2.360(3) - 2.378(2) A, d(Sn-Cltmns ci) = 2.389(3) -

2.426(3) A] to the Ti(IV) complexes formed here, again indicating a influence 

order of CI > S, Se for hard Lewis acid centres. The distances also agree with the 

reported observation that halide ligands will preferentially reside trans to 

chalcogenoether ligands to maximise any X-Ti bonding.'"' 

Figure 3.12 View of the structure of |TiCL{McS(CH2)iSMe}| with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

c l u ) 
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Table 3.1 Selected bond lengths for [TiCUL], L = MeS(CHi)2SMe, o-CeH^CSeMe)!. 

Bond (E = S, Se) 

Distance / A 

[TiCl4{MeS(CH2)2SMe}] [TiCl4{o-C6H4(SeMe)2}] 

T i ( l ) - E ( l ) 2.6106(9) 2.727(1) 

T i ( l ) - E ( 2 ) 2.6010(8) 2.744(1) 

T i ( l ) - C l ( l ) 2.2907(8) 2.267(2) 

Ti (I ) -Cl(2) 2.2253(9) 2.231(2) 

Ti(l) - Cl(3) 2.2358(8) 2.239(2) 

T i ( l ) -Cl (4 ) 2.2926(8) 2.308(2) 

Table 3.2 Selected bond angles for [TiC^L], L = MeS(CH2)2SMe, <>-C(,H4(SeMe)2. 

Bond (E = S or Se) 

Angle / 

[TiCl4{MeS(CH2)2SMe}] 

O 

[TiCl4{o-C6H4(SeMe)2}] 

E ( l ) - T i ( l ) - E ( 2 ) 80.34(3) 74.42(3) 

E ( l ) - T i ( l ) - C l ( l ) 80.02(3) 87.20(5) 

E ( l ) - T i ( l ) - C l ( 2 ) 167.45(3) 162.48(6) 

E ( l ) - T i ( l ) - C l ( 3 ) 86.30(3) 87.69(5) 

E ( l ) - T i ( l ) - C l ( 4 ) 87.58(3) 80.74(5) 

E ( 2 ) - T i ( l ) - C l ( l ) 86.98(3) 84.41(5) 

E(2) - Ti(l) - Cl(2) 88.03(3) 88.46(5) 

E ( 2 ) - T i ( l ) - C l ( 3 ) 165.73(3) 162.05(6) 

E ( 2 ) - T i ( l ) - C I ( 4 ) 79.33(3) 81.00(4) 

C l ( l ) - T i ( l ) - C l ( 2 ) 94.75(3) 94.94(6) 

C l ( l ) - T i ( ] ) - C l ( 3 ) 95.68(3) 96.42(7) 

C l ( l ) - T i ( l ) - C l ( 4 ) 162.91(3) 163.11(7) 

Cl(2) - Ti(l) - Cl(3) 105.66(3) 109.28(7) 

C l ( 2 ) - T i ( l ) - C l ( 4 ) 94.95(3) 93.14(6) 

C l ( 3 ) - T i ( l ) - C l ( 4 ) 95.20(3) 94.87(6) 
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The structures show that the ligands adopt a DZ conformation in all cases except 

for o-C6H4(SeMe)2, which adopts a conformation with both methyl groups 

residing on the same side of the TiClzSe] plane. Presumably, the reduced flexibility of 

the aromatic backbone in the latter disfavours the twisted DL conformation observed for 

the more flexible aliphatic ligands. This is also reflected in the cis coordinated ligand 

bite angles, with that of the o-C6H4(SeMe)2 adduct [ZSe(l)-Ti-Se(2) - 74.42(3)°] 

significantly smaller than those of the aliphatic ligand complexes, [TiCl4(L2)] [Lz = 

MeS(CH2)2SMe: ZS(l)-Ti-S(2) = 80.34(3)°, MeS(CH2)3SMe: ZS(I)-Ti-S(l*) = 

80.8(1)°,MeSe(CH2)3SeMe: ZSe(l)-Ti-Se(l*) = 81.12(12)°]. 

Figure 3.13 View of the structure of | riCl4{o-Cf,H4(SeMe)2}| with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

C I C ) 

C I O ) 

Ti-E (E = S, Se) bond distances from the structures have permitted some 

comparison of the a-donor properties of the various ligands types used. Thus, the 

dithioether complexes [TiCl4{MeS(CH2)nSMe}] show shorter distances for the 

methylene (n = 2) bridged donors [Ti-S(l) = 2.6106(9), Ti-S(2) = 2.6010(8) A ] 

compared with propylene (n = 3) bridged donors [Ti-S(l) = 2.664(2) A ] , This is 

consistent with the multinuclear NMR spectroscopy of these complexes, which showed 

greater ligand dissociation for the MeE(CH2)3EMe adducts in solution at room 
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temperature. Comparison of the Ti-E bond distances in the complexes [TiCL -̂

{MeE(CH2)3EMe}] shows the expected longer bond distance for the selenoether donors 

[Ti-Se(l) = 2.755(3) A], consistent with the larger covalent radius and soAer nature of 

Se over S donor atoms. Finally, the Ti-Se bond distances in [TiCl4{o-C6H4(SeMe)2}] 

are significantly shorter [Ti-Se(l) = 2.727(1), Ti-Se(2) = 2.744(1) A ] than those in the 

MeSe(CH2)3SeMe adduct. This suggests the stabilisation offered by the 5-membered 

chelate ring in the former is sufficient to withstand the strain associated with the 

restricted bite angle &om the less flexible o-C6H4(SeMe)2 aromatic ligand. 

Figure 3.14 View of the structure of [TiCl4{MeS(CH2)3SMe}] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

C(i*) 

Table 3.3 Selected bond lengths for [TiC^L], L = MeE(CH2)3EMe, E = S, Se. 

Distance / A 

Bond (E = S, Se) [TiCl4{MeS(CH2)3SMe}] [TiCl4{MeSe(CH2)3SeMe}] 

T i ( l ) - E ( l ) 

T i ( l ) - C l ( ] ) 

T i ( l ) -Cl (2 ) 

2.644(2) 

2.285(2) 

2.235(2) 

2.755(3) 

2.278(3) 

2.247(4) 
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Table 3.4 Selected bond angles for [TiC^L], L = MeE(CH2)3EMe, E = S, Sc. 

Angle / ° 

Bond(E = SorSe) [TiCl4{MeS(CH2)3SMe}] [TiCl4{MeSe(CH2)3SeMe}] 

E ( l ) . - T i ( l ) - E ( l * ) 80.8(1) 81.12(12) 

E ( ] ) - T i ( l ) - C l ( l ) 82.24(9) 81.58(11) 

E ( l ) - T i ( l ) - C l ( 2 ) 88.37(7) 87.50(11) 

E ( l ) - T i ( l ) - C l ( l * ) 86.44(9) 86.07(11) 

E ( ] ) - T i ( l ) - C l ( 2 * ) 168.3(1) 168.09(14) 

C l ( l ) - T i ( l ) - C l ( 2 ) 96.53(9) 94.19(14) 

C l ( l ) - T i ( l ) - C l ( l * ) 165.1(1) 163.7(2) 

C l ( ] ) - T i ( l ) - C l ( 2 * ) 92.73(9) 95.79(13) 

C l ( 2 ) - T i ( l ) - C l ( 2 * ) 102.8(1) 104.1(2) 

Figure 3.15 View of the structure of [ FiCU{MeSe(CH2)3SeMe}] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

Cl(2) 

CCD 

&e( 1) 

8e(l*) C ( 2 * ) 

C ( 3 * ) 
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The above Ti-E bond distances all compare well with those reported in the 

literature for similar Ti(IV) complexes. Thus, the Ti-S bond distances observed here 

[2.6010(8) - 2.664(2) A] are comparable with those in the monodentate thiol [2.663(2), 

2.646(2) and thioether [2.625(7), 2.626(7) A]'^ complexes, [TiC^CeHnSH);] and 

[TiCl4(C4HgS)2] respectively. The distances are significantly shorter than the bridged 

binuclear disulfide adduct [{Cl3Ti}2(p-Cl)2(|i-MeSSMe)] [2.712(3), 2.742(3) A],'^ 

possibly due to the strain associated with the bridging ligand in this example. Similarly, 

the Ti-Se bond distances observed in the complexes formed here [2.727(1) - 2.755(3) 

A] are significantly shorter than the bridged binuclear diselenide adduct [{Cl3Ti}2((i-

Cl)2(|-i-MeSeSeMe)] [2.796(2) A].'^ The distances are much more comparable however, 

with the monodentate selenoether complexes [TiCl4(R2Se)], for R = Me [2.743(4), 

2.777(4) A] and R = Et [2.740(2), 2.763(2) A].^^ 

3.2.4 Decomyosition studies 

As mentioned earlier, the [TiX4(L2)] complexes formed here are extremely 

moisture sensitive, decomposing almost immediately in the presence of moist air. Thus, 

the complexes were stored in sealed vials in a dry N2 purged glove box where the 

complexes remained stable over a period of a few months. However, the complex 

[TiCl4{PhSe(CH2)2SePh}] decomposed even under these conditions, changing colour 

from dark red to pale yellow within one month. ^^Sej^H} NMR spectroscopy was 

utilised in order to establish the behaviour of the diselenoether ligand during this 

decomposition. Thus, a deep red solution of freshly prepared [TiCl4{PhSe(CH2)2SePh}] 

gave no spectrum at 300 K, however exhibited ^'Se{'H} resonances corresponding to 

the meso and DL forms of the coordinated ligand [5 417, 406] at 200 ' K. Slow 

decomposition of this solution within the glove box afforded a yellow solution in ca. 3 

days. ^^Se{^H} NMR spectroscopy of this showed a strong resonance at 5 457 at 300 K, 

corresponding to neither coordinated nor free PhSe(CH2)2SePh ligand [6 340]. The 

resonance at 5 457 (referenced to neat Me2Se) suggests the presence of PhSeSePh [5 

464 referenced to Me2Se/CDCl3]. Indeed, addition of PhSeSePh to this solution results 
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only in a strengthening of the resonance at 6 457, with no additional resonances. This is 

supported by NMR spectroscopy of the complex, which showed resonances 

corresponding to both methylene [6 31.0] and phenyl [8 128-134] carbon environments 

for the &eshly prepared sample, but only more clearly resolved phenyl resonances [8 

128, 130, 133] after decomposition. This suggests the decolourisation of [TiCUIPhSe-

(CH2)2SePh}] may be attributable to the dealkylation of the ligand to afford yellow 

PhSeSePh. Similar diselenide ligands have been reported to undergo reaction with TiCl, 

and form complexes of the form [{Cl3Ti}2(p-Cl)2(p-L')], U = MeSeSeMe, EtSeSeEt.'^ 

Thus, the PhSeSePh formed here may be expected to react in situ to form the equivalent 

complex, [{ClsTi}2(n-Cl)2(p-PhSeSePh)]. Indeed, the ^'Se{^H} NMR spectrum of the 

decomposed sample does show a weak resonance at 6 478, slightly to high frequency of 

free PhSeSePh and hence consistent with the coordinated ligand. 

The moisture sensitivity of the complexes in solution was also investigated. Thus, 

NMR spectroscopy of a bright yellow solution of [TiCl4{MeS(CH2)2SMe}] in 

rigorously anhydrous CH2CI2/CDCI3 exhibited resonances corresponding to the 

coordinated ligand [5 39.0 (CH2), 22.5 (CH3)]. Subsequent addition of non-anhydrous 

CH2CI2 resulted in an immediate and complete decolourisation of the solution and 

showed only resonances corresponding to free ligand [6 33.0 (CH2), 16.0 

(CH3)]. This indicates the ligand dissociates without decomposition upon hydrolysis of 

these [TiX4(L2)] complexes, consistent with weak interactions between the hard Ti(IV) 

centre and soft thio- and seleno-ether donor ligands. 

Partial hydrolysis of these complexes has also been observed via X-ray 

crystallography. Thus, single crystals were grown by layering a solution of [TiC^-

{MeS(CH2)2SMe}] in anhydrous CH2CI2 with non-anhydrous M-hexane. Subsequent 

crystallographic studies showed the crystals were not of [TiCl4{MeS(CH2)2SMe}], but 

of a partially hydrolysed species [({MeS(CH2)2SMe}Cl3Ti)2(p-0)]. The structure shows 

(Figure 3.16, Tables 3.5, 3.6) two distorted octahedral Ti(IV) centres linked by a 

bridging oxo-ligand, with the 0-donor displacing one chloride ligand from each of the 

metal centres. The oxo-ligand occupies a crystallographic inversion centre, thus 

imposing a Ti(l)-0(1)-Ti(l*) bond angle of 180°. Other structurally characterised 

partially hydrolysed Ti(IV) adducts have been reported with the bridging 0-donor 

occupying an inversion centre or near 180° Ti-O-Ti bond angles. Thus, the structure of 
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cz\y-[{(MeCN)Cl4Ti}2()j,-0)]^\ an inadvertent hydrolysis product from the attempted 

crystallisation of [{(MeCN)Cl4Ti}2(p-Se)]^', shows the 0-donor occupies an inversion 

centre.̂ ^ Whereas, isomeric rm»^-[{(MeCN)Cl4Ti}2(|i-0)]^" formed Wo the controlled 

hydrolysis of TiCL̂  in MeCN/HzO, shows a Ti-O-Ti bond angle of 174.7(3)°/^ The 

structure of [{(THF)2Cl3Ti}2(|Li-0)] shows similar geometry around Ti(IV) as the 

complex formed here, with one THF donor ligand trans to the bridging oxo-ligand and a 

Ti-O-Ti bond angle approximately linear at 176.7°/^ Interestingly the equivalent 

chelating diether complex [({Me0(Ci]H22)0Me}C]3Ti)2(n-0)], formed vm inadvertent 

hydrolysis during the attempted crystallisation of [TiCl4{MeO(CnH22)OMe}], shows a 

much more distorted Ti-O-Ti bond angle of 163.4(4)°/^ 

A direct comparison can be made between the structure of [({MeS(CH2)2SMe}-

Cl3Ti)2(p,-0)] (1) reported here and that of [TiCl4{MeS(CH2)2SMe}] (2) discussed 

earlier. Both show similarly distorted octahedral geometry at Ti(IV), with the chelating 

dithioether ligands adopting the DL form and showing near identical bite angles of 

80.34(3) 1 and 80.54(6)° 2. The bond angles around Ti(IV) again show significant 

distortion towards the dithioether ligand, with the oxo-ligand behaving similar to the 

chloride ligand in the mononuclear adduct. Thus, the structure of the binuclear species 

shows distorted bond angles between the ligands to the S-donors [ZCl(2)-Ti(l)-

0(1) - 102.77(6)° 1, c.f. ZCl(2)-Ti(l)-Cl(4) = 105.66(3)° 2] and between the mutually 

rroMJ chloride ligands [ZCl(l)-Ti(l)-Cl(3) = 160.80(7)° 1, c.f. 162.91(3)° 2]. The Ti-Cl 

bond length trans to one of the S-donors [2.255(2) A ] is again significantly shorter than 

the mutually trans chlorides [2.295(2), 2.300(2) A ] , indicating the trans influence order 

of CI > S. However, the Ti-S bond distances do show some disparity to the mononuclear 

adduct, with the bond length for the S-donor trans to the oxo-ligand [2.653(3) A ] 

significantly longer than that of the other S-donor [2.624(2) A ] and those of the 

mononuclear adduct [2,6010(8), 2.6106(9) A ] . This may be due to the preferefice of the 

hard Ti(IV) centre for the hard oxo-ligand over soft S-donors. EI mass spectrometry of 

the isolated crystals showed major peaks with the correct isotopic distributions 

corresponding to the dicationic species [({MeS(CH2)2SMe}Cl3Ti)(fa-0)(TiCl2{MeS-

(CH2)2SMe})]^^, together with fragment peaks showing further loss of chloride ligands. 

These data, together with microanalytical data, confirm the formulation of the complex 

isolated in this way to be [({MeS(CH2)2SMe}Cl3Ti)2(jLi-0)]. 
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Figure 3.16 View of the structure of [({MeS(CH2)2SMe}Cl3Ti)2(fi-0)] with 

numbering scheme adopted. Ellipsoids drawn at 40%. 

CC2*) 

CM*) C1C2*) 
Cl(2) 

Table 3.5 Selected bond lengths for [({MeS(CH2)2SMe}Cl3Ti)2(|a-0)]. 

Bond 

T i ( l ) - S ( l ) 

T i ( l ) - C l ( l ) 

T i ( l ) -Cl (3 ) 

Distance / A Bond 

2.624(2) 

2.295(2) 

2.300(2) 

T i ( l ) - S ( 2 ) 

T i ( l ) -Cl (2 ) 

T i ( l ) - 0 ( 1 ) 

Distance / . 

2.653(2) 

2.255(2) 

1.788(1) 

Table 3.6 Selected bond angles for [({MeS(CH2)2SMe}Cl3Ti)2(^-0)1. 

Bond Angle / ° Bond Angle / ° 

S(l) - T i ( l ) --S(2) 80.54(6) S ( l ) - -Ti( l ) --Cl( ] ) 78.80(6) 

S( l ) . - T i ( l ) - Cl(2) 169.18(7) S ( l ) - -Ti( l ) -- Cl(3) 87.94(6) 

S(l) - T i ( l ) - 0 ( ] ) 86.40(5) S(2) - Ti( l ) --Cl( l ) 86.28(6) 

S(2)-- T i ( l ) - Cl(2) 90.92(6) S(2) - Ti ( l ) --Cl(3) 77.82(6) 

S(2) - T i ( l ) - 0(1) 165.39(7) Cl( l ) --Ti( l ) -Cl(2) 94.12(7) 

Cl(l) - T i ( l ) - Cl(3) 160.80(7) Cl(l)--T i ( l ) - 0 ( 1 ) 97.66(6) 

Cl(2) - T i ( l ) - Cl(3) 96.79(7) Cl(2)--Ti(] ) - 0 ( 1 ) 102.77(6) 

Cl(3) - T i ( l ) - -0(1) 95.27(6) T i ( l ) - 0 ( 1 ) - Ti(l*) 180.00 
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The potential of these complexes as single source precursors to titanium sulfide and 

selenide materials was also briefly investigated. Thus, the complexes [TiCl4{MeE-

(CH2)2EMe}] (E = S, Se) were heated m vacwo (0.1 mmJHg) in a Schlenk glass tube vza 

an external furnace. The complexes sublimed through the heated area at temperatures as 

low as 100 °C, though the resulting yellow and orange deposits were identiGed as the 

unchanged complexes via powder X-ray diffraction. This suggests that although the 

complexes are mobile at low temperatures, they are sufficiently stable to withstand 

decomposition. Thus, the fiimace temperature was increased to 300 °C and 600 °C and 

under these conditions the complexes immediately sublimed through the heated area. 

Powder X-ray diffraction of the resulting materials again showed the presence of only 

unchanged complexes suggesting the increased mobility of the adducts results in an 

insufficient exposure to the heated area for thermal decomposition to take place. 

Repeating the experiments under reduced vacuum (2 mmHg) made little observable 

change and it is expected that furnace conditions need to be optimised before thermal 

decomposition of these mobile complexes can be observed. Unfortunately, as finding 

these optimum furnace conditions for each complex would be time consuming, further 

sublimation experiments were not undertaken in this particular study. However the 

observations from the above experiments do indicate that the complexes are sufficiently 

mobile for in vacuo thermal decomposition and may merit future investigation. 
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3.3 Conclusions 

The complexes [TiX4(L2)] {Lz = MeE(CH2)nEMe and o-C6H4(EMe)2, X = CI, Br 

and Lz = PhE(CH2)2EPh, X = CI for E = S, Se, n = 2, 3} and [Til4(L2)] (L; = 

MeSe(CH2)2SeMe and o-C6H4(SeMe)2} have been prepared vm the reaction of TiX4 

with the respective bidentate ligand, L2 in anhydrous m-hexane (X = CI) or CH2CI2 (X = 

Br, I). Similar reactions with bidentate telluroether ligands proved unsuccessful, 

indicating the poor interaction between the contracted Ti(IV) orbitals and the diffuse Te 

orbitals. Microanalytical data have established the formulation of [TiX4(L2)] for the 

thio- and seleno-ether adducts while electronic spectroscopy has confirmed the donor 

atoms around the Ti(IV) centre. IR spectroscopy has shown the ligands adopt a cis 

conformation, though the sensitivity of the complexes to ligand dissociation prevented 

confirmation of the nuclearity of the complexes via mass spectrometry. 

Variable temperature multinuclear ('H, ^^C{'H} and ^^Se{'H}) NMR spectroscopy 

has permitted detailed investigation of the solution behaviour of these [TiX4(L2)] 

complexes. Thus, the chloro-adduets show fast pyramidal inversion at room 

temperature, with the selenoether adducts exhibiting slower pyramidal inversion, 

consistent with the higher activation energy for inversion at Se compared with S. 

Cooling slows pyramidal inversion sufficiently to resolve resonances due to the meso 

and DL invertomers in varying ratios. Weak resonances corresponding to free ligand are 

only observed for the MeE(CH2)3EMe adducts, suggesting ligand exchange is 

detectable, but not fast at room temperature for these less favoured 6-membered chelate 

ring complexes. The bromo-adducts undergo both fast pyramidal inversion and fast 

ligand exchange at room temperature, with both processes slowing significantly at low 

temperatures to give a mixture of [TiBr4(L2)], TiBr4 and free L2 in varying amounts. 

The iodo-adducts show even greater ligand dissociation, with ligand exchange still fast 

even at 200 K. These data are consistent with the decreasing Lewis acidity of lihe Ti(IV) 

centre for TiCU > TiBr4 > Til^, leading to increasingly weak interactions with the thio-

and seleno-ether donor ligands and hence increasing ligand dissociation in solution. 

X-ray crystallography of [TiC]4(L2)], L2 = MeS(CH2)2SMe, MeS(CH2)3SMe, 

MeSe(CH2)3SeMe and o-C6H4(SeMe)2 has confirmed the coordination of the thio-

and seleno-ether ligands, with bite angles contacted by ca. 10° from the expected 90° 

upon ligand chelation. The structures show severe distortions from octahedral geometry 
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with mutually cis and mutually trans chloride angles distorted as much as 20°. The 

longer Ti-Cl bond lengths observed between chlorides trans to CI compared to those 

to S/Se show a influence of CI > S, Se on Ti(IV), consistent with the 

preference for the harder CI donor. The Ti-E (E = S, Se) bond lengths show shorter 

distances for ligands that adopt 5-membered chelate rings compared to those giving 6-

membered rings, consistent with the increased stabilisation proffered by the former. 

Also, the Ti-Se bond lengths are longer than the Ti-S bond lengths in accord with the 

larger covalent radius and softer nature of Se over S. 

The [TiX4(L2)] complexes have shown extreme sensitivity to moisture, 

decomposing almost immediately in moist air. The complex [TiCL{PhSe(CH2)2SePh}] 

even decomposed under the inert conditions of a N2 purged glove box, with the ligand 

dealkylating and dissociating to afford free PhSeSePh. Ligand dissociation was 

observed without decomposition upon addition of non-anhydrous CH2CI2 to a solution 

of the complex [TiCl4{MeS(CH2)2SMe}] in anhydrous CH2CI2. However, on layering 

with non-anhydrous 77-hexane, a partially hydrolysed adduct was isolated, with 

spectroscopic and structural characterisation confirming the formulation 

[({MeS(CH2)2SMe}Cl3Ti)2(|^-0)]. The structure shows the bridging oxo-ligand resides 

on a crystallographic inversion centre and replaces one chloride from each titanium 

centre to give a similar geometry at Ti(IV) as in the unhydrolysed adduct. Thus, the Ti-

Cl bond length of the chloride trans to S is again longer than those trans to CI, while the 

Ti-S bond lengths are non-equivalent, with those trans to the oxo-ligand significantly 

longer, indicating the preference of the hard 0-donor by the hard Ti(IV) centre. 

Attempts to generate titanium disulfide and diselenide materials from the 

[TiX^CLz)] complexes have been unsuccessful. Although the complexes are mobile in 

vacuo, decomposition was not observed at low temperatures and at higher temperatures, 

the vapour sublimed through the heated area too rapidly under vacuum. Optinjisation of 

furnace conditions may slow sublimation sufficiently at high temperatures to allow 

thermal decomposition to TiSi and TiSe; prior to deposition. 
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3.4 Experimental 

The bidentate thio- and seleno-ether ligands were prepared via the literature 

procedures^ '̂'̂ ,̂42,43,44 71X4 used as received from Aldrich Chemical Company. 

Rigorously anhydrous n-hexane and CH2CI2 were 6eshly distilled over sodium/ 

benzophenone and CaH2 respectively, and degassed with dry N2. All reactions and 

sample preparations were performed under an N2 atmosphere using standard Schlenk 

techniques and products were transferred and stored in a dry, N2-purged glove box. 

[TiCL,{MeS(CH2)2SMe}] 

TiCU (0.10 cm^, 0.91 mmol) was added via degassed syringe to a solution of 

MeS(CH2)2SMe (0.11 g, 0.91 mmol) in dry, degassed »-hexane (20 cm"), affording the 

immediate precipitation of a bright yellow solid. This was filtered, washed with n-

hexane (5 cm") and dried ZM vacwo to give the required [TiCl4{MeS(CH2)2SMe}] (yield 

0.26 g, 91 %). Required for [C4H,oCl4S2Ti]: C - 15.4, H = 3.2 %; found: C = 15.3, H -

3.2 %. NMR: 8 2.92 (br, .y, CH;, 4H), 2.38 (br, .CH3, 6H). NMR (300 K): 

8 38.9 (CH2), 23.2 (CH3); (200 K): 39.4, 39.1 (CHz), 23.5, 22.2 (CH3). IR v(TiCl): 420, 

406, 397, 383 cm"\ Electronic spectrum (10'^ Vmax): 23.8,29.5(sh), 33.3(sh) cm '. 

[TiCl4{MeS(CH2)3SMe}] 

As above, but using MeS(CH2)3SMe (0.13 g, 0.91 mmol). An orange solid was 

isolated as the required [TiCl4{MeS(CH2)3SMe}] (yield 0.29 g, 88 %). Required for 

[CgHisCLSzTi]: C = 18.4, H = 3.7 %; found: C = 17.9, H = 3.6 %. NMR: 5 3.10 (r, 

SCH2, 4H), 2.53 (.y, CH3, 6H), 2.24 (gn, CHz, 2H). NMR (300 K): 6 36.4 

(SCH2), 24.0 (CH2), 22.0 (CH3); (200 K): 37.5, 35.1 (SCHz), 32.7 (w, CH2 &ee 

dithioether), 27.6 (w, SCH2 fi-ee dithioether), 24.4 (CH2), 22.8, 21.8 (CH3)^ 15.4 (w, 

CH3 free dithioether). IR v(TiCl): 408, 398, 387, 378 cm"\ Electronic spectrum (10'^ 

Vmax): 22.5, 27.0(sh), 31.3(sh) cm'^ 

[TiCl4{PhS(CH2)2SPh}] 

As above, but using PhS(CH2)2SPh (0.23 g, 0.91 mmol). A red solid was isolated 
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as the required [TiCl4{PhS(CH2)2SPh}] (yield 0.37 g, 85 %). Required for 

[Ci4Hi4Cl4S2Ti]: C = 38.6, H = 3.2 %; found: C = 38.2, H = 3.5 %. NMR: 6 7.32-

7.46 (7M, Ph, lOH), 3.58 ( ,̂ CH2, 4H). NMR (300 K): 8 127-130 (Ph), 34.6 

(CHz); (200 K): 126-132 (Ph), 35.9, 33.0 (CHz). IR v(TiCl): 413, 400, 386, 378 cm '. 

Electronic spectrum (lO'"" Vmax): 20.5(br), 28.5(sh) cm"\ 

(TiCLi{o-C6H4(SMe)2}] 

As above, using o-C6H4(SMe)2 (0.16 g, 0.91 mmol). An orange solid was isolated 

as the required [TiCl4{o-C6H4(SMe)2}] (yield 0.20 g, 55 %). Required for [CgHmCL)-

S2Ti]: C = 26.7, H = 2.8 %; found: C = 26.5, H = 3.0 %. NMR: 6 7.14-7.25 (/M, 0-

C6H4, 4H), 2.47 ( ,̂ CH3, 6H). NMR (300 K): 6 134, 129 (0-C6H4), 26.8 (CH3); 

(200 K): 134, 128 (0-C6H4), 28.0, 27.0 (CH3). IR v(TiCl): 405, 396, 387, 382 cm '. 

[TlCl4{MeSe(CH2)2SeMe}] 

As above, but using MeSe(CH2)2SeMe (0.20 g, 0.91 mmol). An orange solid was 

isolated as the required [TiCl4{MeSe(CH2)2SeMe}] (yield 0.37 g, 90 %). Required for 

[C4HioCl4Se2Ti]: C = 11.8, H = 2.5 %; found: C = 11.5, H = 2.0 %. 'H NMR: 6 3.30 

(br, CH2, 4H), 2.60 (br, CH3, 6H). NMR (300 K): 6 34.2 ( % ) , 14.5 

(CH3); (200 K): 34.4, 34.2 (CH2), 14.9, 14.6 (CH3). ^^Se{'H} NMR (300 K): no 

spectrum; (200 K) 6 313, 307. IR v(TiCl): 414, 402, 393, 380 cm'\ Electronic spectrum 

(10'^ Vmax): 23.0, 24.0, 29.5(sh), 34.0 cm '. 

[TiCl4{MeSe(CH2)3SeMe}] 

As above, but using MeSe(CH2)3SeMe (0.21 g, 0.91 mmol). A bright red solid was 

isolated as the required [TiCl4{MeSe(CH2)3SeMe}] (yield 0.35 g, 84 %). Ret^uired for 

[CgHnCLtSezTi]: C = 14.3, H = 2.9 %; found: C = 14.2, H = 3.0 %. 'H NMR: ^ 2.90 (̂ , 

SeCH2, 4H), 2.28 ( ,̂ CH3, 6H), 2.22 (^n, CH2, 2H). NMR (300 K): no 

spectrum; (200 K): 34.3, 32.1 (SeCH2), 30.3 (w, CH2 free diselenoether), 25.2 (w, 

SeCH2 6ee diselenoether), 24.4 (CH2), 17.0, 15.8 (CH3), 4.0 (w, CH3 &ee diseleno-

ether). ^^Se{'H} NMR (300 K): no spectrum; (200 K) 6 183, 180. IR v(TiCl): 396, 384, 

378, 373 cm '. Electronic spectrum (10'^ Vmax): 20.1, 24.5, 29.0(sh), 32.2(sh) cm '. 
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[TiCl4{PhSe(CH2)2SePh} | 

As above, but using PhSe(CH2)2SePh (0.31 g, 0.91 mmol). A dark red solid was 

isolated as the required [TiCl4{PhSe(CH2)2SePh}] (yield 0.42 g, 79 %). Required for 

[C]4HMCl4Se2Ti]: C = 31.7, H = 2.7 %; found: C = 32.0, H - 2.8 %. NMR: 6 7.9-8.2 

(/M, Ph, lOH), 3.7 (br, .y, % 4H). NMR (300 K): 6 128-134 (Ph), 31.0 ( % ) ; 

(200 K): 129-133 (Ph), 32.6, 32.2 (CH2). ^^Se{^H} NMR (300 K): no spectrum; (200 K) 

8 417, 406. IR v(TiCl): 405, 385, 377, 373 cm'\ Electronic spectrum (10'^ Vmax): 20.4, 

31.6(br) cm'\ 

[TiCl4{o-C6H4(SeMe)2}] 

As above, but using o-C6H4(SeMe)2 (0.24 g, 0.91 mmol). An orange solid was 

isolated as the required [TiCl4{o-C6H4(SeMe)2}] (yield 0.35 g, 76 %). Required for 

[CgHioCl4Se2Ti]: C = 21.2, H - 2.2 %; found: C = 21.0, H = 2.3 %. 'H NMR: 8 7.28-

7.46 (m, 0-C6H4, 4H), 2.58 (.y, CH3, 6H). NMR (300 K): 8 134.9, 131.0 (0-

C6H4), 21.7 (CH3); (200 K): 135.3, 130.8 (o-C6H4),.23.5, 22.9 (CH3). ^^Se{^H} NMR 

(300 K): no spectrum; (200 K) 8 399, 390. IR v(TiCl): 390, 386, 382, 379 cm'^ 

Electronic spectrum (10'^ Vmax): 21.6, 28.5(sh), 34.6(sb) cm"'. 

[({MeS(CH2)2SMe}Cl3Ti)2(n-0)] 

A solution of [TiCl4{MeS(CH2)2SMe}] (0.05 g, 0.16 mmol) in dry, degassed 

CH2CI2 (5 cm^) was layered with non-anhydrous n-hexane (5 cm^) and allowed to 

slowly diffuse and evaporate over ca. 3 days in a N2 purged glove box. The resulting 

yellow crystals were isolated as the required [({MeS(CH2)2SMe}Cl3Ti)2(n-0)]. 

Required for [CgH2oCl60S4Ti2]: C - 12.7, H = 2.7 %; found: C = 13.0, H - 2.8 %. EI 

mass spectrum: found /M/z 342, 325, 267, 249; calc. for ['*^Ti2^^Cl30{MeS(CH;)2SMe}]^ 

Wz 339, [''̂ Ti2^^Cl60]^ 7M/z 322, [^^Ti2^^Cl50{MeS(CH2)2SMe}2]^'' /M/z 265.5, 

['^^Ti2^^Cl40{MeS(CH2)2SMe}2]^^ Wz 248. 

[TiBr4{MeS(CH2)2SMe}] 

MeS(CH2)2SMe (0.10 g, 0.82 mmol) in diy, degassed CH2CI2 (10 cm^) was added 
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to a solution of TiBr4 (0.30 g, 0.82 mmol) in CH2CI2 (30 cm^). The resulting red 

solution was stirred for 30 min. then concentrated ZM vacwo to 5 cm .̂ Addition of dry, 

degassed M-hexane (20 cm^) afforded an orange solid that was filtered, washed with M-

hexane (5 cm^) and dried vacwo to give the required [TiBr4{MeS(CH2)2SMe}] (yield 

0.28 g, 58 %). Required for [C4HioBr4S2Ti]: C = 9.8, H = 2.1 %; found: C = 10.1, H = 

2.0 %. NMR: 6 2.8 (̂ , CH2, 4H), 2.2 (.y, CH3, 6H). NMR (300 K): no 

spectrum; (200 K): 37.9 (w, CH2), 33.5 (CH2 free dithioether), 20.1 (w, CH3), 15.9 (CH3 

free dithioether). IR v(TiBr): 332, 325, 319, 311 cm '. Electronic spectrum (10"^ Vmax): 

22.2(v br), 33.0(sh) cm '. 

[TiBr4{MeS(CH2)3SMe}] 

As above, but using MeS(CH2)3SMe (0.11 g, 0.82 mmol). A bright red solid was 

isolated as the required [TiBr4{MeS(CH2)3SMe}] (yield 0.31 g, 61 %). Required for 

[C5Hi2Br4S2Ti]: C - 11.9, H = 2.4 %; found: C - 12.2, H = 2.5 %. 'H NMR: 6 2.76 (̂ , 

SCH2, 4H), 2.27 (̂ , CH3, 6H), 1.95 (m, % , 2H). NMR (300 K): 8 35.5 

(SCH2), 25.3 (CH2), 21.0 (CH3); (200 K): 38.0, 35.0 (SCH2), 32.3 (CHz &ee 

dithioether), 27.4 (SCH2 &ee dithioether), 26.2 (CH2), 22.8, 21.5 (CH3), 15.1 (CH3 free 

dithioether). IR v(TiBr): 325, 321, 317, 311 cm '. Electronic spectrum (10'^ v^ax): 20.4, 

22.5(sh), 31.5(sh) cm"'. 

[TiBr4{o-C6H4(SMe)2}] 

As above, but using o-C6H4(SMe)2 (0.14 g, 0.82 mmol). An orange sohd was 

isolated as the required [TiBr4{o-C6H4(SMe)2}] (yield 0.34 g, 64 %). Required for 

[C8HioBr4S2Ti]: C = 17.9, H = 1.9 %; found: C = 18.2, H = 2.2 %. 'H NMR: 8 7.29-

7.44 (m, 0-C6H4, 4H), 2.73 ( ,̂ CH3, 6H). NMR (300 K) no spectrum; (200 K): 

123-127 (0-C6H4 a-ee dithioether), 15.6 (CH3 6ee dithioether). IR v(TiBr): 327, 317, 

310,304 cm '. Electronic spectrum (10'^ Vmax): 23.3 cm '. 

|TiBr4{MeSe(CH2)2SeMe}] 

As above, but using MeSe(CH2)2SeMe (0.18 g, 0.82 mmol). A red solid was 

isolated as the required [TiBr4{MeSe(CH2)2SeMe}] (yield 0.30 g, 51 %). Required for 

Page 102 



Chapter 3 Titanium(TV) Halide Complexes with Bidentatc Thio- and Seleno-ether Ligands 

[C4H|oBr4Se2Ti]: C = 8.2 H = ].7 %; found: C = 8.6, H = 1.9 %. 'H NMR: 6 2.86 

CHz, 4H), 2.]0 ( ,̂ CH3, 6H). NMR (300 K): no spectrum; (200 K): 35.2, 35.0 

(CH2), 24.3 (CH2 free diselenoether), 14.8, 14.6 (CH3), 4.0 (CH3 free diselenoether). 

'^Se{^H} NMR (300 K): no spectrum; (200 K) 6 118 (w, Se free diselenoether). IR 

v(TiBr): 317, 312, 300, 294 cm'\ Electronic spectrum (10"^ Vmax): 20.5, 26.0, 39.2 cm '. 

[TiBr4{MeSe(CH2)3SeMe}] 

As above, but using MeSe(CH2)3SeMe (0.19 g, 0.82 mmol). A dark red solid was 

isolated as the required [TiBr4{MeSe(CH2)3SeMe}] (yield 0.31 g, 52 %). Required for 

[C5Hi2Br4Se2Ti]: C = 10.5, H = 2.0 %; found: C - 10.3, H = 2.2 %. NMR: 6 2.68 ( ,̂ 

SeCH2, 4H), 2.05 ( ,̂ CH3, 6H), 2.00 (;̂ , CHz, 2H). NMR (300 K): no spectrum; 

(200 K): 35.6, 34.0 (SeCHz), 29.8 (CH; &ee diselenoether), 24.5 (SeCH2 free 

diselenoether), 24.4 (CH2), 20.0, 18.5 (CH3), 4.0 (CH3 free diselenoether). ^^Se{^H} 

NMR (300 K): no spectrum; (200 K.) 6 69 (Se free diselenoether). IR v(TiBr): 327, 317, 

308, 300 cm"\ Electronic spectrum (10"^ Vmax): 21.8(br) cm"\ 

[TiBr4{o-C6H4(SeMe)2}] 

As above, but using o-C6H4(SeMe)2 (0.22 g, 0.82 mmol). A brown solid was 

isolated as the required [TiBr4{o-C6H4(SeMe)2}] (yield 0.36 g, 57 %). Required for 

[CgHioBr4Se2Ti]: C = 15.2, H = 1.6 %; found: C - 15.8, H - 1.8 %. 'H NMR: 6 7.20-

7.42 (7M, 0-C6H4, 4H), 2.47 ( ,̂ CH3, 6H). NMR (300 K): no spectrum; (200 K): 

134.5, 131.3 (0-C6H4), 129.2, 126.7 (0-C6H4 &ee diselenoether) 25.9, 25.5 (CH3), 8.4, 

8.1 (CH3 free diselenoether). ^^Se{'H} NMR : no spectrum. IR v(TiBr): 326, 321, 305, 

299 cm'\ Electronic spectrum (10"̂  Vmax): 20.5(br), 29.0(sh) cm'\ 

[TiL,{MeSe(CH2)2SeMe}] 

Til4 (0.20 g, 0.36 mmol) was dissolved in mildly refluxing dry CH2CI2 (80 cm^), 

with subsequent removal of undissolved solids via filtration affording a deep purple 

solution. Addition of MeSe(CH2)2SeMe (0.09 g, 0.36 mmol) in dry, degassed CH2CI2 

(10 cm^) gave an immediate colour change and the resulting red solution was stirred for 

30 min., then concentrated in vacuo to 5 cm .̂ Dry, degassed «-hexane (20 cm^) was 
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added and CH2CI2 was removed fn vacwo to afford a dark purple n-hexane solution with 

some dark precipitate. This was filtered to give the required [Til4{MeSe(CH2)2SeMe}], 

though the partial solubility of the complex in M-hexane gave only a reduced yield (0.15 

g, 19 %). Required fbr [C4Hiol4S2Ti]: C = 6.2, H - 1.3 %; fbimd: C = 6.5, H = 1.5 %. 

NMR: 6 3.02 (^, CHz, 4H), 2.28 (̂ , CH3, 6H). NMR : no spectrum. 

[Til4{o-C6H4(SeMe)2}] 

As above, using o-C6H4(SeMe)2 (0.10 g, 0.36 mmol). A brown solid was isolated 

as the required [Til4{o-C6H4(SeMe)2}] (yield 0.24 g, 30 %). Required fbr [C8Hiol4Se2-

Ti]: C = 11.7, H = 1.2 %; found: C = 11.3, H = 1.1 %. 'H NMR: 8 7.20-7.38 (/M, o-Cgli, 

4H), 2.40 (^, CH3, 6H). NMR (300 K): 6 131.5, 128.6 (0-C6H4), 9.8 (CH3); 

(200 K): 131.0, 129.5 (0-C6H4), 12.8 (CH3). ^^Se{'H} NMR (300K): 6 214; (200K) 240. 

Crystallographic Studies 

Details of the crystallographic data collection and refinement parameters are given 

in Table 3.7. Crystals of [TiCl4(L2)], L2 = MeS(CH2)2SMe, MeS(CH2)3SMe, MeSe-

(CH2)3SeMe and o-C6H4(SeMe)2 were grown by slow evaporation of the complexes in 

dry CH2CI2 within a Nz purged glove box. Crystals of [({MeS(CH2)2SMe}Cl3Ti)2(p-0)] 

were grown by slow diffusion of non-anhydrous «-hexane into a solution of [TiCU-

{MeS(CH2)2SMe}] in dry C H 2 C I 2 , followed by slow evaporation of the solution within 

a N2 purged glove box. Data collection used a Rigaku AFC7S four-circle diffractometer 

using graphite-mionochromated Mo-Ka X-radiation (X, = 0.71073 A) and equipped with 

an Oxford Systems open-flow cryostat operating at 150 K. Structure solution'*^'^ and 

reGnement'*̂ '̂ ^ were routine, except fbr [TiCl4{MeSe(CH2)3SeMe}], where data were 

collected in the Laue group Mmmm, however the resulting systematic absences excluded 
i 

all possible space groups with this Laue group. Thus, the structure was solved in the 

alternative tetragonal Laue group, 4/m, with twinning evident from two components of 

equal population leading to the incorrect assignment of Laue group during data 

collection. This was modelled using the program TWIN 010 100 00-1 in SHELXL 97"̂ ,̂ 

with the systematic absences indicating the space group 74i/a (# 88) and allowing 

routine refinement of the structure. 
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Table 3.7 Crystallographic data collection and refinement parameters for (TiCl4(L2)] and [({MeS(CH2)2SMe}Cl3Ti)2(p,-0)]. 

I 

[Tia4{MeS(CH2)2SMe}] |TiCL,{MeS(CH2)3SMe}] [TiCl,{MeSe(CH2)3SeMG}] |TiCl,fo-QH/ScMe):}] [({MeS(CH2)2SMe}CI,Ti)20] 

Formula C4H,oCL,S2Ti QHt^CLSzTi C^HnCLSezTi CgH.oCkSezTi C,H2oCl«OS,Ti2 

Formula weight 311.95 325.98 449.77 453.80 569.00 

Crystal system Monoclinie Tetragonal Tetragonal Triclinie Monoclinic 

Space group P2,/» (# 14) I 42(f (# 122) /4j/a (# 88) P T (#2) f2,/n (# 14) 

a / A 6.922(2) 10.071(1) 10.029(6) 8.2588(9) 8.963(1) 

6 / A 13.335(1) 10.071(1) 10.029(6) 11.091(2) 10.672(2) 

c / A 12.678(1) 24.542(3) 25.698(14) 8.232(1) 11.196(1) 

a / " 90 90 90 90.74(1) 90 

yg/" 95.17(1) 90 90 97.72(1) 90.36(1) 

r'" 90 90 90 108.93(1) 90 

' [ / /A^ 1165.4(3) 2489.1(7) 2585(3) 705.5(2) 1070.8(3) 

z 4 8 8 • 2 2 

/i(Mo-K„) / cm"' 19.51 18.41 70.74 64.42 18.77 

No. of unique reflections 2151 683 1145 2478 2013 

Ri„t (based on F^) 0.019 - - 0.056 0.039 

No. of obs. reflections " 1764 525 792 1972 1412 

No. of parameters 100 56 56 136 97 

R" 0.023k 0.041 0.054 0.031 0.049 

R , / 0.029 0.041 0.142 = 0.035 0.060 

"Observed i f [ / .>2o(4) ] "/( = Z ( W i - | F « k | , ) / Z | F . k | i '/;w = V[Zwi( |F^lr i r cici,)"/zwiiF^i; ' '^]=z ( iFoU - |FcU)/Z|F.b, | 'wJ?2- ^[Ew(|F'.b.|-|F"cicl)'/Zw|F"^f 
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Chapter 4 Titanium(IV) Halide Complexes with Bidentate Phosphine and Arsine Ligands 

4.1 Introduction 

The work discussed in Chapter 3 has established that despite a considerable 

mismatch between the extreme hardness of Ti(IV) and softness of Group 16 donor 

ligands, complexes of the form [TiX4(L2)] are readily isolated vm reaction of TiX4 (X -

CI, Br, I) and bidentate thio- and seleno-ether ligands (L2). As the donor ligands of 

Group 15 are considered stronger cy-donors than the respective Group 16 ligands, the 

interaction between Ti(IV) and phosphine and arsine ligands (L2') is expected to be 

sufRciently strong to observe the equivalent [TiX4(L2')] complexes. Indeed, reaction of 

TiCU with the monodentate phosphine PH3 to afford [TiCl4(PH3)] was reported as early 

as 1832,^ while reaction with the monodentate arsine AsPh] was reported in 1924^ and 

later identified as [TiCUCAsPhs)].^ Subsequently, a number of Ti(IV) complexes 

involving monodentate phosphine and arsine ligands have been reported, including 1:1 

metal : ligand adducts [TiCl4(L)] (L = PR3, R = Me,'' Ph,^ Cy;^ AsHg') and 6-coordinate 

1:2 adducts [TiCl4(PR3)2] (R = Et, Ph^). Similar 6-coordinate complexes have been 

isolated upon reaction with certain bidentate phosphine and arsine ligands, affording 

[TiCl4(L-L)] (L-L - R2P(CH2)2PR2, R = Me, Et,̂  Ph;̂  Me2AsCH-CHAsMe2,'° 0-C6H4-

(PEt2)2^ and o-C6H4(AsR2)2, R = Et̂ ""). However, possibly due to sensitivity to 

moisture, the characterisation of the above Ti(IV) phosphine and arsine complexes has 

been in general limited to analytical data, melting points and electronic and vibrational 

spectroscopy. Only one significant solution NMR spectroscopic study has been 

reported® and only very recently has structural characterisation been performed for 

[TiCl4{R2P(CH2)2PR2}] (R = Me, Et),̂ '̂  confirming o^-coordination geometry at 

Ti(IV). The attempted synthesis of a small number of TiBr4 adducts has revealed some 

disparity with the TiCL, adducts. Thus, although the 6-coordinate complexes involving 

bidentate arsine ligands (Me2AsCH=CHAsMe2,^'' o-C6H4(AsR2)2, R - Me,̂ ^ Et̂ )̂ are 

readily formed, reaction with AsPhs affords only the 1:1 adduct,^ presumably ^ue to the 

poorer Lewis acidity of TiBr4 compared with TiCU. 

In contrast to the observations in Chapter 3 that bidentate thio- and seleno-ether 

ligands form only 6-coordinate complexes with TiX4, bidentate phosphines and arsines 

have been reported to stabilise increased coordination numbers at Ti(IV). Thus, reaction 

of TiCU with excess ligand (L-L = Ph2E(CH2)2EPh2, E = P, As) affords 2:3 adducts 

[(TiCl4)2{Ph2E(CH2)2EPh2}3],^ although no structural characterisation has been 
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performed on these adducts. Moreover, a small number of bidentate Group 15 ligands 

have been reported to form 8-coordinate complexes with Ti(IV). The structural 

characterisation of [TiCl4{o-C6H4(AsMe2)2}2]^'''^ presented the first example of an 8-

coordinate first row transition metal complex, with the structure showing dodecahedral 

geometry at Ti(IV). The analogous bromo and phosphine adducts [TiBr4{o-

C6H4(AsMe2)2}2]'^ and [TiCl4{o-C6H4(PMe2)2}2]/^ have also been assigned as 8-

coordinate by comparison of the X-ray powder dif&action data with the arsine chloro 

adduct, however spectroscopic characterisation is again limited to analytical data, 

melting points and electronic and vibrational spectroscopy. There are no reported 

solution NMR spectroscopic studies for any of the 8-coordinate complexes, despite the 

clear potential for dynamic ligand exchange processes at the crowded Ti(IV) centre to 

afford the 6-coordinate 1:1 adducts and free ligand. Reaction of TiCU with 1,8-

bis(dimethylarsino)naphthalene has also been reported to form a 1:2 8-coordinate 

complex, however this assignment is on the basis of microanalytical data and IR 

spectroscopy only.̂ ^ 

A number of studies have been conducted to establish why 8-coordinate Ti(IV) 

complexes are formed almost exclusively fbr the ligands o-C6H4(EMe2)2, E = P, As; and 

not fbr other bidentate ligands. Thus, addition of o-C6H4(AsMe2)(NMe2) to TiCl4 

affords only the 6-coordinate 1:1 adduct,suggesting the amine donor does not lead to 

8-coordination despite the increased hardness and a-donating ability of N-donor atoms 

compared to P or As. Indeed similar reaction with excess o-C6H4(NMe2)2 yields only a 

black oily solid of indefinite composition.'® Much smaller perturbations in the ligand a-

donor properties have also resulted in the loss of 8-coordination, with both o-

C6H4(PEt2)2^ and o-C6H4(AsEt2)2'^ affording only 1:1 adducts with TiCl4. This reduced 

coordination replacing methyl groups with ethyl groups may be attributed to a 

combination of the lower a-donor ability and the increased size of the ethyl-substituted 
i 

ligands. However, 8-coordinate 1:2 adducts are formed for another slightly modified 

arsine ligand, o-C6H4{As(CD3)2},'^ despite having a-donor properties comparable with 

o-C6H4(AsEt2)2. This suggests the determining factor fbr 8-coordination here is the 

similarity in size between the deuterated ligand and o-C6H4(AsMG2)2. Indeed, the 

similar methyl-substituted phosphine Me2P(CH2)2PMe2 also forms 8-coordinate 

complexes with TiCl4,'^ with the structure of the complex showing similar dodecahedral 
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geometry at Ti(IV) with that observed in the arsine complex, [TiCl4{o-

C6H4(AsMe2)2}2]. Surprisingly though, the methyl-substituted arsine 

Me2AsCH=CHAsMe2 forms only a 1:1 adduct with TiCL, and TiBr4,'° despite the steric 

similarity with o-C6H4(AsMe2)2. This may due to the differing electronic properties of 

the two ligands, suggesting the formation of 8-coordinate Ti(IV) adducts is dependent 

on a combination of both Steric and electronic properties of the coordinating ligands. 

This chapter investigates the coordination chemistry of bidentate phosphine and 

arsine ligands with titanium halides, with a view to establishing both the solution and 

solid state properties of these complexes. While Ti(IV) complexes with phosphine and 

arsine ligands have been known for some time, only a few NMR spectroscopic studies 

or structurally characterised complexes have been reported. Also, while 8-coordinate 

Ti(IV) complexes are known, there is only one example where both 6- and 8-coordinate 

complexes have been isolated and structurally characterised. Thus, reported within is 

the synthesis and spectroscopic characterisation of a series of 6- and 8-coordinate TiX^ 

(X = CI, Br and I) complexes with various bidentate phosphine and arsine ligands 

[Ph2As(CH2)2AsPh2, Ph2P(CH2)nPPh2 (n = 1, 2 or 3), o-C6H4(PPh2)2 and o-C6H4(EMe)2 

(E = P or As)].^'' The complexes are characterised by elemental analysis and IR, UV-

visible and multinuclear ('H, ^'P{'H}) NMR spectroscopy. X-ray single 

crystal structure determinations are reported fbr the complexes [TiCL^jo-

C6H4(PMe2)2}], [TiCl4{o-C6H4(PMe2)2}2], [TiBr4{o-C6H4(PMe2)2}2] and [TiBr4{o-

C6H4(AsMe2)2}2] in order to establish the consequences of changing the coordination 

number, donor atom and halide on the metal-donor interaction. The structural 

characterisation of an unusual zwitter-ionic adduct [TiCl5(Ph2PCH2PHPh2)] formed by 

partial decomposition of [TiCl4(Me2PCH2PMe2)] is also reported, along with structures 

of the Fe(II) and Fe(ni) complexes [Fel2{o-C6H4(AsMe2)2}2] and [Fel2{o-

C6H4(AsMe2)2}2][l3], formed during the synthesis of [Til4{o-C6H4(AsMe2)2}2] vzo iron 

impurities in Til4. 

4 
UeRARY > 
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4.2 Results and Discussion 

Reaction of TiCU with one molar equivalent of bidentate phosphine or arsine 

ligand, Lz [Lz = Ph2As(CH2)2AsPh2, Ph2P(CH2)nPPh2 (n = 1, 2 or 3), o-C6H4(PPh2)2 and 

o-C6H4(EMe2)2 (E = P, As)] in rigorously anhydrous n-hexane at room temperature 

resulted in the immediate precipitation of bright yellow, orange and red solids, 

[TiCl4(L2)], in high yield (Figure 4.1). Similarly, dissolution of TiBr4 in rigorously 

anhydrous CH2CI2 followed by addition of one molar equivalent of L2' [L2' = 

Ph2As(CH2)2AsPh2, Ph2P(CH2)nPPh2 (n = 2 or 3), o-C6H4(PPh2)2 and o-C6H4(EMe2)2 (E 

= P, As)] aflbrded deep orange and red coloured solutions of [TiBr4(L2')]. Intensely 

coloured solids were isolated in high yield via precipitation with «-hexane. As with the 

thio- and seleno-ether complexes discussed in Chapter 3, reactions with Til4 required 

comparatively large volumes of CH2CI2 due to the poor solubility of Til4 in non-

coordinating solvents. Subsequent addition of one molar equivalent of L2" [L2" = o-

C6H4(EMe2)2 (E = P, As)] resulted in a colour change to give dark red/purple solutions 

of [Til4(L2")]- The products were isolated as deep purple solids via precipitation with n-

hexane, though in considerably lower yields than the TiCl4 and TiBr4 adducts. 

Reaction of TiX4 (X = CI, Br, I) with three molar equivalents of bidentate ligand 

L2" [L2" = o-C6H4(EMe2)2 (E == P, As)] afforded yellow, orange and purple Ti(IV) 

complexes, [TiX4(L2")2] (Figure 4.1). Analogous reactions with three molar equivalents 

of the phenyl-substituted arsine and phosphine bidentate ligands L2'" [L2'" = Ph2As-

(CH2)2AsPh2, Ph2P(CH2)nPPh2 (n = 1, 2 or 3) and o-C6H4(PPh2)2] resulted only in the 

isolation of 1:1 metal : ligand adducts, [TiX4(L2'")]- This is consistent with previous 

studies of Ti(IV) complexes that show 8-coordination at Ti(IV) is only achieved with a 

very small number of ligands possessing specific electronic and steric properties. 

All of the isolated complexes are extremely moisture sensitive, liberating free 

ligand and rapidly decolourising on exposure to moist air. However, the complexes are 

noticeably more stable than the thio- and seleno-ether Ti(IV) complexes reported in 

Chapter 3, consistent with the stronger c-donor properties of Group 15 ligands over 

those of Group 16. The formulation of the complexes as [TiCl4(L2)], [TiBr4(L2')], [Til4-

(L2")] and [TiX4(L2")2] (X = CI, Br, I) was confirmed vza microanalytical data while, as 

for the Ti(IV) complexes reported in Chapter 3, mass spectrometry proved of little value. 
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Figure 4.1 Reaction scheme for the synthesis of [TiX4(L-L)] and 

X. 

X 

X 

^Ti 

X 

1 molar equivalent of 

phosphine or arsine 

ligand, L-L (E = P, As) 

X 

X 

2 molar equivalents of \ 

phospliine or arsine C \ ^ ' l-^-Ti 
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The successful isolation of titanium halide complexes with bidentate phosphine and 

arsine ligands prompted a study of the coordination chemistry of distibine ligands with 

Ti(IV). Thus, TiCLt was added to a solution of Ph2Sb(CH2)nSbPh2 (n = 1, 3) in 

anhydrous CHzClz at 0 °C, resulting in an immediate deep purple coloration. 

Precipitation with anhydrous M-hexane afforded brown solids, however microanalytical 

data indicated chlorination of the distibine ligand, similar to that reported during the 

attempted synthesis of [TiCl4(Ph3Sb)2]^. These results are not surprising as the weak 

interaction between the contracted orbitals of the hard Ti(IV) centre and the diffuse 

orbitals of the soft Sb donor prevents the formation of strong Ti-Sb interactions. 

As with the thio- and seleno-ether ligands used in Chapter 3, the small chain 

lengths of the phosphine and arsine ligands used here dictates only cis coordination 

when chelating. Thus, the 1:1 metal : ligand complexes are expected to show C2v 

symmetry and exhibit four IR active titanium-halide stretching vibrations, 2A; + Bi + 

Bg. Far IR data were recorded for the [TiX4(L2)] (X = CI, Br) adducts, with the high 

sensitivity of the complexes dictating the use of sodium dried-Nujol mulls pressed 

between Csl plates and prepared within a N2 purged glove box. In addition to peaks 
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corresponding to the coordinated phosphine and arsine ligands, the spectra showed four 

Ti-X stretching vibrations (Figure 4.2) in the range of 420-350 cm'̂  for v(Ti-Cl) and 

320-280 cm'̂  for v(Ti-Br). These data compare well with those reported for similar 

Ti(IV) phosphine/arsine complexes^'^ '̂  '̂ '̂ ''̂ ^ [e.g. n:^-[TiX4(PPh3)2]: 381-325 and 308-

256 cm ' for X = CI, Br respectively]^' and with those of the thio- and seleno-ether 

complexes reported in Chapter 3 [420-370 cm ' for v(Ti-Cl) and 330-290 cm'̂  for v(Ti-

Br)]. Again IR spectroscopy of the Til* adducts showed no metal-halogen stretching 

vibrations down to 220 cm'\ as expected.^^ 

Figure 4.2 v(Ti-CI) IR spectra of [TiCl4{o-Cf,M4{PMe2)2}n| for n = 1,2 (Nujol mull). 

[TiCLfo-CgH^CPMez);}] 
s 

H [TlCl,{o-C(K,(PMe2)2}2] 

400 350 300 

Previous reports on 8-coordinate Ti(rV) complexes have shown that adducts of the 

form [TiX4(L-L)2] (L-L == bidentate donor ligand) invariably adopt distorted 

dodecahedral structures. Thus, the 1:2 metal : ligand [TiX4(L2")2] (X = CI, Br) 

complexes formed here are expected to show similar Djd symmetry and exhibit two IR 
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active titanium-halide stretching vibrations, 8% + E. The far IR data for these adducts 

agree with this geometry, showing two Ti-X stretching vibrations (Figure 4.2) at ca. 315 

cm"' for v(Ti-Cl) and ca. 290 cm ' for v(Ti-Br). These frequencies are significantly 

lower than those of the corresponding 6-coordinate 1:1 complexes above. This is 

consistent with a lengthening of the Ti-X bonds as a result of increased steric crowding 

aronnd the small Ti(IV) centre in the 8-coordinate complexes. The Ti-X stretching 

frequencies for the chloro-adducts [TiCl4{o-C6H4(EMe2)2}2] (E = As: 317 cm'\ E = P: 

312 cm ') have been reported p r e v i o u s l y a n d show good agreement with those 

reported here (E = As: 323, 317 cm'\ E = P: 314, 302 cm"\ 

The intense colours of the solids isolated as [TiCl4(L2)], [TiBr4(L2')], [Til4(L2")] 

and [TiX4(L2")2] (X = CI, Br, I) indicate the presence of strong ligand-metal charge 

transfer (LMCT) transitions within the cf Ti(IV) complexes. As with the thio- and 

seleno-ether Ti(IV) adducts reported m Chapter 3, attempts to obtain solution phase 

electronic spectra were hindered by the moisture sensitivity of the complexes, thus 

spectra were recorded by diffuse reflectance, using anhydrous BaS04 as the diluent. The 

resulting spectra for the 6-coordinate 1:1 chloro-adducts, [TiCl4(L2)], showed two 

broad, but resolved LMCT transitions at ca. 22,000 and 28,000 cm'% assigned to 7t(As 

or P) -> Ti(t2g) and 7i(Cl) Ti(t2g) transitions respectively. Although the actual 

symmetry at Ti(IV) is C2v and not octahedral as implied by these assignments, the 

lifting of the degeneracy of the Ti(t2g) orbitals in the former symmetry did not result in 

resolved splittings by diffuse reflectance spectroscopy. However, this unresolved cf-

orbital splitting may be partly responsible for the broad nature of the observed bands. 

The spectra of the 1:1 bromo-adducts showed less well resolved absorption bands at ca. 

20,000 and 23,000 cm"' similarly assigned to 7t(As or P) Ti(t2g) and 7i:(Br) Ti(t2g) 

transitions respectively. This slightly lower energy 7i(As or P) -> Ti(t2g) transition for 

the bromo-adduct compared to the chloro-adduct has been similarly observed^th later 

transition metals, such as Os(IV) in [OsX4(L)2] for various monodentate tertiary 

phosphuie and arsine ligands (L).̂ ^ 

The electronic spectra for the 8-coordinate 1:2 adducts, [TiX4(L2)], showed similar 

broad absorption bands corresponding to the LMCT transitions from the donor ligands. 

For the now D2d Ti(IV) centre, defining the principal S4 inversion axis to be along the z-

axis allows the assignment of these transitions as Tr(As or P) Ti(bi) and 7i(X) 
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Ti(bi). The energy of the halide transitions appears to be unaffected by the increase in 

coordination number at Ti(IV), however the phosphine/arsine transitions are slightly 

lower in energy (by ca. 2000 cm'^) than those in the 6-coordinate analogues, possibly 

due to differing metal-ligand interactions in the two adducts. Despite the difference in 

the energy of these LMCT transitions in the 1:1 and 1 ;2 adducts, the broadness of the 

observed bands result in spectra of similar appearance. Hence, although the 

stoichiometry of the complexes can be deduced by comparison of both diffuse 

reflectance spectra, the differences are not sufficiently large to allow confident 

assignment of coordination number from one spectrum alone. 

Although all of the above values are subject to large errors (> ± 500 cm'^) due to 

the broad nature of the observed bands, the halide transitions do compare well with 

those observed in the thio- and seleno-ether Ti(IV) adducts reported in Chapter 3 and 

those in the similar Ti(IV) adducts [TiX6]̂ ".̂ ^ Furthermore, the data correlate well with 

the transitions predicted using the Pauling scale of optical electronegativities,^^ and 

hence confirm the donor types present. These data, together with the above IR 

spectroscopic and microanalytical data, confirm the Ibrmulation of the products as cfj'-

[TiX4(L2)]and [TiX4(L2)2]. 

Unlike the thio- and seleno-ether Ti(IV) complexes discussed in Chapter 3, 

pyramidal inversion is not relevant for the phosphine and arsine complexes formed here. 

Nevertheless, variable temperature multinuclear NMR spectroscopy of these adducts 

can be useful for monitoring the presence of ligand dissociation and hence relative 

stability of these complexes in solution. Furthermore, the lability of the ligands in 

solution may allow exchange between the various 1:1 and 1:2 metal : ligand adducts 

isolated. Thus, and where possible, '^C{^H} or NMR spectroscopic studies 

were undertaken for the complexes [TiX4(L2)] and [TiX4(L2)2] for X = CI, Br and I, 

though the studies were on the whole hindered by the limited solubihty of the adducts in 

non-coordinating solvents. 
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Room temperature 'H NMR spectra of [TiCl4{o-C6H4(PPh2)2}] and [TiCLtlPhiP-

(CH2)nPPh2}] (n = 1, 2, 3) showed sharp resonances with the expected coupling patterns 

corresponding to the H-environments of the respective ligands. Whereas the spectrum of 

[TiCl4{Ph2As(CH2)2AsPh2}] showed broad resonances, possibly due to decomposition 

even in anhydrous solvents. This may be attributed to weaker interactions between the 

hard Ti(IV) centre and the softer arsine ligand compared to phosphines. NMR 

spectroscopy of the phosphine adducts generally showed sharp resonances to high 

frequency compared with the &ee ligand, however the spectrum of 

[TiCl4{Ph2PCH2PPb2}] showed a series of resonances indicating decomposition in 

solution. The 'H and ^^P{'H} NMR spectra of the bromo complexes revealed broad 

resonances, consistent with rapid ligand dissociation in solution at room temperature. 

'^.22.2 

^^P{̂ H} NMR spectroscopy proved an excellent probe for comparing the solution 

behaviour of the various o-C6H4(PMe2)2-Ti(IV) adducts formed here. Thus, the room 

temperature spectra of the chloro-adducts [TiCl4{o-C6H4(PMe2)2}] and [TiCL^Io-

C6H4(PMe2)2}2] showed single sharp ^'P{^H} resonances at S 29.5 and 31.5 

respectively. The spectra remained essentially unchanged on cooling, with an absence 

of additional resonances for free o-C6H4(PMe2)2 or differing metahligand ratios 

mdicating ligand dissociation is not extensive at room temperature. The corresponding 

'H NMR data support this, showing second order multiplets for the PMe2 groups at 6 

1.90 and 1.83 for the 1:1 and 1:2 adducts respectively at room temperature, with little 

change on cooling to -90 °C. 

The ^'P{'H} NMR spectrum of [TiBr4{o-C6H4(PMe2)2}] revealed a sha^ singlet at 

6 24.5, with an absence of additional resonances on cooling again showing ligand 

dissociation is not extensive at room temperature (Figure 4.3). Addition of o-

C6H4(PMe2)2 to this solution resulted in the m formation of the 1:2 adduct showing 

a sharp singlet ^^P{̂ H} resonance at 6 22.2, along with the expected free ligand 

resonance at 6 -55 (Figure 4.3). The ^'P{^H} NMR spectrum of the isolated complex 
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[TiBr4{o-C6H4(PMe2)2}2] showed resonances corresponding to both the 1:2 adduct (6 

22.2) and the 1:1 adduct (8 24.5), along with free o-C6H4(PMe2)2. This suggests the 

complex partially dissociates in solution to the 1:1 adduct and &ee ligand, 

demonstrating the increased lability of the ligand and hence the weaker interaction with 

the poorer Lewis acid TiBr4. These conclusions are again supported by 'H data, 

with the room temperature spectrum of [TiBr4{o-C6H4(PMe2)2}2] showing broad 

resonances consistent with rapid ligand exchange. Cooling to - 9 0 °C slows ligand 

exchange and the solution exhibits both methyl (5 1.31, f ) and 0-C6H4 (5 7.8 - 7.9, m) 

resonances for free o-C6H4(PMe2)2, together with resonances corresponding to the 

coordinated ligand in the 1:1 (8 2.04, (f, Me; 7.7 - 7.8, m, o-C&li*) and 1:2 (8 1.97, cf, 

Me; 7.6 - 7.7, m, 0-C6H4) Ti(IV) adducts. The spectrum for [TiBr4{o-C6H4(PMe2)2}] 

showed only resonances due to the 1:1 coordinated phosphine even on cooling, 

confirming ligand dissociation is not extensive at room temperature. 

Figure 4.3 NMR spectrum of [TiBr4{o-C6H4(PMe2)2}] and subsequent 

addition of free ligand ( C H 2 C I 2 / C D C I 3 ) . 

[TiBr4{o-C6H4(PMe2)2}] 

r7-CfiH4(PMe2)2 

TiBr4{o-C6H4(PMei)2}i 

20 10 10 -20 -30 -40 -50 8/ppm 
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'H NMR spectroscopy of [Til4{o-C6H4(PMe2)2}] showed only resonances due to 

the coordinated phosphine even on cooling (6 2.28, (/, Me, 7.7 - 7.8 0-C6H4), 

confirming the 1:1 complex is not undergoing extensive dissociation at room 

temperature. The NMR spectrum revealed a sharp singlet even less shifted to 

high &equency (6 18.0) with respect to G-ee o-C6H4(PMe2)2 (Figure 4.4), consistent with 

the even poorer Lewis acid TiL* forming even weaker interactions with the phosphine 

ligand. This again confirms the expected Lewis acidity trend of TiCl4 > TiBr4 > Til4, as 

observed for the thio- and seleno-ether Ti(IV) complexes discussed in Chapter 3. 

Addition of o-C6H4(PMe2)2 to a solution of [TiLt{o-C6H4(PMe2)2}] resulted in an 

immediate change from purple to yellow, with the resulting NMR spectrum 

showing only a broad resonance corresponding to free ligand (6 -54), possibly 

indicating decomposition of the complex in presence of excess phosphine. 

Unfortunately 'H and ^'P{'H} NMR spectroscopy of isolated [TiL,{o-C6H4(PMe2)2}2] 

revealed resonances corresponding to a mixture of adducts (see Section 4.2.3) and thus 

further interpretation was not possible. 

Figure 4.4 NMR spectra of [TiX4{o-C6H4(PMe)2}] (CH2CI2/CDCI3). 

30 

X = CI X = Br X = I 

20 10 6 6/ppm 
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For the o-C6H4(AsMe2)2-Ti(rV) adducts, NMR spectroscopy was utilised 

for comparing the solution behaviour of the TiX4 adducts formed here, with spectra 

recorded at low temperature (-80 °C) to slow any exchange processes. Thus, 

NMR spectra of the chloro-adducts [TiCl4{o-C6H4(AsMe2)2}] and [TiCl4{o-C6H4-

(AsMe2)2}2] showed single sharp AsMe2 resonances at 6 13.7 and 14.9 respectively 

(Figure 4.5). Resonances corresponding to the o-phenylene carbons were observed for 

all the TiX4 (X = CI, Br) adducts in the region 6 131-133, with little difference 

irrespective of complex. The absence of additional resonances for free o-C6H4(AsMe2)2 

or differing metal : ligand ratios again suggest ligand dissociation is not extensive at 

room temperature. The 'H NIVIR data support this, showing sharp singlets for the AsMe2 

groups at 6 1.90 and 1.78 for the 1:1 and 1:2 adducts respectively at room temperature, 

with little change on cooling to -90 °C. Again, the o-phenylene resonances showed little 

variance (6 7.55-7.65) and will not be discussed further. 

The lower solubilities of the bromo-adducts hindered the acquisition of good 

quality NMR data, with the spectra invariably revealing weak resonances corresponding 

to decomposition of the complexes either on dissolution or during the longer NMR 

experiments. Nevertheless, the low temperature NMR spectrum of [TiBr4{o-

C6H4(AsMe2)2}] revealed a sharp AsMe2 singlet at 8 17.3, with an absence of additional 

methyl resonances suggesting that ligand dissociation is not extensive at ambient 

temperatures. Unfortunately, the low solubility of the 1:2 adduct prevented analysis by 

NMR spectroscopy. However, 'H NMR spectroscopy did prove sufficiently 

sensitive to compare the solution behaviour of the bromo-adducts. Thus, the 'H NMR 

spectrum of 1:1 complex [TiBr4{o-C6H4(AsMe2)2}] showed a sharp singlet for the 

AsMe2 groups at 6 1.90, with little change on cooling. Whereas, the spectrum for the 

1:2 adduct [TiBr4{o-C6H4(AsMe2)2}2] showed broad resonances corresponding to 6ee 

and coordinated o-C6H4(AsMe2)2 at room temperature, indicating the presence of 

dynamic processes in solution. Cooling to -90 °C slows the exchange process and the 

solution exhibits AsMe2 resonances corresponding to the coordinated ligand in both 

the 1:1 (6 1.93) and 1:2 (6 1.79) Ti(IV) adducts. The absence of resonances due to 6ee 

ligand in the low temperature spectrum may be attributed to a shift in the equilibrium 

between the 1:1 and 1:2 adducts in solution towards the latter. 
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These results are consistent with the conclusions from the o-C6H4(PMe2)2-Ti(IV) 

adducts, showing the chloro- and 1:1 -adducts do not exhibit extensive ligand 

dissociation at room temperature, whereas the bromo-l:2-adduct reveals dissociation of 

ligand at ambient temperatures to present an equilibrium between the 1:1 and 1:2 

adducts and free ligand. Unfortunately, NMR spectroscopy of the iodo-adducts 

were not obtained due to a combination of poor solubility of the complexes in non-

coordinating solvents and extensive ligand dissociation &om the poor Lewis acid Til4. 

Figure 4.5 Methyl region of NMR spectra of ITiCUfr^C^HaCAsMe)!},,! for 

n = 1, 2 (CH2CI2/CDCI3). 

[TiCl4{o-C6H4(AsMe)2}] 

[TiCl4{o-C6H4(AsMe)2}2] 

" T " 
10 20 15 5/ppm 

In view of the paucity of structurally characterised Ti(IV) phosphine and arsine 

complexes and in order to establish unequivocally the coordination geometry at Ti(IV), 

single crystal X-ray diGraction studies were undertaken on four of the complexes 

formed here. Thus, single crystals of [TiCl4{o-C6H4(PMe2)2}n] (n = 1, 2) and [TiBr4{o-

C6H4(EMe2)2}2] (E = P, As) were grown by slow evaporation of CH2CI2 solutions of the 

complexes in a dry N2-purged glove box. In addition to the previously reported structure 

of [TiCl4{o-C6H4(AsMe2)2}2], these diffraction studies present a near complete set of 

crystallographic data for the complexes [TiX4{o-C6H4(EMe2)2}n] for X = CI, Br; E = P, 

As; n = 1, 2. Consequently, the data provide an opportunity for comparing the effects of 

Page 121 



Chapter 4 Titanium(IV) Halide Complexes with Bidentate Phosphine and Arsine Ligands 

changing donor atom, halide or coordination number on the geometry about Ti(IV). 

The structure of [TiCl4{o-C6H4(PMe2)2}] (Figure 4.6, Tables 4.1, 4.2) shows a 

distorted octahedral environment at Ti(IV) comprising four chloro ligands and two 

mutually cis phosphine donor atoms from the chelating ligand. The bond angles 

between any two mutually cis chloride ligands are greater than octahedral 90°, with the 

greatest distortion observed between the two chlorides to the phosphine ligand, as 

observed for the thio- or seleno-ether Ti(IV) complexes discussed in Chapter 3. Thus 

the phosphine adduct exhibits ZCl(2)trans p - Ti(l) - Cl(3)tTans p = 114.58(5)°, which 

compares well with the equivalent angle in similar 6-coordinate Ti(IV) phosphine 

adducts [TiCl4(L-L)], L-L = Me2P(CH2)2PMe2 [113.43(7)°] and Et2P(CH2)2PEt2 

[111.03(5)°].''^ Consequently, the chloride ligands lean towards the phosphine ligand to 

give distorted bond angles between the mutually froM;; chlorides, ZCl(l)trans a - Ti(l) -

Cl(4)tfBns ci = 164.25(5)° and the chelating phosphine donor atoms, Z P(l) - Ti(l) - P(2) 

= 76.05(3)°. This bidentate phosphine bite angle compares well with those in similar 

Ti(IV) phosphine adducts with Ci bridges between the P-donors, [ T i C l 4 ( L - L ) ] , L-L = 

Me2P(CH2)2PMe2 [75.95(6)°] and Et2P(CH2)2PEt2 [76.71(4)°]."^ Similarly, the Ti-P 

bond distances [2.5608(10), 2.5745(11) A] also compare well with those in [TiCl4(L-

L)], L-L = Me2P(CH2)2PMe2 [2.577(2), 2.582(2) A] and Et2P(CH2)2PEt2 [2.5981(9) 

A].̂ '̂  The Ti-Cl bond distances show a similar trend to that observed for the Ti(IV) thio-

and seleno-ether complexes, with bond distances for the chlorides to the donor 

ligand [2.2522(11), 2.2746(10) A] significantly shorter than those of the mutually rroMj' 

chlorides [2.2956(11), 2.2980(11) A]. This indicates a influence of CI > P, 

illustrating the preference of the hard Ti(IV) centre fbr the hard chloride ligands over 

softer phosphine donor atoms. 

Table 4.1 Selected bond lengths for [TiCl4{o-C6H4(PMe2)2}]. 

Bond Distance / A Bond Distance / A 

T i ( l ) - P ( l ) 2.5745(11) T i ( l ) -P(2 ) 2.5608(10) 

T i ( l ) - C l ( l ) 2.2980(11) Ti(l) - Cl(2) 2.2522(11) 

Ti(l) - Cl(3) 2.2746(10) Ti ( l ) -Cl (4) 2.2956(11) 
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Table 4.2 Selected bond angles for [TiCl4{o-C6H4(PMe2)2}]. 

Bond Angle / ° Bond Angle / ° 

P(l) - T i ( l ) . -P(2) 76.05(3) P(l) - T i ( l ) - Cl(l) 82.77(4) 

P(l)-- T i ( l ) - Cl(2) 160.99(4) P(l) - T i ( l ) - Cl(3) 84.40(4) 

P(l)-- T i ( l ) - Cl(4) 84.60(4) P(2)-- T i ( l ) - Cl(l) 82.38(4) 

P(2)-- T i ( l ) - Cl(2) 84.94(4) P(2)-- T i ( l ) - Cl(3) 160.40(4) 

P(2)-- T i ( l ) - CI(4) 85.48(4) Cl(l) - T i ( l ) - -Cl(2) 94.40(4) 

Cl(l) - T i ( l ) --Cl(3) 93.83(4) C1(I) - T i ( l ) - -Cl(4) 164.25(5) 

Cl(2) - T i ( l ) --Cl(3) 114.58(5) Cl(2) - T i ( l ) - -Cl(4) 94.49(5) 

Cl(3) - T i ( l ) -- Cl(4) 94.26(4) 

Figure 4.6 View of the structure of [TiCl4{o-C6H4(PMe2)2}] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

C(6) 

g X V . . 
C(4) 

C ( 2 ) 

Crystals obtained for the directly comparable 1:2 adduct [TiCl4{o-C6H4(PMe2)2}2] 

were of slightly poorer quality and hence the final structure solution led to higher 

residuals than the 1:1 structure. Nevertheless, the observed structure (Figure 4.7, Tables 
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4.3, 4.4) shows dodecahedral geometry at Ti(IV), resulting from crystallographic 4 

symmetry. The 8-coordinate structure comprises four symmetry equivalent P-donor 

atoms occupying the A-type vertices and four equivalent chloro ligands occupying B 

vertices (see Coordination Geometry, Chapter 1). Similar arrangements of the donor 

atoms have been observed for the only other structurally characterised 8-coordinate 

Ti(IV) complexes, [TiCl4{o-C6H4(AsMe2)2}2]"''^ and [TiCl4{Me2P(CH2)2PMe2}2],'^ 

though the early report of the former provided little crystallographic data concerning the 

geometry at Ti(IV). The Ti-P bond lengths [2.654(4) A] in [TiCl4{o-C6H4(PMe2)2}2] are 

significantly longer (ca. 0.1 A) than those in the 1:1 adduct [2.5608(10), 2.5745(11) A], 

consistent with increased steric crowding upon increasing the coordination number at 

Ti(IV). However, the Ti-Cl bond lengths [2.503(3) A] show approximately twice this 

increase in bond length (ca. 0.2 - 0.25 A) compared to the 1:1 adduct [2.2522(11) -

2.2980(11) A]. This disparity between the effect of increasing coordination number on 

the respective bond lengths may at least in part be due to the differing influences 

in the respective adducts. Thus, in the 1:1 adduct, the P-donor atoms reside 

approximately to chloro ligands [ZCltrans p - Ti - P = 160.40(4), 160.99(4)°], 

whereas in the 1:2 adduct the Cltrans p - Ti - P angle is 143.93(10)° and therefore there 

are no formally ligands. Hence the influence in the Airmer is high, leading to 

shortened Ti-Cltmns p bond distances. Whereas, the absence of a influence in the 

1:2 adduct results in a greater increase in Ti-Cl bond lengths compared with Ti-P upon 

increasing coordination number at Ti(IV). The increased Ti-P bond lengths in the 1:2 

adduct also lead to a more acute bite-angle for the chelating ligand [Z P(l) - Ti(l) -

P(2) = 72.7(2)°, cf 76.05(3)° in 1:1 adduct], with the short ligand backbone enforcing 

distortion of the dodecahedral geometry. These bond parameters all compare well with 

those previously reported for [TiCL,{Me2P(CH2)2PMe2}2]/^ which exhibited only 2-fbld 

symmetry at Ti(IV) [Ti-P = 2.648(1), 2.654(1) A, Ti-Cl = 2.445(1), 2.451(1) A, 

chelating Z P-Ti-P = 73.12(3)°]. Comparison of this structure with the analogous 1:1 

adduct [TiCl4{Me2P(CH2)2PMe2}] shows similar trends to those observed hei-e,''̂  with 

the Ti-Cl bonds [av. 2.290(2) A] reduced to a greater extent than the Ti-P bond 

distances [av. 2.580(2) A] in the 1:1 adduct. These structures represent the only other 

case where directly comparable 6- and 8-coordinate Ti(IV) complexes with phosphine 

or arsine ligands have been structurally characterised. 
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Figure 4.7 View of the structure of [TiCl4{o-C6H4(PMe2)2}2] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

P( In) 

C ( 5 ) C ( 4 ) C ( 3 ) 

The crystals of [TiBr4{o-C6H4(PMe2)2}2] (Figure 4.8, Tables 4.3, 4.4) are 

isostructural with the above [TiCl4{o-CGH4(PMe2)2}2] adduct and hence comparison of 

these structures shows the effect of the halide (X) on the geometry at Ti(]V). However, 

while the Ti-P bond lengths [2.672(2) A] increased slightly (ca. 0.02 A) on changing 

halide 6om CI to Br, the higher than normal residuals associated with the chloro-

structure prevented conclusive determination as to the effect of changing halide. 

Nevertheless, an increase in Ti-P bond length would be consistent with the expected 

weaker interactions between the phosphine ligand and the poorer Lewis acid TiBr4. 

Figure 4.8 View of the structure of [TiBr4{o-C6H4(PMe2)2}2] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

Bi( la) 

Bi-db) n) 

P( ic) 
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Table 4.3 Selected bond lengths for [TiX4{o-C6H4(EMe2)2}2]-

Bond X = CI, E =P 

Distance / A 

X = Br, E - P X = Br, E =As 

T i ( l ) - E ( l ) 2.654(4) 2.672(2) 2.7324(13) 

T i ( l ) - X ( l ) 2.503(3) 2.5776(9) 2.5869(12) 

Table 4.4 Selected bond angles for [TiX4{o-C6H4(EMe2)2}2]. 

Bond X = CI, E =P 

Angle / ° 

X = Br, E =P X = Br, E =As 

E ( l ) - T i ( l ) - E ( l a ) 72.7(2) 72.86(10) 73.35(5) 

E ( l ) - T i ( l ) - E ( l b / c ) 130.44(11) 130.34(6) 130.03(3) 

E ( l ) - T i ( l ) - X ( l ) 75.97(12) 75.89(7) 75.98(5) 

E ( l ) - T i ( l ) - X ( l a ) 75.88(12) 75.86(7) 75.92(5) 

E ( l ) - T i ( l ) - X ( l b ) 71.22(10) 71.22(6) 70.94(4) 

E ( l ) - T i ( l ) - X ( l c ) 143.93(10) 144.08(5) 144.29(4) 

X ( l ) - T i ( l ) - X ( l a ) 144.85(11) 144.70(4) 144.77(6) 

X ( l ) - T i ( l ) - X ( l b / c ) 95.23(3) 95.276(13) 95.26(2) 

The crystals of [TiBr4{o-C6H4(AsMe2)2}2] (Figure 4.9, Tables 4.3, 4.4) are also 

isostructural with the other 1:2 adducts and show nearly identical bond angles at the 

Ti(V) centre. The Ti-As bond lengths [2.7324(13) A] are consistent with those reported 

for [TiCl4{o-C6H4(AsMe2)2}2] [2.71(2) A], although the large estimated standard 

deviations (e.s.d's) associated with the reported structure prevents detailed comparison 
i 

of the bond parameters. The Ti-As bond lengths in [TiBr4{o-C6H4(AsMe2)2}2] are 

longer than the Ti-P bond lengths in the analogous phosphine adduct [TiBr4{o-

C6H4(PMe2)2}2], again consistent with the larger size and softer nature of the of the As-

donor compared to P. However, the observed difference of ca. 0.06 A is smaller than 

that observed for other transition metal halide complexes involving the ligands o-

C6H4(EMe2)2 (E = P, As). For example, the M-E bond distances in [NiCl2{o-C6H4-

(EMe2)2}2]'̂  differ by ca. 0.09 A [E = P, 2.255(3) A; E = As, 2.339(3), 2.345(3) 
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Figure 4.9 View of the structure of [TiBr4{o-CgH4(AsMe2)2}2] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

Bi(la) 

C ( l ) B i f l ) 

During attempts to grow crystals of [TiCl4(Ph2PCH2PPh2)] vfa slow evaporation of 

a CH2CI2 solution of the complex in a dry N2-purged glove box, a small number of 

single crystals of the partially decomposed complex [TiCl5(Ph2PCH2PHPh2)] were 

isolated. One possible m j'zYw route to this adduct may arise through the lability of the 

phosphine ligand in solution due to the highly strained 4-membered chelate ring present 

in the original [TiCl4(Ph2PCH2PPh2)]. Thus, chelate ring opening may lead to an 

equilibrium between [TiCl4(Ph2PCH2PPh2)], [TiCl4(n^-Ph2PCH2PPh2)], TiCl4 and 

Ph2PCH2PPh2. As free TiCl4 hydrolyses in the presence of trace moisture to give Ti02 

and HC1,̂ ° it is possible that HCl may undergo addition with the coordinatively 

imsaturated species [TiCl4(T|'-Ph2PCH2PPh2)] to af&rd the observed complex. 

The structure shows (Figure 4.10, Tables 4.5, 4.6) the phosphine coordinated as a 

monodentate ligand to the TiClj fragment, with the uncoordinated P-donor protonated 

to give a phosphonium functionality. The P-bound proton was located during the 

structure solution and its presence provides charge neutrality with the [TiCl^j'^agment. 

The geometry of this unusual zwitter-ionic species shows similarities with other 6-

coordinate Ti(rV) phosphine complexes, with the chloride ligands again leaning towards 

the phosphine donor [Z P-Ti-Clcis p = 82.16(11) - 87.60(12)°]. The influence 

again accounts for a shorter Ti-Cl bond distance for the chloride trans to the donor 

ligand [2.276(3) A] compared with the mutually /roM.y chlorides [2.283(3) - 2.333(3) 

A], however the disparity is surprisingly small considering the near linear P-Ti-Cltmns p 
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bond angle [176.53(13)°]. This may reflect that the phosphine is not strongly 

coordinating and therefore does not compete with the trans chloride. Indeed, the Ti-P 

bond distance [2.731(4) A] is considerably longer than those observed in other 6-

coordinate Ti(IV) phosphine complexes, [TiCl4{o-C6H4(PMe2)2}] [2.5608(10), 

2.5745(11) A] and [TiCl4{Ph2P(CH2)2PPh2}] [2.577(2), 2.582(2) A]."" This may be 

attributed to the deactivation of the P-based lone pair upon quatemisation of the 

ac^acent P centre in [TiCl5(Ph2PCH2PHPh2)]. The small yield of crystals prevented 

further characterisation except for IR spectroscopy, which showed three Ti-Cl stretching 

vibrations (2A] + E) consistent with the local C4v symmetry at Ti(IV). 

Figure 4.10 View of the structure of [TiCl5(Ph2PCH2PHPh2)] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

C ( 2 4 ) 

C ( 2 2 ) 

C ( 2 i ) 

( 1 3 ) 

C ( 1 2 ) 

C(lo) 

C I 1 1 ) 

Cdf, 

C ( 1 6 ) C ( 1 7 ^ 

C ( 1 S ) 

Table 4.5 Selected bond lengths for [TiCl5(Ph2PCH2PHPh2)]. 

Bond Distance / A Bond Distance / A 

T i ( l ) - P ( l ) 2.731(4) T i ( l ) - C l ( l ) 2.283(3) 

Ti ( l ) -Cl(2) 2.290(3) Ti ( l ) -Cl (3) 2.333(3) 

Ti ( l ) -Cl(4) 2.320(3) Ti ( l ) -Cl (5) 2.276(2) 
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Table 4.6 Selected bond angles for [TiCl5(Ph2PCH2PHPh2)]. 

Bond Angle / ° Bond Angle / ° 

P(l) - T i ( l ) - Cl(l) 87.60(12) P( l ) . - T i ( l ) - Cl(2) 82.23(10) 

P(l) - T i ( l ) - Cl(3) 83.67(11) P(l)-- T i ( l ) - Cl(4) 82.15(11) 

P(l)-- T i ( l ) - Cl(5) 176.53(13) Cl(l) - T i ( l ) - -Cl(2) 89.1(1) 

Cl(l) - T i ( l ) - -Cl(3) 171.2(1) Cl(l) - T i ( l ) - Cl(4) 87.88(13) 

Cl(l) - T i ( l ) - Cl(5) 95.69(12) Cl(2) - T i ( l ) - Cl(3) 90.96(12) 

Cl(2) - T i ( l ) - Cl(4) 164.21(13) Cl(2) - T i ( l ) - Cl(5) 98.90(12) 

Cl(3) - T i ( l ) - Cl(4) 89.67(13) Cl(3) - T i ( l ) - Cl(5) 93.02(13) 

Cl(4) - T i ( l ) - Cl(5) 96.83(12) 

Other nnusnal structures were also observed during attempts to grow crystals of the 

1:2 iodo complex [Til4{o-C6H4(AsMe2)2}2]. Thus, deep purple solutions of two 

independently synthesised samples of the complex were allowed to slowly evaporate in 

a dry N2-purged glove box. Although both solutions showed signs of decomposition 

througli the deposition of a pale coloured precipitate, a small number of dark red/purple 

coloured crystals were isolated from each solution. The resulting structure solutions 

clearly showed the coordination of two chelating o-C6H4(AsMe2)2 ligands to the metal 

centre, however both structures were only 6-coordinate with two of the iodo ligands 

apparently displaced by arsine coordination. Surprisingly both structures suggested 

reduction of the Ti(IV) centre, with the first structure (1) showing only one tri-iodo 

counter-anion [la]' indicating Ti(III), and the second (2) showing no counter-anions and 

thus indicating a rare example of Ti(H). However, unusually large thermal parameters 

associated with the metal centres and considerably shorter M-As bond dist^tnces [ca. 

2.38 A (1), CO. 2.34 A (2)] compared to [TiX4{o-C6H4(AsMe2)2}2] [X = CI, 2.71(2) 

.̂11,12 X = g]. 2.7324(13) A] suggested the metal centre was not actually titanium. 

Comparison with published collective bond length tables^' suggested that the crystals 

were actually of Fe(ni) and Fe(II) adducts and final structure solutions modelling these 

iron metal centres exhibited much more sensible thermal parameters (Figures 4.11, 4.12, 

Tables 4.7, 4.8). Indeed the observed bond distances [Fe-As: 2.3804(8), 2.3818(9) A 
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(1), 2.3377(8), 2.3380(9) A (2); Fe-I: 2.6018(6) A (1), 2.6825(6) A (2)] compare 

reasonably well with those ascertained via Fe K-edge EXAFS (extended X-ray 

absorption fine structure) spectroscopy of the previously reported adducts [Fel2{o-

C6H4(AsMe2)2}2][BF4] {Fe-As: 2.365(4) A, Fe-I: 2.535(6) A} and [Fel2{o-

C6H4(AsMe2)2}2] {Fe-As: 2.341(2) A, Fe-I: 2.701(3) A}. The structures show the 

expected increase in Fe-As bond distances and decrease in Fe-I bond distances with 

increasing oxidation state of the metal centre. This is consistent with the harder Fe(III) 
7 

centre forming weaker interactions with the soft arsine ligands and stronger interactions 

with the hard iodo ligands. This unusual observation of iron complexes Arom solutions 

of titanium samples may be attributed to iron impurities in Til^. Indeed, reported 

attempts to purify Tilt have shown the largest metallic impurity to be iron.^ '̂̂ ^ While 

the synthetic origin of the Til4 used in this study is unknown, the presence of an iron 

impurity is perhaps not surprising considering one of the principal ores for the 

production of titanium is the iron-containing mineral ilmenite (FeTiOs). The presence of 

Fe metal centres was unambiguously confirmed v/a Energy Dispersive Analysis X-ray 

(EDAX) spectroscopy of the crystalline samples. Similar analysis of the bulk [TiLtlo-

C6H4(AsMe2)2}2] sample confirmed that the isolated complex was indeed the Ti(IV) 

adduct with a small impurity of iron corresponding to the structurally characterised 

Fe(III) and Fe(II) complexes. This may explain the complicated spectra observed during 

NMR spectroscopy of the iodo phosphine and arsine adducts. 

Figure 4.11 View of the structure of [Fel2{o-C6H4(AsMe2)2}2] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 
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Figure 4.12 View of the structure of | FeI2{c-Co114(AsMez):}21 [I3I with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 
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Table 4.7 Selected bond angles for [Felz{o-C6H4(AsMe:)!}2] and [Fel2{t»-C6H4-

(AsMe2)2}2][l3]. 

Bond 

Angle / ° 

[Fel2 { o-C6H4( AsMe2)2} 2] [Fel; {o-C6H4(AsMe2)2} 2] [I3] 

A s ( l ) - F e ( l ) - A s ( 2 ) 86.34(3) 84.53(3) 

A s ( l ) - F e ( l ) - A s ( l * ) 180 180 

A s ( l ) - F e ( l ) - A s ( 2 * ) 93.66(3) 95.47(3) 

A s ( l ) - F e ( l ) - I ( l ) 92.05(3) 87.30(3) 

A s ( l ) - F e ( l ) - I ( l * ) 87.95(3) 92.70(3) 

A s ( 2 ) - F e ( l ) - A s ( 2 * ) 180 180 

A s ( 2 ) - F e ( l ) - I ( l ) 92.24(2) 87.48(3) 

A s ( 2 ) - F e ( l ) - I ( l * ) 87.76(2) 92.52(3) 

I ( l ) - F e ( l ) - I ( l * ) 180 180 

1(3)-1(2)-1(3*) - 180 
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Table 4.8 Selected bond lengths for | Fell {t'-Cj, H4(AsMc2)2 la I and [Felijo-

C()H4(As Mei):} % | [I3]. 

Distance / A 

Bond [Fel2{o-C6H4(AsMe2)2}2] [Fel2{o-C6H4(AsMe2)2}2][l3] 

F e ( l ) - A s ( l ) 

F e ( l ) - A s ( 2 ) 

F e ( l ) - I ( l ) 

2.3377(8) 

2.3380(9) 

2.6825(6) 

2.3818(9) 

2.3804(8) 

2.6018(6) 

4.3 Conclusions 

The complexes [TiX4(L2)] {X = CI, Br; L2 = Ph2As(CH2)2AsPh2, Ph2P(CH2)nPPh2 

(n = 1, 2 or 3), o-C6H4(PPh2)2 and X CI, Br, I; o-C6H4(EMe)2 (E = P or As)} have 

been prepared wza the reaction of TiX4 with the respective bidentate ligand, L2 in 

anhydrous M-hexane (X = 01) or CH2CI2 (X = Br, I). Similar reactions with bidentate 

stibine ligands proved unsuccessful, indicating the poor interaction between the 

contracted Ti(IV) orbitals and the diffuse Sb orbitals. The complexes [TiX4(L2')2] {X = 

CI, Br, I; L2' = o-C6H4(EMe)2 (E = P or As)} have been similarly prepared using three 

equivalents of the respective ligands and present rare examples of 8-coordinate Ti(IV). 

IR spectroscopy showed the 1:1 and 1:2 adducts adopt C2V and D2d local symmetry 

at Ti(IV) respectively, while electronic spectroscopy confirmed the donor atoms around 

Ti(IV). 'H, '^C{^H} and '''P{'H} NMR spectroscopy revealed the solution behaviour of 

[TiX4(L2)] and [TiX4(L2')2], with the phenyl-snbstituted phosphine and arsine adducts 

showing increased ligand dissociation for bromo- compared to chloro-adducts. 

Furthermore, the 1:1 o-C6H4(EMe)2 (E = P or As) adducts showed reduced high 

frequency shifts and hence reduced metal-ligand interactions with decreasing Ti(lV) 

Lewis acidity, TiCL^ > TiBr^ > TiL .̂ Ligand dissociation was not extensive at room 

temperature for these 6-coordinate complexes, however the 8-coordinate 1:2 adducts 
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showed increasing ligand dissociation with decreasing Ti(IV) Lewis acidity, with the 

bromo-adducts revealing dynamic equilibria between 1:1 and 1:2 adducts and free o-

C6H4(EMe)2. Spectra of the iodo adducts revealed the presence of impurities. 

X-ray crystallography of [TiCl4{o-C6l-Lt(PMe2)2}] confirmed cz,; coordination of 

the phosphine ligand, with chloride ligands leaning towards the bidentate ligand, as 

observed for the thio- and seleno-ether Ti(IV) complexes reported in Chapter 3. Longer 

Tiy CI bond lengths between chlorides trans to CI compared to those trans to P revealed 

a trans influence of CI > P on Ti(IV), illustrating preference for the harder CI donor. 

The 8-coordinate complexes [TiX4{o-C6H4(EMe2)2}2] (E = P, X - CI, Br; E = As, X -

Br) are all isostructural and show dodecahedral geometry at Ti(IV). Comparison of the 

structures of [TiCl4{o-C6H4(EMe2)2}n] (n = 1,2) showed the expected increase in bond 

lengths with increased coordination number, with greatest increase observed for Ti-Cl, 

consistent with the absence of any trans influence in the 1:2 adduct. 

Attempts to crystallise [TiCl4(Ph2PCH2PPh2)] afforded the partially decomposed 

complex [TiCl5(Ph2PCH2PHPh2)], with the uncoordinated P-donor protonated to give a 

phosphonium unit. Comparison of the structure with that of [TiCLt {o-C6H4(PMe2)2} ] 

showed similar geometry at Ti(IV), with chlorides leaning towards the phosphine 

ligand. The Ti-P bond length is significantly longer in the phosphonium adduct, 

consistent with deactivation of the lone pair by quatemisation of the adjacent P-atom. 

Crystals of the Fe(II) and Fe(HI) complexes [Fel2{o-C6H4(AsMe2)2}2] and [Fel2{o-

C6H4(AsMe2)2}2][l3] were obtained g-om solutions of [TiL^{o-C6H4(AsMe2)2}2]. This 

has been attributed to Fe impurity in TiL, with subsequent reaction with o-

C6H4(AsMe2)2 forming a mixture of Ti and Fe containing complexes. The structures 

showed increased Fe-As bond lengths and decreased Fe-I bond lengths with increasing 

oxidation state, consistent with the preference of the charged iodo ligands by the harder 

Fe(in) centre. 
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4.4 Experimental 

The bidentate ligands o-C6H4(PPh2)2, o-Cglit^PMez):, o-C6H4(AsMe2)2 and 

Ph2As(CH2)2AsPh2 were prepared vza the literature procedures/'̂ '''̂ '̂ '̂̂ ^ while the other 

phosphine ligands and TiX4 were used as received from Aldrich Chemical Company. 

Rigorously anhydrous 77-hexane and CH2CI2 were freshly distilled over sodium/ 

benzophenone and CaH] respectively and degassed with dry N2, while deuterated 

solvents were dried over molecular sieves. All reactions were performed under an N2 

atmosphere using standard Schlenk techniques. The products were transferred and 

stored in a dry, continuously N2-purged glove box, as were all sample preparations. 

rriCUCPhzPCHzPPhz)! 

TiCLt (0.10 cm ,̂ 0.91 mmol) was added vfa degassed syringe to a solution of 

Ph2PCH2PPh2 (0.35 g, 0.91 mmol) in dry, degassed /z-hexane (20 cm^). The immediately 

precipitated bright orange solid was filtered, washed with m-hexane (5 cm^) and dried in 

vacwo to give the required [TiCl4(Ph2PCH2PPh2)] (yield 0.45 g, 88 %). Required for 

[C25H22Cl4P2Ti]: C = 52.3, H = 3.8 %; found: C = 52.0, H - 3.7 %. NMR (300 K): 6 

7.0-8.0 (/M, Ph, 20H), 4.0 (r, CH2, 2H, = 10 Hz). IR v(TiCl): 419, 398, 385, 375 cm'^ 

Electronic spectrum (lO'"" Vmax): 20.7, 28.5(sh), 34.8 cm"\ 

[TiCl4(Ph2P(CH2)2PPh2)| 

As above, but using Ph2P(CH2)2PPh2 (0.36 g, 0.91 nunol). An orange solid was 

isolated as the required [TiCl4(Ph2P(CH2)2PPh2)] (yield 0.43 g, 80 %). Required for 

[C26H24Cl4P2Ti]: C = 53.0, H - 4.1 %; found: C - 53.7, H = 4.4 %. 'H NMR (300 K): 6 

7.1-7.9 (/M, Ph, 20H), 3.0 ((/, CHz, 4H). ^^P{'H} NMR (300 K): 8 24.6. IR v(TiCl): 420, 

398,385, 376 cm '. Electronic spectrum (10"^ Vmax): 20.7,26.1(sh), 34.8 cm'\ 

[Tia4{Ph2P(CH2)3PPh2}] 

As above, using Ph2P(CH2)3PPh2 (0.38 g, 0.91 mmol). An orange solid was isolated 

as the required [TiCl4(Ph2P(CH2)2PPh2)] (yield 0.49 g, 91 %). Required for [C27H26CI4-

P2Ti]: C = 53.8, H - 4.3 %; found: C = 53.6, H = 4.4 %. 'H NMR (300 K): 6 7.2-7.8 (?», 

Ph, 20H), 2.7 (A CH2,4H), 2.2 (9, CH2, 2H). ^'P{'H} NMR (300 K): 8 2.3(br). IR v(TiCl): 
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417, 394, 369,372 cm'\ Electronic spectrum (10"̂  Vmax): 20.7,27.8(sh), 37.7 cm '. 

[TlCl,{o-C6H4(PPh2)2}l 

As above, but using o-C6H4(PPli2)2 (0.41 g, 0.91 mmol). An orange solid was 

isolated as the required [TiCl4{o-C6H4(PPh2)2)] (yield 0.69 g, 81 %). Required for 

[C3oH24Cl4P2Ti]: C - 56.6, H - 3.8 %; found: C = 56.3, H - 3.9 %. 'H NMR (300 K): 6 

7.0-8.2 (/M, 0-C6H4, Ph). ^^Pf'H} NMR (300 K): 6 34.1. IR v(TiCl): 420, 408, 386, 375 

cm"\ Electronic spectrum (10'^ Vmax): 21.3, 26.0(sh), 32.3 cm'\ 

[TiCl4{o-C6H4(PMe2)2}] 

As above, but using o-C6H4(PMe2)2 (0.18 g, 0.91 mmol). A pale yellow solid was 

isolated as the required [TiCl4{o-C6H4(PMe2)2}] (yield 0.10 g, 57 %). Required for 

[C[oHi6Cl4P2Ti]: C - 31.0, H = 4.2 %; found: C = 31.2, H = 4.3 %. 'H NMR (300 K): 6 

7.75-7.80 (/M, 0-C6H4), 1.90 (^, Me). ^'P{'H} NMR (300 K): 6 29.5. IR v(TiCl): 426, 398, 

381, 365 cm'\ Electronic spectrum (10'^ Vmax): 22.7,28.6, 33.0 cm"'. 

rriCl4{Ph2As(CH2)2AsPh2}] 

As above, but using Ph2As(CH2)2AsPh2 (0.44 g, 0.91 mmol). A red solid was 

isolated as the required [TiCl4{Ph2As(CH2)2AsPh2}] (yield 0.26 g, 86 %). Required for 

[C26H24As2Cl4Ti]: C = 46.2, H = 3.6 %; found: C = 46.0, H = 3.7 %. NMR (300 K): 6 

7.7-7.3 (/», Ph, 20H), 3.1 (.y, CH2, 4H). IR v(TiCl): 401, 385, 377, 370 cm '. Electronic 

spectrum (10'^ Vmax): 20.0, 21.7, 25.0, 32.3 cm'\ 

[TiCl4{o-C6H4(AsMe2)2}i 

As above, but using o-C6H4(AsMe2)2 (0.26 g, 0.91 mmol). A pale orange solid was 

isolated as the required [TiCL,{o-C6H4(AsMe2)2} ] (yield 0.16 g, 62 %). Required for 

[CioHigAszWi]: C = 25.2, H - 3.4 %; found: C = 25.4, H = 3.4 %. 'H NMR (300 K): 6 

7.65-7.75 (/M, 0-C6H4), 1.90 (.y, Me). NMR (193 K): 6 131-132 (o-CfA), 13.7 

(AsMe?). IR v(TiCl): 412, 396, 366, 357 cm '. Electronic spectrum (10"^ v^ax): 21.9, 

29.1,33.0 cm'. 
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[TlCL,{o-C6H4(PMe2)2}2] 

As above, but using TiCU (0.05 cm^, 0.46 mmol) and 3 molar equivalents of o-

C6H4(PMe2)2 (0.27 g, 1.37 mmol). A golden yellow solid was isolated as the required 

[TiCl4{o-C6H4(PMe2)2}2] (yield 0.23 g, 85 %). Required for [C2oH32Cl4P4Ti]: C = 41.0, H 

= 5.5 %; found: C = 40.6, H = 5.3 %. NMR (300 K): 8 7.70-7.75 (m, 0-C6H4), 1.83 ((f, 

Me). NMR (300 K): 8 31.5. IR v(TiCl): 314, 302 cm '. Electronic spectrum (10'^ 

VnlLx): 20.8,22.5,24.0,28.0 cm-\ 

[TiCl4{o-C6H4(AsMe2)2}2] 

As above, but using TiCU (0.05 cm^, 0.46 mmol) and 3 molar equivalents of o-

C6H4(AsMe2)2 (0.39 g, 1.37 mmol). A bright orange solid was isolated as the required 

[TiCl4{o-C6H4(AsMe2)2}2] (yield 0.31 g, 89 %). Required for [C2oH32As4Cl4Ti]: C = 31.5, 

H = 4.2 %; found: C - 31.4, H = 4.0 %. 'H NMR (300 K): 6 7.55-7.65 (/», 0-C6H4), 1.78 

(j, Me). NMR (193 K): 6 132-133 (0-C6H4), 14.9 (AsMe2). IR v(TiCl): 323, 

317 cm'\ Electronic spectrum (10'^ v^ax): 21.6,27.6 cm'\ 

[TiBr4{Ph2P(CH2)2PPh2}] 

Ph2P(CH2)2PPh2 (0.16 g, 0.41 mmol) in dry, degassed CH2CI2 (10 cm^) was added 

to a solution of TiBr4 (0.15 g, 0.41 mmol) in CH2CI2 (30 cm"). The resulting red 

solution was stirred for 30 min. then concentrated m vacwo to 5 cm .̂ Addition of dry, 

degassed »-hexane (20 cm^) afforded an orange solid that was filtered, washed with n-

hexane (5 cm^) and dried m vacwo to give the required [TiBr4{Ph2P(CH2)2PPh2}] (yield 

0.26 g, 65 %). Required for [C26H24Br4P2Ti]: C = 40.8, H - 3.2 %; found: C - 40.4, H -

3.2 %. 'H NMR (300 K): 8 6.8-7.9 (m, Ph, 20H), 4.4-4.8 (m, CH2, 4H). ^'P{'H} NMR 

(300 K): 8 13.0 (.y); (200 K): 8 15.4. IR v(TiBr): 309, 299, 292, 284 cm '. Electronic 

spectrum (10"^ Vmax): 20.6,25.5, 34.5 cm '. 

rriBr4{Ph2P(CH2)3PPh2}] 

As above, but using Ph2P(CH2)3PPh2 (0.17 g, 0.41 mmol). An orange/red solid was 

isolated as the required [TiBr4(Ph2P(CH2)2PPh2)] (yield 0.23 g, 73 %). Required for 

[C27H26Br4P2Ti]: C = 41.5, H = 3.3 %; found: C = 42.0, H = 3.5 %. 'H NMR (300 K): 8 
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7.2-8.3 (/M, Ph, 20H), 3.0-3.6 (bf, CHz, 6H). NMR (300 K): 6 3.5(br). IR v(TiBr): 

313,298,293, 285 cm '. Electronic spectrum (10'" v^ax): 22.5, 32.7 cm'\ 

[TiBr4{o-C6H4(PPh2)2}] 

As above, but using o-C6H4(PPh2)2 (0.18 g, 0.41 mmol). A red/orange solid was 

isolated as the required [TiBr4{o-C6H4(PPh2)2}] (yield 0.26 g, 72 %). Required for 

[Q!;oH24Br4P2Ti]: C = 44.2, H = 2.9 %; found: C - 44.6, H = 3.0 %. 'H NMR (300 K): 6 

7.0-8.3 (m, Ph, 0-C6H4). ^'P{'H} NMR (300 K): 8 -10.3(br). IR v(TiBr): 315, 310, 304, 

301 cm'\ Electronic spectrum (10'^ v^ax): 20.5,21.8, 24.6 cm'\ 

[TiBr4{o-C6H4(PMe2)2}] 

As above, but using o-C6H4(PMe2)2 (0.08 g, 0.41 mmol). An orange/brown solid 

was isolated as the required [TiBr4{o-C6H4(PMe2)2)] (yield 0.16 g, 55 %). Required fbr 

[CioHi6Br4P2Ti]: C = 21.2, H = 2.8 %; found: C = 21.6, H = 2.9 %. NMR (300 K): 6 

7.60-7.70 (/M, 0-C6H4), 2.03 ((/, Me). ^'P{^H} NMR (300 K): 6 24.5. IR v(TiBr): 321, 

317(sh), 308(sh), 300 cm"\ Electronic spectrum (10'^ Vmax): 21.0,23.3,27.7 cm'\ 

(TiBr4{Ph2As(CH2)3AsPh2}] 

As above, but using Ph2As(CH2)2AsPh2 (0.20 g, 0.41 mmol). A red solid was 

isolated as the required [TiBr4{Ph2As(CH2)2AsPh2}] (yield 0.33 g, 78 %). Required fbr 

[C26H24As2Br4Ti]: C - 36.6, H = 2.8 %; found: C = 36.3, H = 3.0 %. NMR (300 K): 6 

7.7-7.4 (/M, 20H, Ph), 3.1 (s, 4H, CH2). IR v(TiCl): 304, 295, 291, 285 cm '. Electronic 

spectrum (10'^ v^ax): 18.9,22.2,28.6, 32.3 cm"'. 

[TjLBr4{o-C6H4(AsMe2)2}] 

As above, but using o-C6H4(AsMe2)2 (0.12 g, 0.41 mmol). A bright red solid was 

isolated as the required [TiBr4{o-C6H4(AsMe2)2}] (yield 0.17 g, 53 %). Required fbr 

[CioHi6As2Cl4Ti]: C = 18.4, H = 2.5 %; found: C = 18.4, H - 2.5 %. 'H NMR (300 K): 6 

7.55-7.65 (/», 0-C6H4), 1.90 (.y, Me). NMR (193 K): 6 131-132 (0-C6H4), 17.3 

(AsMe2). IR v(TiBr): 330(sh), 326, 322, 318(sh) cm '. Electronic spectrum (10'^ Vmax): 

20.0, 22.6,27.2 cm '. 
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[TiBr4{/^C6H4(PMe2W2] 

As above, but using TiBr^ (0.10 g, 0.27 mmol) and 3 molar equivalents of o-

C6H4(PMe2)2 (0.16 g, 0.82 mmol). A bright orange solid was isolated as the required 

[TiBr4{o-C6H4(PMe2)2}2] (yield 0.11 g, 55 %). Required for [C2oH32Br4P4Ti]: C = 31.4, H 

= 4.2 %; found: C = 31.2, H = 4.0 %. NMR (300 K): 6 7.6-7.8 (/», o - C A ) , 2.05 (^, 

Me, 1:1), 1.33 (a, Me, &ee ligand); (183 K): 7.6-7.9 (/», 0-C6H4), 2.05 (m, Me, 1:1), 1.97 

(̂ y Me, 1:2), 1.32 (̂ , Me, &ee ligand). NMR (300 K): 6 22.2 [TiBr4{o-

C6H4(PMe2)2}2], 24.5 [TiBr4{o-C6H4(PMe2)2}] and -54 o-C6H4(PMe2)2. IR v(TiBr): 288, 

280 cm'\ Electronic spectrum (10"̂  Vmax): 18.9,21.5, 25.8,29.0 cm'\ 

[TiBr4{t»-Cf,H4(AsMe2)2}2] 

As above, but using TiBr4 (0.10 g, 0.27 mmol) and 3 molar equivalents of o-

C6H4(AsMe2)2 (0.24 g, 0.82 mmol). An orange/red solid was isolated as the required 

[TiBr4{o-C6H4(AsMe2)2}2] (yield 0.19 g, 76 %). Required for [C2oH32As4Br4Ti]: C - 25.6, 

H - 3.4 %; found: C = 25.2, H - 3.5 %. NMR (300 K): 6 7.5-7.7 (7M, 0-C6H4), 1.90 (cf, 

Me, 1:1), 1.34 (̂ , Me, &ee ligand); (183 K): 7.6-7.7 (/», 0-C6H4), 1.94 (^, Me, 1:1), 1.79 (̂ y. 

Me, 1:2). NMR (193 K): 6 130-132 (0-C6H4, 1:1), 17.4 (AsMez, 1:1). IR 

v(TiBr): 280,277 cm"'. Electronic spectrum (10"̂  Vmax): 18.5,20.3,22.7 cm"'. 

[Til4{0-C6H4(PMe2)2}] 

TiL, (0.20 g, 0.36 mmol) was dissolved in mildly refluxing diy CH2CI2 (80 cm^), 

with subsequent removal of undissolved solids vm filtration a^rding a deep purple 

solution. Addition of o-C6H4(PMe2)2 (0.07 g, 0.36 mmol) in dry, degassed CH2CI2 (10 

cm^) gave an immediate colour change and the resulting dark red solution was stirred 

for 30 min., then concentrated in vacuo to 5 cm^. Dry, degassed M-hexane (20 cm^) was 

added and CH2CI2 was removed in vacuo to afford a dark purple precipitate that was 

filtered to give the required [Til4{o-C6H4(PMe2)2}], (yield 0.08 g, 31 %). Required for 

[CioHi6l4P2Ti]: C = 15.9, H = 2.1 %; found: C = 15.8, H = 2.2 %. 'H NMR (300 K): 6 

7.60-7.75 (m, 0-C6H4), 2.28 (m. Me). NMR (300 K): 5 18.0. 

[Til4{o-C6H4(AsMe2)2}] 

As above, but using o-C6H4(AsMe2)2 (0.10 g, 0.36 mmol). A dark red/brown sohd 
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was isolated as the required [fil4{o-C6H4(AsMe2)2)] (yield 0.08 g, 26 %). Required for 

[C,oHi6As2Cl4Ti]: C = 14.3, H = 1.9 %; found: C = 14.5, H = 2.1 %. 'H NMR: mixture of 

adducts. NMR (193 K): no spectrum. 

[Til4{0-C6H4(PMe2)2}2] 

As above, but using Til4 (0.10 g, 0.18 mmol) and 3 molar equivalents of o-

C(^(PMe2)2 (0.11 g, 0.54 mmol). A pale yellow solid was isolated as the required 

[Til4{o-C6H4(PMe2)2}2] (yield 0.06 g, 34 %). Required for [C2oH32l4P4Ti]: C = 24.2, H = 

3.4 %; found: C = 25.0, H - 3.3 %. 'H NMR(300 K): 6 7.5-7.8 (:», 0-C6H4), 2.35 (/», Me), 

1.33 (̂ , Me, &ee ligand). TMMR (300 K): 6 -4.6, -52.5. 

[Til4{/7-CftIl4(AsMe2)2}2l 

As above, but using TiLt (0.10 g, 0.18 mmol) and 3 molar equivalents of o-

C6H4(AsMe2)2 (0.15 g, 0.54 mmol). An dark brown solid was isolated as the required 

rriBr4{o-C6H4(AsMe2)2}2] (yield 0.05 g, 22 %). Required for [C2oH32As4l4Ti]: C = 21.3, 

H = 2.9 %; found: C = 21.7, H = 3.0 %. NMR; mixture of adducts. NMR 

(193 K): no spectrum. 

Crystallographic Studies 

Details of the crystallographic data collection and refinement parameters are given 

in Tables 4.9 and 4.10. Crystals of [TiCl4{o-C6H4(PMe2)2}], [TiCl4{o-C6H4(PMe2)2}2], 

[TiBr4{o-C6H4(PMe2)2}2] and [TiBr4{o-C6H4(AsMe2)2}2] were grown by slow evaporation 

of CH2CI2 solutions of the appropriate complex within a N2 purged glove box . The 

crystals of [TiCl5(Ph2PCH2PHPh2)] were obtained as a hydrolysis product during similar 

slow evaporation of a CH2CI2 solution of [TiCl4(Ph2PCH2PPh2)]. Whereas crystals of 

[Fel2{o-C6H4(AsMe2)2}2] and [Fel2{o-C6H4(AsMe2)2}2][l3] were obtained as impurities by 

similar slow evaporation of solutions of [Til^ {o-C6H4(AsMe2)2}2]. Data collection used an 

Enraf Nonius Kappa CCD diffractometer equipped with an Oxford Systems open-flow 

cryostat operating at 150 K, with graphite monochromated Mo-Ka radiation (X = 0.71073 

A). Structure solution^^ and refmement̂ '̂'*°''*̂  were routine except for the iron 

complexes, for which analysis of initial structure solutions modelling for Ti indicated 

the wrong choice of metal centre (see Section 4.2.3). 
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Table 4.10 Crystallographic data collection and refinement parameters for [Felijo-

C6H4(AsMe2)2}2] and |Fel2{<>-C6H4(AsMe2)2}2] [I3]. 

[Fel2 {(?-C6H4(AsMe2)2} 2] [Fel2{o-C6H4(AsMe2)2}2][l3] 

Formula C2oH32AS4Fel2 C20H32 As4Fel5. CH2CI2 

Formula weight 881.82 1347.46 

Crystal system 
? 

Orthorhombic Triclinic 

Space group P6ca (#61) P T (# 2) 

a / A 9.2286(2) 9.39850(10) 

6 / A 16.3280(3) 9.53460(10) 

c / A 17.3743(4) 11.76270(10) 

a / ° 90 78.1370(6) 

90 86.5600(6) 

; / / ° 90 70.5680(5) 

[ / / A ^ 2618.04(8) 972.75(2) 

z 4 1 

//(Mo-Ka) / cm ' 90.96 78.81 

No. of unique reflections 3044 3958 

(based on 0.063 0.105 

No. of obs. reflections ° 2043 3545 

No. of parameters 124 166 

R'' 0.048 0.068 

Rw' 0.060 0.088 

Observed if [Jo > 3 (7(/o)] 

' ^ = Z(|Fobs|i-|Fcale|i)/Z|Fobs|i 

'^w = V[Ewi(|Fobs|i-|Fcal#/ZWi|Fobs|: 
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5.1 Introduction 

The work discussed in Chapters 3 and 4 has shown that bidentate donor ligands of 

groups 15 and 16 form a variety of coordination complexes with Ti(IV) halides, despite 

the considerable mismatch between extremely hard Ti(IV) and soft a-donor ligands. 

While the dichalcogenoether adducts exhibited only 6-coordination at Ti(IV),' reaction 

of TiX4 (X = CI, Br, I) with certain bidentate phosphine and arsine ligands revealed 

do'decahedral 8-coordinate complexes/ These higher coordination number adducts are 

however uncommon, consistent with the difficulty in arranging eight donor atoms 

around the small Ti(IV) centre. Such steric considerations are less consequential for the 

group IV congeners, due to the relatively large size of Zr(IV) and Hf(IV). Indeed, the 

reaction of M C I 4 with o-C6H4(AsMe2)2 has been reported to afford 8-coordinate 

[MCI4 {o-C6H4(AsMe2)2}2] (M = Zr, Hf) as early as 1961.̂ '"̂  Although the equivalent 

bromo-adducts were reported in 1963^ and 1966/ spectroscopic characterisation of the 

Zr(IV) and Hf(IV) adducts has been limited to melting points and analytical data, with 

far IR spectroscopic data reported separately for the chloro adducts only.^ Comparison 

of the X-ray powder diffraction data with the reported structure of [TiCLtjo-

C6H4(AsMe2)2}2] indicated that these group IV adducts are isostructural, though no 

single crystal X-ray dif&action studies have been reported for these Zr(iy) and Hf(rV) 

complexes. Of note, the preparations of [MX4{o-C6H4(AsMe2)2}2] (M = Zr, Hf; X = CI, 

Br) showed some disparity, with the Zr(IV) reactions proceeding at significantly faster 

rates than the Hf(IV) reactions. This has been utilised to separate zirconium and 

hafnium mixtures, with the Zr(IV) adduct isolated pure in ca. 35 % yield from a 3:2 

ZrCl4:HfCl4 mixture.^ 

In contrast to the analogous Ti(IV) chemistry, 6-coordinate 1:1 metal : ligand 

adducts were not observed for the reaction of Zr(IV) and Hf(IV) with o-C6H4(AsMe2)2. 

However, 6-coordinate complexes have been reported for the reaction of MX4 with PR3 

(M - Zr, X = CI; R - Et, Pr, Bu)^ and Ph2E(CH2)2EPh2 (M = Zr, X = CI, Br; M = Hf, X 

= CI; E - P, As),^ although again characterisation was limited to analytical data and f ^ 

IR spectroscopy. Again, none of these complexes have been structurally characterised, 

however the structures of [ZrMe4{Me2P(CH2)2PMe2}2] and [HfCl4{Ph2P(CH2)2PPh2}] 

have been reported more recently to reveal 8-coordinate dodecahedral and 6-

coordinated distorted octahedral geometry, r e s p e c t i v e l y . T h e Me2P(CH2)2PMe2 
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ligand is also reported to form S-coordinate [ZrCl4{Me2P(CH2)2PMe2}2] upon reaction 

withZrCl4/^''^ 

Complexes of Zr(IV) and Hf(IV) with soft donor ligands of group 16 are much less 

common, possibly due to the poorer a-donor properties of group 16 ligands compared 

with those of group 15. Thus, ZrCU has been reported to form only 6-coordinate 

complexes [ZrCl4(Me2E)2]''̂ ''̂ ''̂  and [ZrCl4(C4H80S)]'^ on reaction with MezE (E = S, 

Sa) or 1,4-thioxan (C4H8OS). For the latter complex, 6-coordination at Zr(IV) is 

achieved vza O- and S-donor atoms 6om two independent, bridging ligands, as 

observed for the analogous Ti(IV) adduct (see Section 3.1, Chapter 3). However, the 

reported spectroscopic characterisation of these chalcogenoether Zr(IV) complexes is at 

best limited to far IR spectroscopy and analytical data. Improved characterisation has 

been reported during a thermodynamic study of cyclic C4H8S (tetrahydrothiophene, 

THT) addition to Zr(IV) and Hf(IV) halides/^ Thus, the 6-coordinate 1:2 adducts 

[MX4(THT)2] (M = Zr, X - CI, Br; M = Hf, X = CI) showed greater stability of [ZrCl4-

(THT)2] over [ZrBr4(THT)2], consistent with the lower Lewis acidity of ZrBr4. 

Comparison of the Zr(IV) and chloro adducts showed greater stability for 

[HfCl4(THT)2], consistent with empty orbitals of Hf(IV) being more polarisable than 

orbitals of Zr(IV), and hence increased interaction with the polarised orbitals of the 

soft thioether donor. Eight coordination of soft group 16 ligands has been observed 

during the reaction of ZrCU with MeS(CH2)2SMe to afford [ZrCU-

{MeS(CH2)2SMe}2]'^, in contrast to only 6-coordinate [TiCl4{MeS(CH2)2SMe}] 

discussed in Chapter 3. However, again spectroscopic characterisation of this 8-

coordinate complex was restricted to analytical data and far IR spectroscopy. This 

general trend of limited characterisation of the Zr(IV) and Hf(IV) complexes can at least 

in part be attributed to the extreme moisture sensitivity of these invariably white 

complexes that show minimal solubility in non-coordinating solvents. Also of note, 

none of the above Zr(IV) or Hf(IV) complexes have been structurally characterised, 

hence there is essentially no data of sufficient detail to permit comparison of the 

interactions of soft donor ligands with the group IV halides. 

This chapter investigates the coordination chemistry of bidentate thio- and seleno-

ether ligands with zirconium and hafnium tetrachloride, in order to present the first 

structural investigation of these metal-ligand interactions. Thus, reported within is the 
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development of a synthetic route to 6- and/or S-coordinate Zr(IV) and Hf(IV) 

complexes with various thio- and seleno-ether ligands [Me2S, MeE(CH2)nEMe for E = S 

or Se, n = 2 or 3]/° Also reported is the reaction of ZrCL̂  with the arsine ligand o-

C6H4(AsMe2)2 in order to unequivocally establish the geometry at Zr(IV) and to allow 

comparison with the congenic Ti(IV) complexes discussed in Chapter 4. The complexes 

are very poorly soluble in non-coordinating solvents and hence characterisation was 

restricted to solid state studies wa elemental analysis and IR spectroscopy. X-ray single 

crystal structure determinations are reported for the 6-coordinate adducts [ZrCU-

(Me2S)2], [ZrCl4{MeS(CH2)3SMe}] and [HfCl4{MeSe(CH2)2SeMe}]; and for the 8-

coordinate complexes [MCl4{MeS(CH2)2SMe}2] (M = Zr, Hf) and [ZrCmo-Cgllt-

(AsMe2)2}2]. Comparison of these data with the structurally characterised Ti(IV) 

complexes reported in Chapters 3 and 4 permits discussion of the consequences of 

changing the donor atom, ligand backbone and even group IV metal centre on the 

metal-donor interaction. A brief discussion on the instability of certain selenoether 

Zr(IV) adducts is also reported, including the structural characterisation of [ZrzClio]-

[Me2S(CH2Cl)], formed during an attempted synthesis of [ZrCl4{MeSe(CH2)3SeMe}]. 

5.2 Results and Discussion 

Even more so than the Ti(IV) adducts reported in Chapters 3 and 4, the formation 

of Zr(IV) and Hf(IV) complexes with soft donor ligands has proved very challenging. 

Unlike liquid TiCU, both ZrCU and HfCU are polymeric solids exhibiting stable 6-

coordination at the metal centres v/a bridging chlorides. The stability of this polymeric 

form presents the initial challenge of poor solubility in non-coordinating solvents. Thus, 

addition of excess bidentate thio- or seleno-ether ligand [RE(CH2)nER. fbr E = S or Se, 

R = Me, Ph, n = 2 or 3] to suspensions of ZrCl4 in rigorously anhydrous CH2CI2 

afforded only partially substituted adducts even after several days of reaction at room 

temperature or at reflux. Presumably the expected weak interaction between hard Zr(IV) 

and the soft chalcogenoether donor atoms is insufficient to cause complete disruption of 

the polymeric ZrCl4 structure. Increased solubility of ZrCl4 was achieved using 

rigorously anhydrous CHCI3, though again addition of excess bidentate thio- or seleno-
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ether ligand presented incomplete reaction even after several days reflux. These results 

clearly illustrate the difGculty in achieving thio- or seleno-ether coordination with 

Zr(IV) due to the strong preference of the hard metal centre for hard donor ligands. 

In order to overcome the limited reactivity of ZrCU, an alternative Zr(IV) precursor 

was sought. The reported octahedral adduct cis-[ZrCl4(THF)2] (THF = tetrahydrofuran, 

C^HgO) provided solubility in anhydrous CH2CI2, however reaction with excess thio- or 

sejeno-ether ligands again led to only partially substituted adducts after several days 

reflux. This difficulty in substituting the THF donor ligands is consistent with the 

preference of hard Zr(IV) for the hard 0-donor ligand, despite the stabilisation proffered 

by a chelating bidentate ligand. Thus, reactions were repeated in anhydrous CHCI3 with 

regular removal of solvent in vacuo and subsequent replenishment of anhydrous CHCI3 

in attempt to remove THF from the reaction solution. However, again incomplete 

substitution was observed. One notable exception was the reaction of [ZrCl4(THF)2] in 

anhydrous CH2CI2 with the bidentate selenoether ligand PhSe(CH2)2SePh. In contrast to 

the reactions with other thio- and seleno-ether ligands, an immediate colour change 

from colourless to orange was observed on addition of the ligand. Precipitation with 

anhydrous M-hexane allowed removal of unreacted [ZrCl4(THF)2] and the residual 

filtrate was reduced to dryness m vacwo to a@brd a yellow solid. This solid readily 

dissolved in non-coordinating solvents and thus permitted characterisation via 

multinuclear NMR spectroscopy. The resulting 'H NMR spectrum showed resonances 

corresponding to the phenyl protons of the ligand (S 7.1 - 7.6), but no resonances 

corresponding to the protons of the dimethylene backbone. Similarly, ^^C{^H} NMR 

spectroscopy revealed resonances characteristic of the phenyl groups (5 127 - 130), but 

no methylene carbons. These data are consistent with the dealkylation of the selenoether 

ligand and indeed, ^^Se{'H} NMR spectroscopy of the isolated solid revealed a single 

resonance at 5 460, consistent with the formation of PhSeSePh^' This suggests that 

reaction of Zr(IV) with PhSe(CH2)2SePh leads to the decomposition of the ligand to 

afford uncoordinated PhSeSePh. These results parallel the observed solution behaviour 

of the equivalent Ti(IV) adduct [TiCl4{PhSe(CH2)2SePh}] (see Section 3.4, Chapter 3), 

illustrating the poor interaction between the hard group IV metal centres and the soft 

weak o-donor selenoether ligand. ̂  

The difficulties encountered in achieving dithio- or diseleno-ether coordination at 
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Zr(IV) led us to reconsider tfie reported synthesis of other Zr(IV) chalcogenoether 

complexes. [ZrCl4(L)2] is obtained from reaction of excess monodentate thioether 

ligand L (L = Me2S or THT) with a suspension of ZrCLt in rigorously anhydrous CH2CI2 

and precipitation with dry n-hexane. Along with microanalytical data, far IR 

spectroscopy revealed strong Zr-Cl stretching vibrations comparable with those 

previously reported to confirm the formulation as cis-[Zr:CU(L)2]}^ Good solubility of 

both complexes in anhydrous chlorinated solvents permitted 'H NMR spectroscopic ? 

analysis, which revealed the expected ligand resonances shifted slightly to high 

frequency upon coordination [L = MezS, 6 = 2.32 (Me); L = THT, 5 = 3.25 ( C H 2 S ) , 

2.10 (CH2)]. It is not obvious why these bis-monodentate thioether complexes form so 

readily while coordination of the bidentate dithioether is incomplete after several days. 

The high yield isolation and solubility of molecular cw-[ZrCl4(Me2S)2] in non-

coordinating solvents presented another possible precursor to Zr(IV) complexes with 

bidentate thio- and seleno-ether ligands. The volatility of Me^S permits its removal in 

vacuo to drive the reaction equilibrium towards coordination of the bidentate donor 

ligands. Thus, a slight excess of thio- or seleno-ether ligand L2 [L2 = MeE(CH2)nEMe, E 

= S or Se, n = 2 or 3] was added to a solution of [ZrCl4(Me2S)2] in rigorously anhydrous 

CH2CI2 at room temperature (Figure 5.1). Subsequent slow removal of solvent under 

gentle vacuum and replenishment of anhydrous CH2CI2 resulted in the gradual 

precipitation of a white solid isolated as the required [ZrCl4(L2)]. Similar reaction of 

[ZrCl4(Me2S)2] with three equivalents of thio- or seleno-ether ligand L2' [L2' = 

MeE(CH2)2EMe, E = S or Se] resulted in the precipitation of white powdered solids 

[ZrCl4(L2')2]- The equivalent Hf(IV) adducts were isolated via similar methods. Thus, 

reaction of HfCU with Me2S in rigorously anhydrous CH2CI2 resulted in the formation 

of [HfCl4(Me2S)2] in high yield. Subsequent substitution reactions with the bidentate 

thio- or seleno-ether ligands afforded the white complexes [HfCl4(L2)] and [HfCl4(L2')2] 

according to stoichiometry, although the reactions proceeded at significantly slower 

rates compared with the Zr(IV) adducts. All of the complexes were isolated in moderate 

yields and microanalytical data confirmed the formulation of the respective adducts. 

The complexes were routinely handled and stored within a dry N? purged glove box in 

respect of the extreme moisture sensitivity of the analogous Ti(IV) adducts. 

While the isolation of the his-thioether Zr(IV) adduct [ZrCl4{MeS(CH2)2SMe}2] is 
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consistent with the reported reactivity of ZrCk with MeS(CH2)2SMe/^ reaction of 

[ZrCl4(Me2S)2] with only one equivalent of the ligand also allowed the isolation of the 

1:1 metal: ligand adduct [ZrCL,{MeS(CH2)2SMe}]. 

The bidentate arsine ligand o-C6H4(AsMe2)2 has also been reported to form 8-

coordinate [ZrCl4{o-C6H4(AsMe2)2}2] on reaction with ZrC^/ '* hence it may also be 

possible to form the 6-coordinate 1:1 adduct, as observed for the analogous Ti(IV) 

ad^ucts/ However, reaction of [ZrCl4(Me2S)2] with o-C6H4(AsMe2)2 afforded the 1:2 

adduct regardless of ligand stoichiometry used, with formulation confirmed by 

microanalytical data. 

The isolated Zr(IV) and Hf(IV) bidentate ligand complexes are extremely insoluble 

in non-coordinating solvents. Thus, in contrast to the informative solution spectroscopic 

studies undertaken for the analogous Ti(IV) adducts reported in Chapters 3 and 4, no 

solution phase characterisation has been achieved to date for the Zr(IV) and Hf(IV) 

complexes. Attempts to collect and NMR spectroscopic data from very 

dilute solutions of the adducts revealed only resonances corresponding to uncoordinated 

ligand, suggesting solubility is a result of dissociation and/or decomposition in solution. 

Therefore, further characterisation of these Zr(IV) and Hf(IV) complexes has been 

restricted to far IR spectroscopy and single crystal X-ray studies only. 

Figure 5,1 Reaction scheme for the synthesis of |MCU(L2)n| (M = Zr, Hf; n = 1, 2). 
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Far IR spectroscopic data were recorded for MCI4 (M — Zr, Hf) with the high 

moisture sensitivity of the complexes dictating the use of sodium dried-Nujol mulls 

pressed between Csl plates. The polymeric structure of MCI4 comprises of 

octahedra sharing two edges to maintain charge neutrality to present a zigzag chain 

structure. Far IR spectra revealed broad M-Cl stretching vibrations for the terminal [397 

cnf ' , M = Zr; 379 cm"', M = Hf] and bridging [290 cm'% M = Zr; 280 cm"', M = Hf] 

chlorides, consistent with longer M-Clbhdging distances compared with M-Cliemiina].̂ '̂̂ ^ 

The far IR spectra of the coordination complexes [ZrCl4(THT)2], [MCl4(Me2S)2] 

and [MCl4(L2)] (M = Zr, Hf; L2 = MeE(CH2)nEMe, E = S or Se, n = 2 or 3) showed the 

loss of bridging chloride stretching vibrations, confirming the molecularity of the 

adducts. The spectra of complexes involving monodentate ligands revealed four M-Cl 

stretching vibrations in the range 357-308 (Zr-Cl), 346-301 cm ' (Hf-Cl), consistent 

with C2v cz.y-coordination (2Ai + B] + B2). However, only veiy broad vibrations were 

observed Gar the bidentate ligand adducts, with v(Zr-Cl) observed at ca. 360 cm ' and 

v(Hf-Cl) at ca. 330 cm"' for the 1:1 bidentate thio- and seleno-ether adducts. While the 

broadness of the bands prevented conclusive assignment of the geometry at Zr(IV) or 

Hf(IV), the small chain lengths of the bidentate ligands used here dictates only €2^ 

coordination when chelating. 

As observed for the structurally characterised 8-coordinate phosphine and arsine 

Ti(IV) adducts described in Chapter 4,̂  the 1:2 metal : ligand complexes formed here 

are expected to adopt D2d dodecahedral geometiy at the metal centre. Indeed, the far IR 

spectra of these 1:2 adducts revealed two M-Cl stretching vibrations (B2 + E) at ca. 306, 

300 cm ' for v(Zr-Cl) and ca. 282, 276 cm"' for v(Hf-Cl). These G-equencies are 

significantly lower than for the 6-coordinate 1:1 complexes above, consistent with a 

lengthening of the M-Cl bonds as a result of increased steric crowding upon 8-

coordination. The observed Zr-Cl stretching frequencies for [ZrCl4{MeS(CH2)2SMe}2] 

(307, 301 cm ') and [ZrCl4{o-C6H4(AsMe)2}2] (296, 288 cm ') also show reasonable 

agreement with those previously reported (305 cm"' and 303, 295 cm"' respectively).'''^ 

Interestingly, the spectra of [ZrCl4{MeE(CH2)2EMe}] reveal a mixture of the 1:1 and 

1:2 adducts (Figure 5.2), suggesting the 1:2 adduct may be the favourable product as it 

forms at even relatively low ligand concentrations. 
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Figure 5.2 v(Zr-CI) region of [ZrCL{MeS(CH2)2SMe}] IR spectrum (Nujol Mull). 

[ZrCl4{MeSe(CH2)2SeMe}] 
1 

1:1 spectrum 

/ y 1:2 spectrum 

[ZrCl4{MeSe(CH2)2SeMe}2] 

380 360 340 320 300 280 cm 

5.2.2 X-ray cn'stallos7'avhic studies 

In view of the complete absence of structural reports on thio- and seleno-ether 

Zr(IV) and Hf(IV) complexes and due to the limited spectroscopic characterisation 

available, single crystal X-ray diffraction studies were undertaken on six of the 

complexes synthesised here. Thus, single crystals of [ZrCl4(Me2S)2], [ZrCl4{MeS-

(CH2)3SMe}], [HfCl4{MeSe(CH2)2SeMe}], [ZrCl4{MeS(CH2)2SMe}2], [HfCl4{MeS-

(CH2)2SMe}2] and [ZrCl4{o-C6H4(AsMe)2}2] were grown by slow evaporation of 

CH2CI2 solutions of the complexes in a dry 1Sf2 purged glove box. The solutions were 

obtained by filtration of reaction mixtures following synthesis of the respective complex 

in anhydrous CH2CI2 (see section 5.4, Experimental). As these reaction filtrates may 

contain a mixture of adducts, the crystals obtained may result from a soluble impurity 

and not necessarily from the bulk sample. However, no disparity was observed between 

the microanalytical data and far IR spectra of the bulk solid and that obtained from the 
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nitrates, suggesting the crystals are representative of the bulk complex. All attempts to 

grow crystals 6om dilute solutions of the isolated complexes were unsuccessful due to 

either insufficient complex in solution or dissociation of ligand on dissolution. 

The structure of [ZrCl4(Me2S)2] (Figure 5.3, Tables 5.1, 5.2) reveals a distorted 

octahedral environment at Zr(IV) comprising four chloro ligands and two mutually cis 

thioether donor atoms. The bond angles reveal similar geometry at Zr(IV) to that 

observed for similar Ti(rV) six coordinate thio- and seleno-ether complexes discussed in 

Chapter 3. Thus, the chloride ligands appear to lean towards the thioether ligand to give 

distorted bond angles between the mutually chlorides, ZCl(l) - Zr(l) - Cl(2) = 

157.14(8)° [cf 162.91(3) - 165.7(2)° for Ti(IV)] and between the chlorides to 

thioethers, ZC1(3) - Zr(l) - Cl(4) = 104.72(10)° [cf 102.8(1) - 109.28(7)° for Ti(IV)]. 

Table 5.1 Selected bond lengths for [ZrC^Me^S);). 

Bond Distance / A Bond Distance / A 

Z r ( l ) - S ( l ) 2.754(3) Zr( l ) -Cl(2) 2.425(2) 

Zr( l ) -S (2 ) 2.788(2) Zr( l ) -Cl(3) 2.361(2) 

Z r ( l ) - C l ( l ) 2.386(2) Zr( l ) -Cl(4) 2.386(3) 

Table 5.2 Selected bond angles for [ZrCl4(Me2S)2l. 

Bond Angle / ° Bond Angle / ° 

S ( l ) - Z r ( l ) - S ( 2 ) 79.12(7) S ( 2 ) - Z r ( l ) - C l ( 4 ) 87.41(9) 

S ( l ) - Z r ( l ) - C l ( l ) 83.29(8) C l ( l ) - Z r ( l ) - C l ( 2 ) 157.14(8) 

S ( l ) - Z r ( l ) - C l ( 2 ) 79.30(8) C l ( l ) - Z r ( l ) - C l ( 3 ) 97.09(8) 

S ( l ) - Z r ( l ) - C l ( 3 ) 88.75(8) C l ( l ) - Z r ( l ) - C l ( 4 ) 96.g^(8) 

S ( l ) - Z r ( l ) - C l ( 4 ) 166.37(9) Cl (2 ) -Zr( l ) -Cl (3 ) 97.23(8) 

S ( 2 ) - Z r ( l ) - C l ( l ) 81.32(8) C l (2 ) -Zr( l ) -Cl (4 ) 96.65(8) 

S ( 2 ) - Z r ( l ) - C l ( 2 ) 80.94(7) C l (3 ) -Zr( l ) -Cl (4 ) 104.72(10) 

S ( 2 ) - Z r ( l ) - C l ( 3 ) 167.87(9) 
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Figure 5.3 View of the structure of [ZrCl4(Me2S)2] with numbering scheme 

adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

ClU) 

Cl(3) 

Cl(4) 

1 ) 

C(l) 

The structure of [ZrCl4{MeS(CH2)3SMe}] (Figure 5.4, Tables 5.3, 5.4) reveals a 

binuclear adduct with two bidentate thioether ligands bridging two Zr(IV) centres. This 

12-membered metallocyclic structure contrasts the mononuclear Ti(IV) species with the 

same ligand chelating described in Chapter 3, and appears to accommodate greater 

distortion of the geometry at the metal centre. Thus, the chloride ligands lean even 

further towards the thioether ligand than in [ZrCl4(Me2S)2] (1) or the Ti(IV) equivalent 

complex [TiCl4{MeS(CH2)3SMe}] (2), with ZCltmns ci - Zr - ci = 153.18(6), 

156.05(7)° [cf. 157.14(8)° (1), 163.7(2)° (2)]. This unexpected geometry may suggest 

that the 6-membered ring formed on chelation of the MeS(CH2)3SMe ligand proffers 

negligible stabilisation for Zr(IV) compared with that gained by reducing the steric 

constrictions of the chloride coordination sphere. The formation of this binuclear Zr(IV) 

adduct may also account fbr the failure to achieve 8-coordinate Zr(IVj upon addition of 

excess ligand, as this would require reorganisation of the bridging binding mode. 
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Figure 5.4 View of the structure of 1 ZrCI4{MeS(CM3)38Me} ] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

C(21 

C l ( l ) 

C ( 9 ) X C ( 8 ) 
C(7) C(10) 

Table 5.3 Selected bond lengths for [ZrC14{MeS(CH2>3SMe} ]. 

Bond Distance / A Bond Distance / A 

Z r ( l ) - S ( l ) 2.783(2) Zr(2) - S(2) 2.792(2) 

Zr ( l ) -S (4 ) 2.777(2) Zr(2)-S(3) 2.761(2) 

Z r ( l ) - C l ( l ) 2.385(2) Zr(2) - Cl(5) 2.395(2) 

Zr( l ) -Cl(2) 2.404(2) Zr(2) - Cl(6) 2.408(2) 

Zr( l ) -Cl(3) 2.370(2) Zr(2) - Cl(7) 2.370(2) 

Zr(I)-Cl(4) 2.370(2) Zr(2) - Cl(8) 2.372(2) 
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Table 5.4 Selected bond angles for [ZrCU{MeS(CFI2Me j j. 

Bond Angle / ° Bond Angle / ° 

S(l)-- Z r ( l ) --S(4) 79.52(5) S(2)--Zr(2)--S(3) 85.29(5) 

S ( l ) - - Z r ( l ) - Cl(l) 82.18(5) S(2) --Zr(2)- Cl(5) 83.05(5) 

S ( l ) - Z r ( l ) - Cl(2) 79.84(5) S (2 ) - Zr(2)- Cl(6) 76.93(5) 

S ( l ) - - Z r ( l ) - Cl(3) 170.21(6) S(2) - Zr(2)- Cl(7) 173.33(6) 

S ( l ) - - Z r ( l ) - Cl(4) 90.17(5) S (2 ) - Zr(2)- Cl(8) 87.28(6) 

S(4)- Z r ( ] ) - a ( i ) 81.89(6) S ( 3 ) - Zr(2)- Cl(5) 83.44(5) 

S(4) - Z r ( l ) - Cl(2) 79.40(5) S ( 3 ) - Zr(2)- Cl(6) 77.36(5) 

S(4) - Z r ( l ) - Cl(3) 90.78(6) S ( 3 ) - Zr(2)- Cl(7) 88.42(6) 

S(4) - Z r ( l ) - Cl(4) 169.57(6) S ( 3 ) - Zr(2)- Cl(8) 171.99(6) 

Cl( l ) -- Z r ( l ) - Cl(2) 156.05(7) Cl(5)--Zr(2)--Cl(6) 153.18(6) 

C1(I)-- Z r ( l ) - Cl(3) 97.85(6) Cl(5)r Zr(2) -- Cl(7) 98.47(6) 

Cl( l ) -- Z r ( l ) - Cl(4) 98.37(6) Cl(5)- Zr(2)- Cl(8) 98.65(6) 

Cl(2)-- Z r ( l ) - Cl(3) 97.21(6) Cl(6)- Zr(2)- Cl(7) 99.53(6) 

Cl(2)-- Z r ( l ) - Cl(4) 97.37(6) C1(6)- Zr(2)- Cl(8) 98.03(6) 

Cl(3)-- Z r ( l ) - Cl(4) 99.49(6) Cl(7)- Zr(2)- Cl(8) 98.87(7) 

The crystals obtained for [HfCl4{MeSe(CH2)2SeMe}] were of slightly lower 

quality and hence the final structure solution reveals slightly higher than normal 

residuals and estimated standard deviations (e.s.d/s). Nevertheless, the structdre (Figure 

5.5, Tables 5.5, 5.6) reveals a mononuclear adduct with similar geometry at the metal 

centre as [ZrCL)(Me2S)2] (1) and the similar Ti(IV) complex [TiCl4{MeS(CH2)2SMe}] 

(3, see Chapter 3), eg. ZClt^ns se - Hf - Cltrans se = 104.3(2)° [cf. 104.72(10)° (1), 

105.66(3)° (3)], ZCltmns ci - Hf - C l ^ c, = 161.6(2)° [cf 157.14(8)° (1), 162.91(3)° 

(1)]. Notably the structure does not adopt the binuclear arrangement observed for 

Page 156 



Chapter 5 Zr(]V) and Hf(IV) Chloride Complexes with Bidentate Thio- and Seleno-ethers 

[ZrCl4{MeS(CH2)3SMe}] and this is attributed to the strong stabilisation proffered by 

the 5-membered ring formed on D2 chelation of the MeSe(CH2)2SeMe ligand. 

Interestingly, the ligand bite angle, [ZSe - H f - Se = 79.86(7)°], is comparable with the 

equivalent angle in (1) [79.12(7)°] despite the absence of chelate constraints for the 

dimethyl-sulfide ligands. 

Figure 5.5 View of the structure of 11ifCU{MeSe(CH2)2SeMe}] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

Cl(l) 

S e ( l ) 

Se(,2) 

Cl(2) 

Table 5.5 Selected bond lengths for [HfCla {M eSc(CI hjzScMe} |. 

Bond Distance / A Bond Distance / A 

H f ( l ) - S e ( l ) 2.844(2) Hf ( l ) -Cl (2 ) 2.397(5) 

Hf(l) - Se(2) 2.848(2) Hf ( l ) -Cl (3 ) 2.348(6) 

H f ( l ) - C l ( l ) 2.396(6) Hli^l)-Cl(4) 2.364(6) 
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Table 5.6 Selected bond angles for 1HfCI^{MeSc(CH2)2SeMe} |. 

Bond Angle / ° Bond Angle / ° 

Se(l) - H f ( l ) - Se(2) 79.86(7) Se(2) - H f ( l ) -C l (4 ) 91.6(2) 

Se(l) - H f ( l ) - Cl(l) 88.8(2) Cl(l) - H f ( l ) -Cl (2 ) 161.6(2) 

Se(l) - H f ( l ) - Cl(2) 78.4(2) C](l) - H f ( l ) -Cl (3) 95.3(2) 

Se(l) - H f ( l ) - Cl(3) 84.8(2) Cl(l) - H f ( l ) -Cl (4) 96.2(2) 

Se(l) - H f ( l ) - Cl(4) 169.2(2) Cl(2) - H f ( l ) -Cl(3) 96.7(2) 

Se(2) - H f ( l ) - Cl(l) 78.7(2) Cl(2) - H f ( l ) -Cl(4) 94.6(2) 

Se(2) - H f ( l ) - Cl(2) 86.0(2) Cl(3) - H f ( l ) -Cl(4) 104.3(2) 

Se(2) - H f ( l ) - Cl(3) 163.6(2) 

Although the above 6-coordinate Zr(IV) and complexes show the same 

gross geometry at the metal centres, comparison of the bond distances does reveal some 

differences. Analysis of the M-E bond lengths reveals comparable Zr-S bond lengths for 

[ZrCl4(Me2S)2] and [ZrCl4{MeS(CH2)3SMe}] (2.754(3), 2.788(2) A and 2.761(2) -

2.792(2) A respectively}, while the Hf-Se bond distances in [Hfd4{MeSe(CH2)2-

SeMe}] are longer [2.844(2), 2.848(2) A ] , consistent with the larger radius and soAer 

character of Se over S donor atoms. The M-Cl bond distances show a similar trend to 

that observed for the Ti(IV) thio- and seleno-ether complexes, with the bond distances 

for the chlorides franj' to the donor ligand [2.286(3) - 2.348(6) A ] significantly shorter 

than those of the mutually chlorides [2.385(2), 2.425(2) A ] . This indicates a 

influence of CI > S, Se, illustrating the preference of the hard Zr(IV) and Hf(IV) centres 

for the hard chloride ligands over the softer chalcogenoether donor atoms. While this 

trans influence order is consistent with that observed for the analogous Ti(IV^ adducts, 

the order is the reverse of that observed for late transition metals, where the soft metal 

centres show coordination preference for soft donor ligands. All of the observed bond 

lengths also show an increase of ca. 0.11 - 0.14 A in comparison with those observed in 

similar Ti(IV) adducts, consistent with the larger radii of the Zr(I V) and Hf(IV) centres. 

The structure of the 8-coordinate complex [ZrCl4{MeS(CH2)2SMe}2] (Figure 5.6, 
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Tables 5.7, 5.8) reveals a 2-fbld pseudo-dodecahedral geometry at the metal centre, with 

fbur S donor atoms occupying the A-type vertices and four chloro ligands occupying B 

vertices. A similar coordination geometry was observed for the 8-coordinate Ti(IV) 

complexes discussed in Chapter 4 involving the phosphine and arsine ligands o-

C6H4(EMe2)2 for E = P, As. The thioether ligands once again adopt the DZ 

configuration, though one of the ligands exhibits disorder in the dimethylene backbone. 

This was modelled to reveal alternative positions for the backbone carbon atoms while 

still retaining the arrangement of the hgand. Similar disorder associated with 

coordinated MeS(CH2)2SMe has been previously reported in the mixed valence adduct 

[Cu{MeS(CH2)2SMe}2][C]04]4/3.^'^ The Zr-S bond lengths [2.828(2), 2.853(2) A ] are 

longer (ca . 0.06 A ) than those in the 6-coordinate adduct [ZrCl4{MeS(CH2)3SMe}] 

involving a similar thioether ligand, consistent with increased steric crowding upon 

increasing coordination number at Zr(IV). The Zr-Cl bond lengths [2.485(2), 2.486(2) 

A ] show approximately twice this increase in bond length {ca. 0.10 - 0.12 A ) compared 

to the similar 1:1 adduct. This may be attributed to the differing trans influences in the 

respective adducts and is consistent with that observed for similar phosphine and arsine 

Ti(IV) complexes discussed in Chapter 4. The longer M-Cl bond distances in the 1:2 

adduct compared with the 1:1 adduct also correlates well with the lower frequency M-

C1 (M = Zr, Hf) stretching vibrations observed for the 1:2 adducts during far IR 

spectroscopy of these complexes (see Section 5.2.1). The increase in Zr-S bond lengths 

in the 1:2 adduct also leads to a more acute bite-angle for the chelating ligand [71.28(9), 

71.89(9)°] compared with the the 6-coordinate structure [79.52(5), 85.29(5)°]. 

The crystals obtained of the equivalent Hf(IV) complex [HfCl4(MeS(CH2)2SMe}2] 

were of lower quality and hence the structure solution reveals residuals slightly higher 

than normal. Nevertheless, the crystals were isostructural with those of the above Zr(IV) 

1:2 adduct, with no significant geometry differences (Figure 5.7, Tables 5.7, 5.8). 
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Figure 5.6 View of the structure of [ZrCl4{MeS(CH2)2SMe}z] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

Cl(l) 

CIC) 

Figure 5.7 View of the structure of [ HfCI4{MeS(CH2)2SMe}21 with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

0(4'" 
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Table 5.7 Selected bond lengths for [MCl4{MeS(CH2)2SMe}2] for M = Zr, Hf. 

Distance / A 

Bond (M = Zr, Hf) [ZrCl4{MeS(CH2)2SMe}2] [HfCl4{MeS(CH2)2SMe}2] 

2.853(2) 2.819(7) 

M ( l ) - S ( 2 ) 2.828(2) 2.846(7) 

2.486(2) 2.470(6) 

M(1)-C1(2) 2.485(2) 2.473(6) 

Table 5.8 Selected bond angles for [ M C14 {AI e S (C H 2) 2 S M e} 21 for M - Zr, Hf. 

Bond (M = Zr, Hf) 

Angle / ° 

[ZrCl4{MeS(CH2)2SMe}2] [HfCl4{MeS(CH2)2SMe}2] 

S ( l ) - M ( l ) - S ( 2 ) 133.03(7) 128.6(2) 

S ( l ) - M ( l ) - S ( l ) * 71.28(9) 72.7(3) 

S ( l ) - M ( l ) - S ( 2 ) * 129.31(6) 133.4(2) 

S (1 ) -M(1) -C1( ] ) 77.94(7) 80.8(2) 

S ( l ) - M ( ] ) - a ( 2 ) 71.75(6) 71.8(2) 

s ( i ) - M ( i ) - a ( i ) * 73.83(7) 71.7(2) 

S (1) -M(1) -CI(2)* 142.91(7) 143.3(2) 

S ( 2 ) - M ( l ) - S ( 2 ) * 71.89(9) 71.2(3) 

S ( 2 ) - M ( l ) - C ] ( l ) 142.92(7) 142.7(2) 

S ( 2 ) - M ( l ) - C ] ( 2 ) 80.08(7) 77.9(2) 

S(2) -M(1)-C1(1)* 71.81(6) 71.5(2) 

S(2) -M(1)-C1(2)* 71.92(7) 73.5(2)" 

C1(1)-M(1)-C1(2) 95.68(7) 94.0(2) 

C](1) -M(1)-C1(] )* 145.09(10) 145.8(3) 

C1(1)-M(1)-C1(2)* 94.58(7) 96.2(2) 

C1(2)-M(1)-C1(2)* 145.31(10) 144.6(3) 
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The work described in Chapter 4 has shown the structura] characterisation of a 

series of 6- and 8-coordinate Ti(IV) adducts involving the phosphine and arsine ligands 

o-C6H4(EMe)2 for E = P, As, with comparison of the structures revealing the effects of 

changing coordination number, halide and group 15 donor atom. In view of extending 

this series to show the effects of changing the group IV metal centre on the coordination 

geometry, single crystal X-ray di&action studies were conducted on the Zr(IV) arsine 

complex isolated here. Thus, [ZrCl4{o-C6H4(AsMe)2}2] (Figure 5.8, Tables 5.9, 5.10) is 

isostructural with [TiCl4{o-C6H4(AsMe)2}2] (see Chapter 4) and is similar to the above 

8-coordinate Zr(IV) and Hf(IV) thioether complexes. The Zr-Cl [2.507(3) A ] and Zr-As 

[2.845(2) A ] bond lengths are longer than those reported for the equivalent Ti(IV) 

complex [TiCl4{o-C6H4(AsMe2)2}2] [2.46(2) A and 2.71(2) A respectively],^'' 

consistent with the larger radius of the Zr(IV) centre compared with Ti(IV). 

Furthermore, the increase in the M-As bond length {ca. 0.14 A ) is almost three times the 

increase in the M-Cl distance. Such dramatic disparity between the effect of changing 

the metal centre for the respective donor ligands indicates a significant change in the 

hardness of the metal. Thus, while the distances to the hard chloro ligands apparently 

show only increases due to the larger radius of the metal centre, the bond lengths to the 

soft arsine ligands reflect a significantly reduced interaction with hard Zr(IV). As a 

consequence, the observed bite angles for the chelating arsine ligand are significantly 

reduced [70.49(6)° Zr(IV), c.f. 72.6(2)° Ti(IV)] due to the constraints of the ligand 

backbone, while the bond angles between the unrestrained chloro ligands are relatively 

unchanged [e.g. 146.5(2)° Zr(IV), c.f. 145.6(3)° Ti(IV)]. Although these observations 

are consistent with the reported anomalous 'soft' behaviour of Ti(IV) with respect to the 

preferential thioether coordination in mixed S- and O- donor ligands (see Chapter 

2̂ 1̂7,25,26 observed differences may be partly attributed to the large e.s.d.'s associated 

with the early reported Ti(IV) structure. 

Table 5.9 Selected bond lengths for [ZrCl4{o-C6H4(AsMe)2}2]-

Bond Distance / A Bond Distance / A 

Z r ( l ) - A s ( l ) 2.845(2) Zr(2) -Cl( l ) 2.507(3) 
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Table 5.10 Selected bond angles for |ZrCL{o-C(,H4(Asl\1e)2}2|. 

Bond Angle / ° Bond Angle / ° 

A s ( l ) - Zr( l ) - As(la) 70.49(6) A s ( ] ) - Z r ( l ) - As(lb/c) 131.84(4) 

As(l)--Zr( l ) - C l ( l ) 76.35(9) As(l) - Z r ( l ) -C l ( la ) 76.42(9) 

A s ( ] ) - Zr( l ) - Cl(lb) 71.51(9) As(l) - Z r ( l ) . - C l ( l c ) 142.00(9) 

C l ( l ) - Z r ( l ) - Cl(la) 146.5(2) C l ( l ) - Z r ( l ) - Cl(lb/c) 94.77(5) 

Figure 5.8 View of the structure of [ZrCU]^;-C6H4(AsMe):}2] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

C(2) 

Cl(lb) 

Cl(la) 
As (lb) 

As(lc) ' \ 

As (la) 

Cl(lc) 

Following unsuccessful attempts to grow single crystals of the Zr(IV) selenoether 

adducts vzo slow evaporation as utilised for the above structures, crystallisation was 

attempted via slow formation of the required adduct. Thus, separate dilute CH2CI2 

solutions of [ZrCl4(Me2S)2] and MeSe(CH2)nSeMe (n = 2, 3) were allowed 4o slowly 

diffuse together in a sealed sample vial within a dry N2 purged glove box. The crystals 

resulting from the respective iigand solutions surprisingly gave the same unit ceil 

dimensions, indicating the crystals represent the same species despite the differing 

ligand architecture. Thus, single crystal X-ray diffraction studies were conducted and 

the resulting structure (Figure 5.9, Tables 5.10, 5.12) reveals the decomposition of the 

Zr(IV) precursor to [Zr2Clio][Me2SCH2Cl]2. This indicates that under these sealed 
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reaction conditions, the stabiiisation proffered by the chelation of the bidentate 

selenoether ligand is insufficient to displace the monodentate thioether ligands. Whereas 

under the gentle vacuum conditions of the bulk synthesis, volatile Me2S is removed 

from the reaction mixture to drive the equilibrium towards selenoether coordination. 

Analysis of the geometry at the Zr(IV) centres reveals similar distortions as in the 

6-coordinate Zr(IV) and Hf(lV) complexes described earlier. Thus, the terminal chloride 

ligands lean towards the bridging unit, resulting in an acute angle between the 

bridging chlorides [78.47(9)°]. This again suggests the extent of the observed distortions 

may be due to the spatial requirements of the electron rich terminal chlorides. The bond 

distances also show a similar trend to the thio- and seleno-ether adducts, with Zr-Cl 

distances significantly shorter for chlorides to the bridging chlorides [2.358(3), 

2.389(3) A ] compared with the mutually terminal chlorides [2.416(2), 2.435(3) 

A ] . This indicates the terminal chlorides prefer to reside to the less strongly 

coordinating bridging chlorides, consistent with the observed long Zr-Clbhdging distances 

[2.577(3), 2.650(3) A ] . Other structurally characterised complexes involving the 

[Zr2C]]o]̂  dianion have been reported previously,̂ '̂̂ '̂̂ '̂̂ ° each showing similar 

coordination geometry at the Zr(IV) centres to that observed here. Notably, crystals of 

[Zr2Cl]o][C6H3(OMe)3H]^ were isolated due to the low solubility of the required 

compound in CH2CI2, as observed for the equivalent crystals formed in this work. 

Figure 5.9 View of the structure of [ZrzClio] [MezSCHzCI]: with numbering 

scheme adopted. Ellipsoids drawn at 40%. 

C(3) 

Cl((5) 

Cl(5) 0(4:1=) 

Clfi*) 
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Table 5.11 Selected bond lengths for [Zr2C11(11(Me2SCH2C112. 

Bond Distance / A Bond Distance / A 

Zr( l ) -Cl ( ] ) 2.416(2) Zr( l ) -Cl(2) 2.435(3) 

Zr( l ) -Cl(3) 2.358(3) Zr( l ) -Cl(4) 2.389(3) 

Zr( l ) -Cl(5) 2.577(3) Zr(l)-Cl(5)* 2.650(3) 

Tabic 5.12 Selected bond angles for [ZrzClio] [MezSCHzCl]:. 

Bond Angle / ° Bond Angle / ° 

Cl(l) - Z r ( l ) -Cl(2) 171.62(9) Cl(l) - Z r ( l ) -Cl (3) 93.22(9) 

Cl(l) -Zr(] ) -Cl(4) 92.06(9) Cl(l) - Z r ( l ) -Cl (5) 87.03(9) 

Cl ( l ) - Zr(l)-- Cl(5*) 86.30(8) Cl(2) - Z r ( l ) -Cl(3) 92.89(9) 

Cl(2) -Zr( l ) -Cl(4) 92.49(9) Cl(2) - Z r ( l ) -Cl(5) 86.80(8) 

Cl(2)--Zr( l ) -- Cl(5*) 86.92(8) Cl(3) -Zr ( l ) -Cl(4) 100.31(10) 

Cl(3)--Zr ( l ) . -Cl(5) 94.30(10) Cl(3): -Zr( l ) --Cl(5*) 172.77(10) 

Cl(4)--Zr(])--Cl(5) 165.39(9) Cl(4)--Zr( l ) - C](5*) 165.39(9) 

Cl(5)- Zr( l ) - Cl(5*) 78.47(9) Zr(l). -Cl (5) . - Zr(2) 101.53(9) 

5.3 Conclusions 

While reaction of bidentate thio- and seleno-ether ligands with ZrCU or 

[ZrCl4(THF)2] leads to incomplete substitution adducts, addition of excess^MeiS to 

MCI4 (M = Zr, Hf) affords [MCl4(Me2S)2] in high yield. Reaction of [MCl4(Me2S)2] 

with one equivalent of dichalcogenoether ligand L2 [L2 = MeE(CH2)nEMe, E = S, Se; n 

= 2, 3] or three equivalents of L2' [L2' = MeE(CH2)2EMe] affords 6-coordinate 

[MCl4(L2)] or 8-coordinate [MCl4(L2')2] upon gentle pumping to remove MeiS. IR 

spectroscopic data indicated the 6- and 8-coordinate complexes adopt Civ and Dzd local 

symmetry respectively at Zr(IV) and Hfi[TV). The M-Cl stretching &equencies decrease 
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significantly upon increasing coordination number at the metal centre, indicating a 

lengthening of the M-Cl bonds in the sterically crowded 8-coordinate complexes. 

Single crystal X-ray difR-action studies of [ZrCl4(Me2S)2], [ZrCl4{MeS(CH2)3-

SMe}], [HfCl4{MeSe(CH2)2SeMe}], [ZrCL,{MeS(CH2)2SMe}2], [HfCl4{MeS(CH2)2-

SMe}2] and [ZrCl4(o-C6H4(AsMe)2}2] have been described and these represent the first 

such studies of thio- or seleno-ether Zr(IV) or Hf(IV) adducts. The structures of the 6-

coordinate adducts confirm cis coordination of the chalcogenoether ligands, although 

the structure of [ZrCL){MeS(CH2)3SMe}] revealed a binuclear adduct with bridging 

thioether ligands. This may in part be due to the lower stabilisation proffered by 6-

membered rings when the ligand is chelating. The structures revealed significant 

distortion from regular octahedral geometry, with chloride ligands leaning towards the 

chalcogenoether ligands. Notably, bond angles between S- or Se- donor atoms were 

relatively unaffected by ligand denticity, coordination mode, donor atom or even metal 

centre; suggesting the observed distortions are most influenced by the spatial 

requirements of the chloro ligands. As observed for the analogous Ti(IV) adducts, 

longer M-Cl bond lengths between chlorides to .CI compared to those to S or 

Se indicated a influence of CI > S, Se; consistent with the preference of hard 

Zr(IV) and Hf(IV) for hard CI. Comparison of the structures with those of similar 

Ti(IV) adducts revealed the expected increase in bond lengths involving the metal 

centre, consistent with the larger size of Zr(IV) and Hf(IV). 

The crystals of the 8-coordinate thioether complexes are isostructural and show 

dodecahedral geometry at the metal centre. Comparison with the 6-coordinate structures 

above revealed the expected increase in bond lengths with increased coordination 

number, with greatest disparity in the M-Cl bond lengths consistent with the reduced 

influence in the 8-coordinate adducts. The 8-coordinate [ZrCl4{o-C6H4(AsMe)2}2] 

is isostructural with the equivalent Ti(IV) adducts, with bond lengths again reflecting 
i 

the increased size of Zr(IV). Greatest disparity was observed in the M-As bond lengths, 

suggesting increased hard Lewis acid behaviour of Zr(IV) over Ti(IV). 

Attempted crystallisation vm reaction of [ZrCl4(Me2S)2] and selenoether ligand 

solutions afforded crystals of the decomposition product [Zr2Cl]o][Me2SCH2Cl]2. The 

Zr(IV) dianion showed similar distortions as the above 6-coordinate adducts, again 

suggesting the geometry at Zr(IV) is most influenced by chloro hgands. 
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5.4 Experimental 

The bidentate thio- and seleno-ether ligands were prepared vm the literature 

p r o c e d u r e s , w h i l e Me2S, THT, ZrCLt, ZrCl4(THF)2 and HfCL* were used as 

received fi-om Aldrich Chemical Company. Rigorously anhydrous n-hexane and CH2CI2 

were freshly distilled over sodium/benzophenone and CaH2 respectively, and degassed 

with dry N2. All reactions were performed under an N2 atmosphere using standard 

Schlenk techniques. The products were transferred and stored in a dry, continuously N2-

purged glove box, as were all sample preparations. 

[ZrCl4(THT)2| 

THT (3.52 g, 40 mmol) in dry, degassed CH2C12 (10 cm )̂ was added to a suspension of 

ZrCL) (2.33 g, 10 mmol) in CH2C12 (50 cm )̂ and the solution stirred at room 

temperature under N2 for 2 hours to complete ZrCU dissolution. The solution was 

concentrated M vacwo to 10 cm ,̂ with subsequent addition of dry, degassed M-hexane 

(30 cm^) affording a white solid that was filtered, washed with m-hexane (10 cm^) and 

dried m vacuo to give the required [ZrCl4(THT)2] (yield 3.15 g, 77 %). Required fbr 

[CgHi6Cl4S2Zr]: C = 23.5, H = 3.9 %; found: C = 23.5, H = 4.0 %. 'H NMR: 8 3.25 (̂ , 

CH2S), 2.10 ( ,̂ CH2). IR v(ZrCl): 353, 343, 331, 315 cm '. 

[ZrCl4(Me2S)2j 

As [ZrCl4(THT)2], but using #628 (2.48 g, 40 mmol). A white solid was isolated as the 

required [ZrCl4(Me2S)2] (yield 3.03 g, 85 %). Required for [C4Hi2Cl4S2Zr]: C = 13.4, H 

= 3.4 %; found: C = 13.9, H = 3.6 %. NMR: 6 2.32 ( ,̂ Me). IR v(ZrCl): 357, 341, 

319,308 cm-\ 

[HfCl4(Me2S)2] 

As [ZrCl4(Me2S)2], but using HfCl4 (3.20 g, 10 mmol). A white solid was isolated as the 

required [HfCl4(Me2S)2] (yield 3.65 g, 82 %). Required for [C4Hi2Cl4HfS2]: C = 10.8, H 

= 2.7 %; found: C - 11.2, H = 2.9 %. IR v(HfCl): 346,332, 311, 301 cm'^ 
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[ZrCl4{MeS(CH2)2SMe}] 

MeS(CH2)2SMe (0.076 g, 0.62 mmol) in dry, degassed CH2CI2 (10 cm'') was added to a 

solution of [ZrCl4(Me2S)2] (0.20 g, 0.56 mmol) in CH2CI2 (50 cm^). The solution was 

slowly concentrated m vacuo to 20 cm'' and stirred under N2 for 24 hours. Further 

concentration and addition of «-hexane (10 cn f ) afforded a white solid that was filtered, 

washed with /z-hexane (10 cm^) and dried m vacuo to give the required 

[ZrCl4{MeS(CH2)2SMe}] (yield 0.12 g, 61 %). Required for [C4HioCl4S2Zr]: C = 13.5, 

H = 2.8 %; found: C = 13.5, H - 2.9 %. IR v(ZrCl): 363 br cm '. 

[ZrCl4{MeS(CH2)3SMe}] 

As above, but using MeS(CH2)3SMe (0.084 g, 0.62 mmol). A white solid was isolated 

as the required [ZrCl4{MeS(CH2)3SMe}] (yield 0.11 g, 54 %). Required for [C5H12-

Cl4S2Zr]: C = 16.3, H = 3.3 %; Gaund: C - 15.9, H = 3.3 %. IR v(ZrCl): 364 br cm '. 

[ZrCl4{MeSe(CH2)2SeMe}] 

As above, but using MeSe(CH2)2SeMe (0.134 g, 0.62 mmol). A white solid was isolated 

as the required [ZrCl4{MeSe(CH2)2SeMe}] (yield 0.15 g, 58 %). Required for [C4Hio-

Cl4Se2Zr]: C - 10.7, H = 2.2 %; found: C = 11.0, H = 2.5 %. IR v(ZrCl): 364 br cm '. 

[ZrCl4{MeSe(CH2)3SeMe}] 

As above, but using MeS(CH2)3SMe (0.143 g, 0.62 mmol). A white solid was isolated 

as the required [ZrCl4{MeSe(CH2)3SeMe}] (yield 0.12 g, 46 %). Required for [C5H12-

Cl4Se2Zr]: C - 13.0, H = 2.6 %; found: C = 12.7, H - 2.8 %. IR v(ZrCl): 366 br cm 

[ZrCl4{MeS(CH2)2SMe}2] 

As [ZrCl4{MeS(CH2)2SMe}], but using [ZrCl4(Me2S)2] (0.10 g, 0.28 mmol) and three 

equivalents of MeS(CH2)2SMe (0.103 g, 0.84 mmol). A white solid was isolated as the 

required [ZrCl4{MeS(CH2)2SMe}2] (yield 0.10 g, 72 %). Required for [C8H2oCl4S4Zr]: 

C - 20.1, H = 4.2 %; found: C = 20.4, H = 4.0 %. IR v(ZrCI): 307, 301 cm 
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fZrCl4{MeSe(CH2)2SeMe}2] 

As above, but using MeSe(CH2)2SeMe (0.181 g, 0.84 mmol). A white solid was isolated 

as the required [ZrCl4{MeSe(CH2)2SeMe}2] (yield 0.13 g, 68 %). Required for [CgH2o-

C]4Se4Zr]: C - 14.5, H = 3.0 %; found: C - 14.8, H = 2.8 %. IR v(ZrCl): 305, 299 cm '. 

I ZrCL {o-C6H4( AsMe)2} 2] 

As above, but using o-C6H4(AsMe)2 (0.240 g, 0.84 mmol). A white solid was isolated as 

the required [ZrCl4{o-C6H4(AsMe)2}2] (yield 0.17 g, 77 %). Required for [C20H32-

As4Cl4Zr]: C == 29.8, H = 4.0 %; found: C = 30.1, H = 4.0 %. IR v(ZrCl): 296, 288 cm'\ 

[HfCl4{MeS(CH2)2SMe}] 

As [ZrCl4{MeS(CH2)2SMe}], but using [HfCl4(Me2S)2] (0.25 g, 0.56 mmol), 

MeS(CH2)2SMe (0.076 g, 0.62 mmol) and reaction stirred for 48 hours. A white solid 

was isolated as the required [HfCl4{MeS(CH2)2SMe}] (yield 0.14 g, 55 %). Required 

for [C4HioCl4HfS2]: C = 10.9, H = 2.3 %; found: C - 11.1, H = 2.5 %. IR v(HfC]): 329 

br cm'. 

[HfCl4{MeSe(CH2)2SeMe}] 

As above, but using MeSe(CH2)2SeMe (0.134 g, 0.62 mmol). A white solid was isolated 

as the required [HfCl4{MeSe(CH2)2SeMe}] (yield 0.14 g, 47 %). Required for [C4H]o-

Cl4HfSe2]: C = 9.0, H = 1.9 %; found: C = 9.2, H = 2.0 %. IR v(HfCl): 329 br cm-\ 

[HfCl4{MeS(CH2)2SMe}2] ^ 

As [HfCl4{MeS(CH2)2SMe}], but using [HfCl4(Me2S)2] (0.125 g, 0.28 mmol) and three 

equivalents of MeS(CH2)2SMe (0.103 g, 0.84 mmol). A white solid was isolated as the 

required [HfCl4{MeS(CH2)2SMe}2] (yield 0.09 g, 58 %). Required for [C8H2oCl4HfS4]: 

C = 17.0, H = 3.6 %; found: C = 16.7, H = 3.4 %. IR v(HfCl): 283, 279 cm '. 
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[HfCl4{MeSe(CH2)2SeMe}2j 

As above, but using MeSe(CH2)2SeMe (0.181 g, 0.84 mmol). A white solid was isolated 

as the required [HfCl4{MeSe(CH2)2SeMe}2] (yield 0.11 g, 52 %). Required for [CgH2o-

Cl4HfSe4]: C - 12.8, H = 2.7 %; found: C = 12.6, H = 2.5 %. IR v(HfC]): 280, 273 cm 

Crystallographic Studies 

Details of the crystallographic data collection and refinement parameters are given 

in Tables 5.13 and 5.14. Crystals of [ZrCl4(Me2S)2], [ZrCl4{MeS(CH2)3SMe}], 

[HfCl4{MeSe(CH2)2SeMe}], [ZrCl4{MeS(CH2)2SMe}2], [HfCl4{MeS(CH2)2SMe}2] 

and [ZrCl4{o-C6H4(AsMe)2}2] were grown in a dry N2 purged glove box vza slow 

evaporation of CH2CI2 filtrates obtained from the respective complex syntheses. The 

crystals of [Zr2Clio][Me2SCH2Cl]2 were also obtained as a decomposition product during 

attempted crystallisation of [ZrCl4{MeS(CH2)nSMe}] (n = 2, 3) vm slow reaction of 

CH2CI2 solutions of [ZrCl4(Me2S)2] and selenoether ligand. Data collection used an 

Enraf Nonius Kappa CCD diffractometer equipped with an Oxford Systems open-flow 

cryostat operating at 150 K, with graphite monochromated Mo-K^ radiation (A, = 0.71073 

A). Structure solution^^ and refmement^^'^®'^^ were routine except for 

[ZrCl4{MeS(CH2)2SMe}2], which revealed disorder in the carbon backbone of one of 

the tliioether ligands. This was adequately modelled by assigning alternative positions 

for the carbon atoms in a 67 : 33 ratio, with these carbon atoms refined isotropically. 

Although this necessitates disorder in the methyl substituents on the S-donor atoms, no 

alternative positions were located and hence the disorder was modelled by slightly 

larger than normal anisotropic thermal parameters for these methyl carbons. 
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Table 5.13 Crystallograpliic data collection and refinement parameters for [/.rC^MezS):!, [MCULi)! and (MC 14(1.2)2!, M = Zr, 111 

[ZrCL,(Me2S)2] [(ZrCl4)2{MeS(CH2)]SMe}2] [Hfa4{MeSe(CH2)2SeMe}] [ZrCl,{MeS(CH2)2SMe)2] [HfC],{MeS(CH2)2SMe)2j q 
LA 

Formula QHî Cl̂ SzZr C,oH24ClgS4Zr2 QHioCliHfSe; CsH2oCl4S4Zr CgĤ oCÎ HfŜ  

Formula weight 357.29 738.60 536.34 477.52 564.79 

Crystal system Monoclinic Orthorhombic Monoclinic Tetragonal Tetragonal 

Space group Vbca (#61) P2, (#4) P'^,2|2 (# 92) P^32,2 (# 96) N 

a / A 6.4219(2) 15.8646(2) 7.4864(2) 9.9696(3) 9.9760(2) 

6/A 25.7274(8) 15.4382(2) 11.5652(4) 9.9696(3) 9.9760(2) § CL 

c / A 8.3971(3) 21.6118(4) 8.1257(2) 17.5265(4) 17.4881(4) 

g 
90 90 90 90 90 g 
106.9050(11) 90 116.501(2) 90 90 i 

n yr 90 90 90 90 90 

i 

n 
1327.09(7) 5293.18(12) 629.61(3) 1742.01(7) 1740.43(6) 

% 
g z 4 8 2 ' 4 4 
% 
g 

//(Mo-Ka) / cm"' 18L97 19.06 148.47 17.01 70.54 

No. of unique reflections 1376 5961 n59 l U l I IU 
w 
CD 

iJjn, (based on F^) 0.048 (L062 0.104 0.067 (XI20 
3 
1 

No. of obs. reflections " 1308 3205 1281 867 898 

No. of parameters 98 217 99 77 78 
1 
C/] 
El 

R'' aOOk 0.042 0.056 0.041 0.080 
1 
C/] 
El 

R , / 0.063 0.049 0.068 0.053 0.108 i 
1 
e 

" Observed if [/„ > 3 a(/„)] " /(w = Wi(|F^|i -|Fw.ti)'/Zwi|F*.|; 

i 
1 
e 
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Table 5.14 Crystallographic data collection and refinement parameters for 

[ZrCl,{o-C6H4(AsMe2)2}2] and [ZrzClioirMezSCHzCl]:. 

[ZrCl4{o-C6H4(AsMe2)2}2] [ZrzCliojLMezSCHzCljz 

Formula C2oH32Cl4AS4Zr C6Hi6Cli2S2Zr2 

Formula weight 805.19 760.20 

Crystal system Tetragonal Monoclinic 

Space group I 4 (# 82) P2i/M (# 14) 

a / A 9.2424(2) 9.2646(3) 

6 / A 9.2424(2) 14.5290(5) 

c / A 16.6704(7) 9.3074(4) 

a / " 90 90 

90 91.9700(11) 

y r 90 90 

[ / /A^ 1424.00(6) 1252.09(7) 

z 2 4 

XMo-Ka) / cm"' 53.82 49.21 

No. of unique rejections 753 2659 

i?int (based on F^) 0.066 0.100 

No. of obs. reflections ° 701 1349 

No. of parameters 66 100 

0.057 0.053 ^ 

Rw' 0.082 0.061 

" Observed if [/o > 3 o(/o)] 

"^-EdFcbsli-IFealclO/ZlFobsli 

= Wi(|Fobs|i- |Fcalc| if /ZwilFobsl" 
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Chapter 6 Ti(IV) and Zr(rV) Halide Complexes with Tridentate SoA Donor Ligands 

6.1 Introduction 

While the work discussed in Chapter 3 has established that bidentate thio- and 

seleno-ether ligands form only 6-coordinate complexes with Ti(IV) halides,' certain 

bidentate phosphine and arsine ligands have been shown to stabilise 8-coordination at 

Ti(IV) in Chapter 4 / Furthermore, the larger ionic radii of congenic Zr(IV) and Hf(IV) 

have been shown to accommodate both 6- and 8-coordination depending on chain 

length and stoichiometry of bidentate thio- or seleno-ether ligand in Chapter 5.̂  These 

results suggest that coordination numbers greater than 6 are attainable for these group 

IV metal centres via careful design of ligand donor properties and reaction conditions. 

One may therefore expect reaction of group IV halides with tridentate donor ligands 

may lead to 7-coordination at the metal centres. 

There are few reported examples of 7-coordinate Ti(IV), Zr(IV) or Hf(IV) 

complexes involving neutral donor ligands, and all of these involve strong a-donor 

arsine ligands. Reaction of TiX4 (X = F, CI, Br or I) and ZrBr4 with the tridentate ligand 

L3, A4G/Ls{((:H2)3/LsIVle2}2 affonis [(Tiff^kXlLg)], [CriC:L02(I.3)], [IvIBriCLa)] (A4 = Ti, Zr) 

and [Til3(L3)][I].'^ The formulation of these adducts was based primarily on elemental 

analyses, together with supporting conductivity measurements, molecular weight 

determinations and electronic and IR spectroscopy. However, uncertainty still remains 

as to the actual coordination number at the metal centre due to the absence of structural 

characterisation. Furthermore, the inference that 7-coordination is more readily 

accessible for TiBr4 compared with TiCU adducts contrasts the greater steric crowding 

caused by the bulkier bromo ligands. Indeed, the only other reported examples of 7-

coordinate Ti(IV) with neutral donor ligands involve reaction of TiCU with the 

tridentate arsine ligands L3', MeAs{o-C6H4(AsMe2)}2 or MeC(CH2AsMe2)3, to aHbrd 

[TiCUCLs')].^ While the formulation of these adducts was confirmed as above, 'H NMR 

spectra were also measured to ascertain the coordination geometry at Ti(IV).'Thus, the 

spectrum for the MeAs{o-C6H4(AsMe2)}2 adduct showed resonances corresponding to 

both CH3 environments shifted to high frequency by ca. 0.6 - 0.9 ppm compared with 

the free ligand. Moreover, the shifts of the CH3 resonances associated with the terminal 

As-donor arms are similar, and this, together with molecular models indicating 

bidentate coordination is unfavoured compared with tridentate, suggested the complex 

was indeed 7-coordinate. Similar high fi-equency shifts (ca. 0.3 - 0.8 ppm) were also 
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observed for the CH3-AS and CH2 resonances of the MeC(CH2AsMe2)3 adduct, and 

hence the original report postulated that this complex was also 7-coordinate. 

Reaction of similar tripodal ligands MeC(X)(Y)(Z) [X = Y = Z - CH20Me; X = Y 

= CHzOMe, Z = CH2SMe or CH2NMe2; X = CH20Me, Y = CHzSMe, Z - CH2NMe2] 

with TiCl4 has been reported to aHbrd [TiCl4{MeC(W)(Y)(Z)}].^ Room temperature 'H 

NMR spectroscopy of these adducts again showed high frequency shifts for the CH3-E 

(E = N, O, S) and CM?, resonances upon ligand coordination. However, these resonances 

resolved on cooling the sample to reveal uncoordinated donor arm resonances less 

shifted to high frequency, and in some cases, additional resonances due to &ee ligand. 

This suggested the ligands act as bidentates only to give 6-coordinate [TiCLtiil^-

MeC(W)(Y)(Z)}], with the room temperature spectra showing fast exchange between 

coordinated and uncoordinated donor arms. Surprisingly, even the ligands involving 

small, hard O- or N-donor atoms were unable to form 7-coordinate complexes with the 

hard Ti(IV) centre. 

These results prompted a re-examination of the earlier proposition of 7-coordinate 

[TiCl4{MeC(CH2AsMe2)3}].^ Comparison of the 'H NMR spectra for this complex with 

that of 6-coordinate [TiCl4{MeC(CH20Me)3}] revealed similarities indicating both 

complexes are indeed 6-coordinate. For example, while each spectrum revealed CH3-E 

resonances shifted to high frequency compared to free ligand due to coordinated donor 

arms (0.80 ppm, E = As; 0.88 ppm, E - O), resonances less shifted to high frequency 

were also observed indicating the presence of uncoordinated donor arms (0.30 ppm, E = 

As; 0.17 ppm, E = O). These data suggest that 7-coordination at Ti(IV) may be 

restricted to the specific donating properties of the tridentate o-phenylene ligand 

MeAs{o-C6H4(AsMe2)}2, similar to the observation that the m^ority of 8-coordinate 

Ti(IV) complexes involve the o-phenylene ligands o-C6H4(EMe2)2 (E - P, As).̂ '̂ '̂  

However, it is possible that similar oversights in the interpretation of the ^H NMR 

spectra were made for [TiCl4{MeAs{o-C6H4(AsMe2)}2}], as the two tridentate arsine 

adducts were characterised within the same study. 

While the above complexes indicating 7-coordination at Ti(IV) have not been 

structurally characterised, one example of 7-coordinate Ti(IV) involving anionic 

thiocarbamate ligands has been structurally authenticated. Thus, reaction of TiCl4 with 

sodium iV,//-dialkyldithiocarbamates affords 6-, 7- and 8-coordinate complexes 
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[ T i C l 2 ( S 2 C N R 2 ) 2 ] , [ T i C l ( S 2 C N R 2 ) 3 ] a n d [ T i ( S 2 C N R 2 ) 4 ] ( R = M e , 'Pr, ' B u ) d e p e n d i n g o n 

s t o i c h i o m e t r y o f t h e r e a c t i o n m i x t u r e / ° T h e s t r u c t u r e o f [ T i C 1 ( S 2 C N M e 2 ) 3 ] c o n f i r m s t h e 

7 - c o o r d i n a t e f o r m u l a t i o n , s h o w i n g d i s t o r t e d p e n t a g o n a l b i p y r a m i d a l g e o m e t r y at 

Ti(IV), with the chloride ligand occupying an axial position. Similar structures have 

b e e n reported for other 7-coordinate complexes involving anionic ligands, including 

c o n g e n i c [ Z r C l ( a c a c ) 3 ] " ( a c a c = C5H7O2'). O t h e r s p e c t r o s c o p i c a l l y c h a r a c t e r i s e d 7 -

coordinate Ti(IV) complexes include [TiCl(tropolone)^]^^ (tropolone = C7H5O2') and 

[ T i C l ( o x i n e ) 3 ] ( o x i n e - 8 - q i i i n o l i i i o l , C g H e N O ' ) / ^ 

This chapter investigates the coordination chemistry of tridentate group 15 and 16 

neutral donor ligands with group IV halides, with a view to establishing b o t h solution 

and solid state properties of a range of potentially 7-coordinate complexes. Thus, 

reported within is the synthesis and spectroscopic characterisation of a series of TiX4 (X 

= CI, Br, I) and ZrCU complexes with the tripodal ligands Me(CH2EMe)3 (E = S, Se) 

a n d M e ( C H 2 A s M e 2 ) 3 a n d t h e m a c r o c y c l i c l i g a n d s [ 9 ] a n e S 3 ( 1 , 4 , 7 - t r i t h i a c y c l o n o n a n e ) 

a n d [ 1 0 ] a n e S 3 ( 1 , 4 , 7 - t r i t h i a c y c l o d e c a n e ) . ^ ' ^ T h e o n l y p r e v i o u s l y r e p o r t e d m a c r o c y c l i c 

thioethcr adduct with Ti(IV) is the structurally characterised distorted octahedral 

c o m p l e x [ T i C l 2 ( N B i i ^ ) ( [ 9 ] a n e S 3 ) ] . ' ' ^ T h e T i ( I V ) c o m p l e x e s f o r m e d h e r e h a v e b e e n 

c h a r a c t e r i s e d b y e l e m e n t a l a n a l y s i s a n d I R , U V - v i s i b l e a n d m u l t i n u c l e a r ( ' H , 

^ ^ S e { ' H } ) N M R s p e c t r o s c o p y , w i t h t h e p o o r s o l u b i l i t y o f t h e Z r ( I V ) a d d u c t s i n n o n -

coordinating solvents limiting characterisation to elemental analysis and IR 

spectroscopy. Single crystal X-ray structure determinations are reported for the 

c o m p l e x e s [ T i B r 4 { M e ( C H 2 A s M e 2 ) 3 } ] a n d [ Z r C l 4 ( [ 9 ] a n e S 3 ) ] i n o r d e r t o u n e q u i v o c a l l y 

establish the coordination geometry at the metal centres. The structure of 

[ Z r C l 4 { M e ( C H 2 A s M e 2 ) 3 } 2] h a s also been determined during the attempted structural 

characterisation of [ZrCl^ { M e ( C H 2 A s M e 2 ) 3 } ]. Comparison of these structures with 

related 6- and 8-coordinate Ti(IV) and Zr(IV) structures discussed in the previous 

chapters may establish the consequences of changing the coordination number or ligand 

t y p e , w h e r e r e l e v a n t . 
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6.2 Results and Discussion 

Reaction of TiCLt with one molar equivalent of tripodal ligand, L3 [L3 = 

MeC(CH2EMe)3 (E = S, Se) and MeC(CH2AsMe2)3] in rigorously anhydrous M-hexane 

at room temperature resulted in the immediate precipitation of bright yellow and orange 

solids, [TiCl4(L3)], in high yield (Figure 6.1). Similarly, dissolution of TiBr^ in 

rigorously anhydrous CH2CI2 followed by addition of one molar equivalent of L3 

afforded orange and red coloured solutions of [TiBr4(L3)]. Intensely coloured solids 

were isolated in high yield precipitation with n-hexane. As with the iodo-adducts 

discussed in Chapters 3 and 4, reactions with TiL̂  required comparatively large volumes 

of CH2CI2 due to the poor solubility of TiL^ in non-coordinating solvents. Subsequent 

addition of one molar equivalent of L3 resulted in a colour change to give dark 

red/purple solutions of [Til4(L3)]. While the arsine tripod adduct was isolated in low 

yield as a deep purple solid via precipitation with n-hexane, the thio- and seleno-ether 

adducts proved particularly difficult to isolate as powdered solids, affording only oily 

residues that were unsuitable for characterisation purposes and hence not pursued 

further. Equivalent reactions of TiX4 (X = CI, Br, I) with the macrocyclic tridentate 

ligands [9]aneS3 and [lOJaneSs resulted in the high yield precipitation of bright yellow, 

orange and purple solids, very poorly soluble in non-coordinating solvents. Similarly, 

reaction of [ZrCl4(Me2S)2] with one molar equivalent of tridentate ligand L3' [L3' = 

MeC(CH2EMe)3 (E = S, Se), MeC(CH2AsMe2)3 and [ZjaneSa (Z = 9, 10)] in rigorously 

anhydrous CH2CI2 resulted in the precipitation of white [ZrCUCLs')] upon slow removal 

of Me2S m vacMo. 

All of the isolated complexes are extremely moisture sensitive, with the Ti(IV) 

adducts visibly decolourising and liberating the free ligand within one minute of 

exposure to moist air. Notably, the macrocyclic Ti(IV) adducts are markedly more 

stable than the tripodal complexes, consistent with the increased stabilisation^proffered 

by macrocyclic coordination (see Chapter 1). The formulation of the complexes as 

[TiX4(L3)] (X = CI, Br, I) and [ZrCl4(L3')] was confirmed vza microanalytical data. 

However, as with the Ti(IV) complexes reported in Chapters 3 and 4, mass 

spectrometry gave no useful information. 
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Figure 6.1 Reaction scheme for the synthesis of |TiX4(Lj)| and [ZrCl4(l.3')l-
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Seven coordinate complexes can adopt a number of geometries including 

pentagonal bipyramidal, capped trigonal prismatic or capped octahedral.'^ For the donor 

atom sets involved in the [TiX4(L3)] (X = CI, Br, I) and [ZrCl4(L3')] complexes formed 

here, a number of isomers can exist for each of the coordination geometries. Analysis of 

the more commonly observed possible isomers reveals point group symmetries of Cjv, 

Civ or the elemental point group Ci. Therefore, the number of metal-halide stretching 

vibrations expected is either three for Csv symmetry or four for all other geometries. 

Unfortunately, four such vibrations were also observed for the six-coordinate complexes 

involving bidentate soft donor ligands discussed in Chapters 3-5. Hence, the number of 

vibrations observed for the complexes formed here is unlikely to establish either the 

coordination number or geometry at the metal centres. 

Page 180 



Chapter 6 Ti(TV) and Zr(TV) Halide Complexes with Tridentate Soft Donor Ligands 

Far IR data were recorded for [TiX4(L3)] (X = CI, Br, I) and [ZrCl4(L3')], with the 

sensitivity of the complexes dictating the glove-box preparation of sodium dried-Nujol 

mulls pressed between Csl plates. The spectra of the Ti(TV) tripodal ligand adducts 

showed up to four Ti-X stretching vibrations in the range v(Ti-Cl) 411-368 cm ' and 

v(Ti-Br) 333-284 cm"\ These stretching frequencies compare remarkably well with 

those observed for the 6-coordinate Ti(IV) complexes involving bidentate arsine or thio-

or seleno-ether discussed in Chapters 3 and 4, with v(Ti-Cl) 422-373 cm'' and v(Ti-Br) 

332-285 cm"'. This may be surprising considering the greater steric crowding in the 

proposed seven-coordinate complexes is expected to increase Ti-X bond distances 

compared with those of the six-coordinate adducts. The IR spectra of the macrocyclic 

Ti(IV) adducts revealed Ti-X stretching vibrations at significantly different firequencies 

[v(Ti-Cl) 443-384 cm"' and v(Ti-Br) 359-338 cm"'] compared with the six-coordinate 

adducts, possibly indicating a change in coordination geometry at the metal centre. 

The spectra of the thio- and seleno-ether Zr(IV) adducts revealed broad unresolved 

stretching vibrations, similar to those observed for the equivalent six- and eight-

coordinate Zr(IV) complexes reported in Chapter 5. Notably, the stretching fi-equencies 

observed for the proposed seven-coordinate complexes formed here {ca. 330 cm"') 

reside approximately midway between those observed for the similar six- (ca. 360 cm"') 

and eight-coordinate {ca. 300 cm"') Zr(IV) adducts (Figure 6.2). Although other factors 

may influence the frequency of stretching vibrations, the observed trend is consistent 

with increasing Zr-Cl bond distances and thus decreasing stretching G-equencies upon 

increasing the coordination number and hence steric crowding at Zr(IV). However, the 

spectrum of the tripodal arsine Zr(IV) adduct revealed a pair of Zr-Cl stretching 

vibrations at 300 and 304 cm"', remarkably similar to those observed for structurally 

characterised eight coordinate [ZrCl4{o-C6H4(AsMe2)2}2] described in Chapter 5. This 

suggests the tripodal arsine complex formed here is also eight-coordinate and may adopt 

the equivalent 1:2 metal ligand composition [ZrCl4{MeC(CH2AsMe2)3}2], with two 

uncoordinated As donor atoms. This contrasts the 1:1 formulation postulated from 

microanalytical data, however it is possible that the moisture sensitive complex may 

partially decompose upon exposure to air during the acquisition of analytical data. 
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Figure 6.2 Comparison of the v(Zr-CI) region of the IR spectra of [ZrCUfMeS-

(CH2)2SMe}n] (n = 1, 2) and [ZrCl4(|9]aneS3)i (Nujol Mull). 

[ZrCl4{MeS(CH2)2SMe}] ^ 
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[ZrCl4{MeS(CH2)2SMe): 

o 

y [ZrCl4([9]aneS3)] 
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While the poor solubility of the Zr(rV) adducts in non-coordinating solvents 

prevented solution phase characterisation, the work described in Chapters 3 and 4 has 

shown that NMR spectroscopy can establish the solution stability of the more soluble 

Ti(IV) complexes. Thus, 'H and NMR spectroscopic studies were undertaken 

for the Ti(IV) complexes formed here. The room temperature NMR spectrum of 

[TiCl4{MeC(CH2SMe)3}] showed the expected shift to high S-equency upon 

coordination fbr the three 'H resonances [8 2.87 (CH2), 2.36 (MeS), 1.24 (MeC)], 

consistent with reduced electron density at the thioether following a-donation to the 

Ti(IV) centre. On cooling, the resonances broadened and split, indicating the slowing of 

dynamic processes in solution. At 180 K, the resonances began to sharpen once again, 

suggesting the processes were now slow on the NMR time-scale. Analysis of these 

resonances revealed the presence of at least two of the possible /Me.yo-7, -2 or DZ 

invertomers via pyramidal inversion at S (see Chapter 1), giving multiple methyl and 

methylene proton resonances associated with coordinated S-donor arms [6 3.2 (br, m, 

CHz); 2.53, 2.51 (MeS)]. Resonances were also observed at frequencies indicative of 

free thioether ligand [8 2.55 (CHz), 2.01 (MeS)], suggesting ligand dissociation is fast at 

room temperature, but slow at 180 K on the NMR time-scale. However, additional 

resonances were also observed to slightly higher frequency than the free ligand 

resonances [8 2.68 (CH2), 2.07 (MeS)] and these are consistent with the presence of 

uncoordinated donor arms. Unfortunately, the presence of overlapping resonances 

prevented accurate integration of the 'H environments, however comparison of the 

coordinated and uncoordinated arm resonances revealed an approximate 2:1 ratio. This 

suggests that the tripodal ligand actually behaves as a bidentate ligand, with one 

uncoordinated free donor arm to afford six-coordinate [TiCl4{T]^-MeC(CH2SMe)2}]. 

While the above postulation that the tripodal thioether ligand gives t)nly six-

coordinate Ti(IV) adducts may be surprising considering eight-coordination at Ti(IV) 

has been reported in Chapter 4, the result is consistent with the reported^ bidentate 

coordination of mixed 0 - , N-, and S-donor tripodal ligands with TiCU. Furthermore, the 

observations from bidentate thio- and seleno-ether complexes with Ti(IV) in Chapter 3 

have shown that the stabilisation offered by 6-membered chelate rings is significantly 

lower than that by 5-membered rings, leading to increased ligand dissociation in 
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solution. Similar fast ligand exchange on the NMR time-scale between coordinated and 

uncoordinated donor arms of the T]^-coordinated tripodal ligand may account fbr the 

earlier observation of only coordinated donor arm resonances at room temperature. The 

NMR spectrum confirms this fast donor exchange, with the room temperature 

spectrum showing singlets fbr each of the fbur carbon environments [6 47.9 (a, CH]), 

39.8 (b, C), 25.1 (c. Me), 22.9 (d, MeS)]. On cooling, the resonances associated with 

the donor arms split to reveal coordinated [6 49.2, 47.4 (a', CH2); 25.9, 25.7 (c', MeS)] 

and uncoordinated [6 44.8 (e, CH2), 18.0 (f, MeS)] donor arm resonances (Figure 6.3). 

The absence of firee ligand resonances may be due to the lower sensitivity of 

compared with 'H NMR spectroscopy, and suggests ligand dissociation is not extensive 

fbr this chloro-adduct. 

Figure 6 J VT NMR spectra of [TiCUIMeCCCHzSMe);}] (CH2CI2/CD2CI2) 

300 K 

190 K 

45 40 35 30 25 20 8/ppm 
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The VT-NMR spectra obtained for the analogous bromo-adduct [TiBr4{MeC-

(CH2SMe)3}] showed similar resonances consistent with bidentate coordination of the 

potentially tridentate ligand (Figure 6.4). However, here the low temperature 

NMR spectrum did reveal the presence of free ligand resonances suggesting a greater 

degree of ligand dissociation for this bromo-adduct. This is consistent with weaker 

interactions between the soft donor ligand and the poorer Lewis acid TiBr4 compared 

with TiCU, as observed for the analogous adducts involving bidentate thio- and seleno-

ether ligands (see Chapter 3). The spectra of the selenoether tripod complexes continue 

this trend, with the softer Se donor compared with S, forming weaker interactions with 

the Ti(IV) centres. Thus, no room temperature NMR spectrum was observed 

for [TiCl4{MeC(CH2SeMe)3}], while extensive ligand dissociation in the bromo-adduct 

presented an ill-defined room temperature NMR spectrum and no NMR 

spectrum even at 180 K. The presence of these fast dissociation and exchange processes 

also prevented the detection of ^^Se{'H} NMR resonances for either complex even at 

low temperatures. Nevertheless, the low temperature NMR spectra do confirm the 

complexes involve only T|^-coordinated tripodal ligands, as observed for the above 

thioether ligands. 

Figure 6.4 LT 'H NMR spectrum of {TiBr.4{MeC(CH2SMe)3} | (180 K, CD2CI2) 
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The VT 'H NMR spectra of the arsine tripod Ti(IV) complexes also confirmed the 

formulation [TiX4{T|^-MeC(CH2AsMe2)3}] (X = CI, Br), with resonances observed 
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corresponding to both coordinated and free As-donor arms. Unlike the Group 16 ligand 

adducts above, no resonances were observed for free ligand even for the TiBr4 adduct, 

consistent with the stronger a-donor ability of Group 15 ligands over those of Group 16. 

Unfortunately, the macrocyclic ligand Ti(IV) adducts showed poor solubility in 

non-coordinating solvents, preventing detailed solution phase characterisation. 

Nevertheless, [TiCl4([9]aneS3)] did provide sufEcient solubility in anhydrous MeNO]/ 

d^-MeNO? to allow analysis v/a 'H and NMR spectroscopy. However the 

bright yellow solutions of the complex were very sensitive to decomposition, resulting 

in decolourisation of the solution even upon transferral in a dry N2 purged glove box. 

Consequently, the 'H and NMR spectra of even freshly prepared solutions 

revealed weak resonances due to a decomposition product in addition to strong 

resonances due to the required complex. The 'H NMR spectrum showed a complex 

second order pattern at 6 4.2(/M) and 3.8(/M) corresponding to [TiCl4([9]aneS3)] and a 

similar, but weaker pattern at 8 3.8(7^) and 3.6(7M) (Figure 6.5). Both patterns are 

consistent with the tridentate binding of the [9]aneS3 ligand, as bidentate coordination 

would remove the second order coupling. Also, the complex appears to show no ligand 

exchange or macrocycle 'ring-whizzing' on the NMR time-scale, as both of these 

processes would present only a singlet 'H resonance. The NMR spectrum 

conSrmed the symmetrical binding of the macrocycle, revealing a singlet at 6 43.1. 

Weaker resonances were also observed at 8 40.8, 39.8, 38.6, suggesting reduced 

symmetry in the decomposition product. 

Figure 6.5 'H NMR spectrum of [TiCl4([9]aneS3)] (d^-MeNOz) 

[TiCl4([9]aneS3)] "[TiCl2(0)([9]aneS3)] 

U 

4.1 4.0 3.9 3.; 3.7 3.6 8/ppm 
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While these data for the decomposition product are insufficient to conclusively 

establish its identity, it is likely that the coordination of [PjaneSg with Ti(IV) would 

show similar behaviour to that of similar Me3[9]aneN3. Indeed, both the thia- and aza-

macrocyclic ligands are known to form Ti(IV) adducts [TiCl2(NBu*)([9]aneS3)] and 

[TiC]2(NBu')(Me3[9]aneN3)], with structural characterisation revealing similar six-

coordinate distorted octahedral structures.'"^ The aza-macrocyclic ligand is also known 

to form the isoelectronic complex [TiCl2(0)(Me3[9]aneN3)],'^ thus it is possible that 

[9]aneS3 may also stabilise such a structure. It is therefore suggested that the 

[TiCl4([9]aneS3)] adduct formed here partially hydrolyses in solution to afford a 

decomposition product of formulation [TiCl2(0)([9]aneS3)], which is entirely consistent 

with the above NMR data. Conductivity experiments with MeN02 solutions of 

[TiCl4([9]aneS3)] confirmed the complex is a non-electrolyte, and suggests the complex 

is indeed a rare example of seven-coordinate Ti(IV). While similar NMR studies were 

not possible for the other poorly soluble macrocyclic Ti(IV) complexes, analytical data 

and similar IR spectra suggest these [TiX4([Z]aneS3)] (X = CI, Br, I, Z = 9, 10) 

complexes all adopt similar seven-coordinate structures. 

In order to confirm that the observations from NMR spectroscopy also extend to 

solid state behaviour, single crystal X-ray diffraction studies were undertaken on one of 

the tripodal complexes formed here. Thus, single crystals of [TiBr4{MeC-

(CH2AsMe2)3}] were grown by slow evaporation of a CH2CI2 solution of the complex 

in a dry N2 purged glove box. The resulting structure (Figure 6.6, Tables 6.1, 6.2) 

confirmed that the tripod ligands indeed behave only as bidentates, revealing distorted 

octahedral geometry at Ti(IV) comprising four bromo ligands and two mutually cis 

arsine donor atoms from the potentially tri dentate ligand. The free donor arm extends 

away from the Ti(IV) centre to present a mononuclear species with an uncoordinated 

arsine donor atom. The complex adopts a remarkably similar geometry at the metal 

centre compared with other Ti(IV) structures involving bidentate soft donor ligands (see 

Chapters 3 and 4). Thus, the bromo ligands lean towards the arsine ligand, with angles 

between mutually c/j' bromides greater than that expected for octahedral geometry and 
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the angle between the mutually bromides contracted [162.3(1)°]. Also the Ti-Br 

bond distances for these mutually bromides [2.445(3), 2.471(3) A ] are 

significantly longer than those to As [2.403(3), 2.407(3) A ] , indicating a 

influence of Br > As. The structure of [TiBr4{o-C6H4(AsM62)2)2] discussed in Chapter 

4 provides another rare opportunity to compare the bonding characteristics of similar 

donor ligands in 6- and 8-coordinate complexes. Thus, the Ti-As bond distances in the 

6-coordinate complex [2.680(3), 2.688(3) A ] are ca. 0.05 A shorter than those in the 8-

coordinate complex, consistent with an increased steric crowding leading to longer 

metal-ligand distances in the latter. The Ti-Br distances also increase upon increasing 

coordination number, though the magnitude of the difference is more than three times 

that observed for the Ti-As distances. This is consistent with the high trans influence in 

the 6-coordinate adduct leading to short Ti-Br distances trans to As, while the absence 

of formally trans ligands in the 8-coordinate complex leads to increased bond distances 

beyond that expected for increasing the coordination number alone. These data parallel 

the observations from directly comparable 6- and 8-coordinate TiCU adducts involving 

the bidentate phosphine ligand o-C6H4(PMe2)2 discussed in Chapter 4. 

Figure 6.6 View of the structure of |TiBr^{MeC(CIl2AsM02)3}] with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

Bi(2) 

B K 3) 

C ( 1 0 ) 
AsO) 

B i ( 4 ) 

C ( l l ) 

B i ( i ) 
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Table 6,1 Selected bond lengths for [TiBr4{MeC{CH2AsMe2)41 • 

Bond Distance / A Bond Distance / A 

Ti(l) - A s ( l ) 2.680(3) T i ( l ) -As (2 ) 2.688(3) 

Ti(l) - B r ( ] ) 2.471(3) Ti ( l ) -Br(2) 2.445(3) 

Ti(l) -Br(3) 2.407(3) Ti ( l ) -Br(4) 2.403(3) 

Table 6.2 Selected bond angles for [TiBr4{MeC(CH2AsMe2)3}]. 

Bond Angle / ° Bond Angle / ° 

A s ( l ) - T i ( l ) - As(2) 82.97(9) A s ( l ) - T i ( l ) - B r ( l ) 82.57(10) 

A s ( l ) -- T i ( l ) - Br(2) 84.78(10) A s ( l ) - T i ( ] ) - B r ( 3 ) 83.36(10) 

A s ( l ) -- T i ( l ) - Br(4) 168.4(1) A s ( 2 ) - T i ( l ) - B r ( l ) 81.53(10) 

As(2)-- T i ( l ) - Br(2) 84.70(10) A s ( 2 ) - T i ( l ) - B r ( 3 ) 166.30(13) 

As(2)- T i ( l ) - Br(4) 85.39(10) B r ( l ) - T i ( l ) - B r ( 2 ) 162.3(1) 

B r ( l ) - T i ( l ) - Br(3) 95.93(11) B r ( l ) - T i ( l ) - B r ( 4 ) 95.97(11) 

Br(2)- T i ( l ) - Br(3) 94.84(12) Br (2 ) -T i ( l ) -Br (4 ) 93.93(11) 

Br(3)- T i ( l ) - Br(4) 108.29(13) 

Also, in view of the paucity of structurally characterised seven-coordinate Ti(IV) 

and Zr(IV) complexes, crystal growing attempts were undertaken for the macrocyclic 

adducts formed here. However, the extremely poor solubility of the complexes in non-

coordinating solvents prevented crystallisation by slow evaporation, while the high 

sensitivity of weak MeNOi solutions of [TiCl4([9]aneS3)] afforded only slow 

decomposition in solution. Thus, crystal growth was attempted by reaction of slowly 

diffusing solutions of the metal halide precursor and the macrocyclic ligand. INfo crystals 

were observed for the Ti(IV) adducts, with diffusion affording only the precipitation of 

the complex as a fine powder. However, single crystals of [ZrCl4([9]aneS3)] were 

obtained via slow diffusion of weak CH2CI2 solutions of [ZrCl4(Me2S)2] and [9]aneS3 in 

a dry N; purged glove box. Unfortunately, the crystals obtained were extremely small 

and weakly diffracting, and repeated attempts to grow larger crystals by other methods 

were unsuccessful. Nevertheless, the resulting structure (Figure 6.7, Table 6.3, 6.4) 
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clearly shows facial coordination of all three S-donor atoms of the macrocyclic ligand, 

with retention of the four chloro ligands presenting a rare 7-coordinate structure. Close 

inspection of the coordination environment at Zr(IV) reveals the chloro ligands lie 

almost coplanar to form the trigonal equatorial plane, with bond angles between these 

chlorides close to 120° [ZCleq - Ti - Cleq' = 115.0(4), 119.2(4), 120.9(4)°]. These 

planar chlorides lean slightly towards the fourth chloride positioned in the remaining 

axial site [ZCla^ - Ti - Cl̂ q = 81.7(4), 81.9(4), 84.1(4)°], presumably in order to reduce 

repulsion &om the sterically crowded macrocycle site. Unfortunately, the weak 

diffraction data obtained G-om the small crystals resulted in higher than normal 

residuals, thus precluding more detailed discussion of the geometric parameters. 

Nevertheless, the observed Zr-Cl bond lengths [av. 2.423(11) A ] are longer than those 

in the 6-coordinate Zr(lV) complex [ZrCl4{MeS(CH2)3SMe}] [av. 2.384(2) A ] and 

shorter than those in 8-coordinate [ZrCl4{MeS(CH2)2SMe}2 [av. 2.486(2) A ] . This is 

consistent with the expected increase in Zr-Cl bond lengths on increasing coordination 

number and hence steric crowding at the metal centre. These data also support the 

conclusions from IR spectroscopy of these adducts, which shows a significant decrease 

in Zr-Cl stretching frequency upon increasing coordination number. 

Figure 6.7 View of the structure of [ZrCl4([9]aneS3)] with numbering scheme 

adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

cKn 

Cl(4) 

Page 190 



Chapter 6 Ti(IV) and Zr(IV) Halide Complexes with Tridentate Soft Donor Ligands 

Table 6.3 Selected bond lengths for [ZrCl4([9]aneS3)]. 

Bond Distance / A Bond Distance / A 

Z r ( l ) - S ( l ) 2.778(10) Zr ( l ) - S(2) 2.711(13) 

Z r ( l ) - S ( 3 ) 2.752(11) Z r ( l ) - Cl(l) 2.432(11) 

Zr( l ) -Cl (2) 2.401(10) Z r ( l ) - Cl(3) 2.423(10) 

^ r ( l ) - C l ( 4 ) 2.455(12) 

Table 6.4 Selected bond angles for [ZrCUdPJaneSs)]. 

Bond Angle / ° Bond Angle / ° 

S ( l ) - Z r ( l ) - S ( 2 ) 73.7(4) S(l) - Z r ( l ) - S ( 3 ) 74.5(3) 

S ( 2 ) - Z r ( l ) - S ( 3 ) 73.4(4) S(l) - Z r ( l ) - C l ( l ) 75.7(4) 

S ( l ) - Z r ( l ) - C l ( 2 ) 75.1(3) S(l) - Z r ( l ) -Cl(3) 142.1(4) 

S ( l ) - Z r ( l ) - C l ( 4 ) 133.7(4) S(2) -Zr ( l ) - C l ( l ) 139.9(4) 

S ( 2 ) - Z r ( l ) - C l ( 2 ) 76.6(4) S(2) -Zr ( l ) -Cl(3) 77.3(4) 

S ( 2 ) - Z r ( l ) - C l ( 4 ) 138.4(4) S(3) -Zr( l ) -- C l ( l ) 74.0(4) 

S ( 3 ) - Z r ( l ) - C l ( 2 ) 142.0(4) S(3) -Zr( l ) -Cl(3) 74.2(3) 

S ( 3 ) - Z r ( l ) - C l ( 4 ) 136.1(4) Cl(l) - Z r ( l ) -Cl (2 ) 119.2(4) 

C l ( l ) - Z r ( l ) - C I ( 3 ) 115.0(4) Cl(l) - Z r ( l ) -Cl (4 ) 81.7(4) 

C l ( 2 ) - Z r ( l ) - C l ( 3 ) 120.9(4) Cl(2) - Z r ( l ) -Cl (4 ) 81.9(4) 

C l ( 3 ) - Z r ( l ) - C l ( 4 ) 84.1(4) 

Following the unexpected observation by IR spectroscopy of an 8-coordinate 

Zr(IV) complex with MeC(CH2AsMe2)3, single X-ray diffraction studies were 

undertaken to establish the identity of the complex. Thus, single crystals were grown by 

slow evaporation of the weak CH2CI2 filtrate obtained from the attempted synthesis of 

[ZrCl4{MeC(CH2AsMe2)3}]. The resulting structure (Figure 6.8, Tables 6.5, 6.6) 

confirms the presence of dodecahedral 8-coordinate Zr(rV), showing four As-donor 
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atoms occupying A-type vertices and four chloro ligands occupying the B vertices. The 

arsine donor set comprises two mutually coordinated donor atoms &om two 

independent tripodal ligands behaving as bidentates. As with the 6-coordinate Ti(IV) 

adduct with this ligand, the third donor arms extend away from the metal centre and 

remain uncoordinated. This is consistent with the observation that reaction of Zr(IV) 

with the bidentate arsine ligand o-C6H4(AsMe2)2 aflbrds 8-coordinate [ZrCL ĵo-

C6H4(AsMe2)2}2] even at low ligand concentrations (Chapter 5). Indeed, the structure of 

the tripodal complex reported here shows comparable local geometry at Zr(IV) to that 

observed for [ZrCl4{o-C6H4(AsMe2)2}2]. One notable difference is the increased ligand 

bite angle [74.71(4)°] compared with the o-C6H4(AsMe2)2 structure [70.49(6)°], 

consistent with the greater flexibility of the tripodal ligand. While the reaction filtrate 

crystallisation method utilised here presents the possibility that the observed species is 

simply an impurity, the structure is consistent with the conclusions of 8-coordinate 

Zr(IV) from IR spectroscopy of the bulk complex. Thus, it appears that the tripodal 

ligand preferentially stabilises 8-coordination at Zr(IV), with the inconsistent analytical 

data attributed to decomposition of the solid during data acquisition. This could be 

confirmed by comparing powder X-ray diffraction data firom the bulk sample with that 

of the crystal structure and by obtaining microanalytical data for the crystalline form. 

Figure 6.8 View of the structure of |ZrCI4{MeC(CH2AsM€2)3}21 with numbering 

scheme adopted. Ellipsoids drawn at 40%, H-atoms omitted for clarity. 

^ 6 . ^ Cl(2*) 

As(2*) 
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Table 6,5 Selected bond lengths for [ZrCl4{MeC(CH2AsMe2)3}2]. 

Bond Distance / A Bond Distance / A 

Z r ( l ) - A s ( l ) 2.895(2) Zr( l ) -As(2) 2.909(2) 

Z r ( l ) - a ( l ) 2.530(4) Zr( l ) -Cl(2) 2.492(4) 

l>blc 6.6 Selected bond angles for [ZrCI4{MeC(CH2AsM62)3}21• 

Bond Angle / ° Bond Angle / ° 

As(l) - Z r ( l ) -As(2) 74.71(4) A s ( l ) --Zr( l ) -- As(l)* 122.57(9) 

A s ( l ) --Zr( l ) -- As(2)* 130.56(4) As(2) --Zr( l ) - As(2)* 132.55(9) 

As(l) - Z r ( l ) - C l ( l ) 70.27(9) As(l) - Z r ( l ) -Cl(2) 78.94(9) 

As ( l ) --Zr(I)--Cl(l)* 73.49(10) As ( l ) -'Zr ( l ) -- Cl(2)* 146.68(9) 

As(2) - Z r ( l ) - C l ( l ) 144.88(9) As(2) -Zr( l ) --Cl(2) 76.62(10) 

As(2) --Zr( l ) --Cl(l)* 72.71(9) As(2)--Zr( l ) - Cl(2)* 72.09(9) 

Cl(l) -Zr ( l ) -- Cl(2) 93.91(13) C l ( l ) - Z r ( l ) - Cl(l)* 99.4(2) 

C l ( l ) - Z r ( l ) - Cl(2)* 143.01(12) Cl(2)- Z r ( l ) - Cl(2)* 95.9(2) 

6.3 Conclusions 

The complexes [TiX4(L3)] {X = CI, Br, L3 = MeC(CH2EMe)3 (E = S, Se); X = CI, 

Br, I, L3 = MeC(CH2AsMe2)3 and [Z]aneS3 (Z = 9, 10)} have been prepared vza the 

reaction of TiX4 with the respective tridentate ligand, L3 in anhydrous /z-hexane (X = 

CI) or CH2CI2 (X = Br, I). Similarly, reaction of [ZrCl4(Me2S)2] with L3' {L3' - MeC-

(CH2EMe)3 (E = S, Se) and [Z]aneS3 (Z = 9, 10)} in anhydrous CH2CI2 afforded the 

complexes [ZrCl4(L3')] upon gentle pumping to remove Me2S. Whereas reaction of 

[ZrCl4(Me2S)2] with MeC(CH2AsMe2)3 yields 8-coordinate [ZrCl4{MeC(CH2-

AsMe2)3}2] even at low ligand concentrations. 
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While the geometry at Ti(IV) and Zr(IV) could not be ascertained with confidence 

from far IR spectroscopy, the observed metal-halide stretching j&equencies have been 

informative. Thus, the tripodal ligand Ti(IV) adducts exhibit frequencies comparable 

with those observed for similar 6-coordinate Ti(IV) complexes, while the macrocyclic 

adduct frequencies are shifted significantly to low frequency, possibly indicating a 

change in geometry at Ti(IV). Furthermore, the stretching frequencies of the Zr(IV) 

adducts lie midway between those observed for similar 6- and 8-coordinate Zr(IV) 

adducts, suggesting 7-coordination. One exception was the Zr(IV) adduct with 

MeC(CH2AsMe2)3, which exhibited Zr-Cl stretching frequencies almost identical to 

those observed for structurally authenticated 8-coordinate [ZrCl4{o-C6H4(AsMe2)2}2]. 

Variable temperature and NMR spectroscopy of the tripodal ligand 

Ti(IV) adducts confirmed the complexes are indeed 6-coordinate, with the tripodal 

ligand behaving as a bidentate. The spectra also revealed the solution stability of the 

complexes, with increased ligand dissociation observed on decreasing the Lewis acidity 

of the metal centre (TiBr4 cf. TiCl4) or increasing the sofbiess of the donor atom (Se cf. 

S). The macrocyclic adduct [TiCl4([9]aneS3)] exhibited slight solubility in anhydrous 

MeN02, with the resulting NMR spectra confirming symmetric coordination of the 

ligand to present a rare example of 7-coordinate Ti(IV). The NMR spectra also revealed 

the presence of a partially hydrolysed decomposition product, tentatively assigned as 

[TiCl2(0)([9]aneS3)]. 

X-ray crystallography of [TiBr4{MeC(CH2AsMe2)3}] confirmed the tripodal ligand 

behaves as a bidentate, with geometry at Ti(IV) comparable with similar 6-coordinate 

complexes involving bidentate ligands. The structure of [ZrCl4([9]aneS3)] confirmed 

symmetrical coordination of the ligand to reveal a rare example of 7-coordinate Zr(IV). 

The observed Zr-Cl bond distances are midway between those observed for similar 6-

and 8-coordinate thioether Zr(IV) complexes, consistent with the observations from IR 

spectroscopy. The structure of [ZrCl4{MeC(CH2AsMe2)3}2] confirms bis-coordination 

of tripodal ligands acting as bidentates to afford 8-coordinate Zr(IV). The observed 

structure is comparable with similar [ZrCl4{o-C6H4(AsMe2)2}2], though with increased 

ligand bite angle for the more flexible tripodal ligand. 

Page 194 



Chapter 6 Ti(rV) and Zr(IV) Halide Complexes with Tridentate Soft Donor Ligands 

6.4 Experimental 

Tripodal arsine/^ thio-'^ and seleno-ether'^ ligands and [9]aneS3^° were prepared 

vza literature procedures, while [lOJaneS] and TiX4 were used as received from Aldrich 

Chemical Company and [ZrCl4(Me2S)2] prepared as described in Chapter 5. Rigorously 

anhydrous M-hexane and CH2CI2 were &eshly distilled over sodium/ benzophenone and 

CaH2 respectively, and degassed with dry N2. All reactions were performed under an N2 

atifiosphere using standard Schlenk techniques. The products were transferred and 

stored in a dry, continuously Ns-purged glove box, as were all sample preparations. 

[TiCl4{MeC(CH2SMe)3}| 

TiCl4 (0.10 cm^, 0.91 mmol) was added wa degassed syringe to a solution of 

MeC(CH2SMe)3 (0.19 g, 0.91 mmol) in dry, degassed M-hexane (20 cm^), affording the 

immediate precipitation of a bright yellow solid. This was filtered, washed with n-

hexane (5 cm^) and dried m vacuo to give the required [TiCl4{MeC(CH2SMe)3}] (yield 

0.35 g, 87 %). Required for [CgHigCLtSsTi]: C = 24.0, H = 4.5 %; found: C - 23.8, H = 

4.4 %. 'H TSIMR (300 K): 6 2.87 (br, .y, CH2, 6H), 2.36 (br, .y, CH3S, 9H), 1.24 (br, j, 

CH3C, 3H); (180 K): 3.2 (br, CHz, 6H), 2.68 (j, CH2 &ee arm, 3H), 2.55 (̂ , CH; &ee 

ligand), 2.53, 2.51 (j, CH3S, 6H), 2.07 (j, CH3S free arm, 3H), 2.01 (.;, CH3S &ee 

ligand), 1.17 ( ,̂ CH3C, 3H), 1.07 (ĵ , CH3C &ee ligand). NMR (300 K): 6 47.9 

(CH2), 39.8 (C), 25.1 (Me), 22.9 (MeS); (180 K): 49.2, 47.4 (CH2), 44.8 (CH2 free arm), 

40.1 (C), 25.9, 25.7 (MeS) 24.9 (Me), 18.0 (MeS free arm). IR v(TiCl): 411, 399, 389, 

379 cm-\ 

[TlCl4{MeC(CH2SeMe)3}] 

As above, but using MeC(CH2SeMe)3 (0.32 g, 0.91 mmol). An orange solid was 

isolated as the required [TiCl4{MeC(CH2SeMe)3}] (yield 0.44 g, 82 %). Required for 

[CgHigCLtSesTi]: C = 17.8, H - 3.5 %; found: C = 17.9, H = 3.4 %. NMR (300 K): 6 

2.74 (br, CH2, 6H), 2.49 (br, .9, CH3S, 9H), 1.30 (br, CH3C, 3H); (180 K): 3.1 (br, .y, 

CH?, 6H), 2.70 (.y, CH2 fi-ee arm, 3H), 2.63 (̂ , CH2 free ligand), 2.45, 2.43 (.r, CH3S, 

6H), 1.98 (.9, CH3S &ee arm, 3H), 1.93 (̂ , CH3S 6ee ligand), 1.20 (.y, CH3C, 3H), 1.11 
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CH3C free ligand). NMR (300 K): no spectrum; (180 K): 6 46.1, 45.1 

(CHz), 39.9 (C), 37.1 (CH2 &ee arm), 26.7 (Me), 18.5, 18.1 (MeS), 8.5 (MeS &ee arm). 

IR v(TiCl): 402, 396, 389, 384 crn'^ 

[TiCl4{MeC(CH2AsMe2)3}i 

As above, but using MeC(CH2AsMe2)3 (0.35 g, 0.91 mmol). An orange solid was 
? 

isolated as the required [TiCl4{MeC(CH2AsMe2)3}] (yield 0.49 g, 86 %). Required for 

[CiiH27As3Cl4Ti]: C = 23.0, H = 4.7 %; found: C = 23.0, H = 4.9 %. 'H NMR (300 K): 

8 2.15 (/M, CH2, 4H), 1.74 ( ,̂ CH; 6ee arm, 2H), 1.58 ( ,̂ CH3AS, 12H), 1.23 (;y, CH3C, 

3H), 0.95 ( ,̂ CH3AS free arm, 6H). IR v(TiCl): 400, 375, 368, 354 cm '. 

[TiCl4([9|aneS3)] 

As above, but using [9]aneS3 (0.16 g, 0.91 mmol). A yellow solid was isolated as 

the required [TiCl4([9]aneS3)] (yield 0.34 g, 92 %). Required for [CgHuCLtSgTi]: C = 

19.5, H - 3.3 %; found: C = 19.3, H = 3.3 %. NMR (CD3NO2, 300 K): 8 4.17^.07, 

3.91-3.81 (m, CH2, 6H). NMR (CD3NO2, 300 K): 43.1(^, CH2). IR v(TiCl): 

443,416(br), 384cm- \ 

[TiCl4([10]aneS3)] 

As above, but using [10]aneS3 (0.18 g, 0.91 mmol). A dull yellow solid was 

isolated as the required [TiCl4([lO]aneS3)] (yield 0.30 g, 78 %). Required for 

[C7Hi4Cl4S3Ti]: C - 21.9, H = 3.8 %; found: C = 21.7, H - 4.0 %. IR v(TiCl): 427, 409, 

401 cm"'. 

[TiBr4{MeC(CH2SMe)3j j 

MeC(CH2SMe)3 (0.17 g, 0.82 mmol) in dry, degassed CH2CI2 (10 cm^) was added 

to a solution of TiBr4 (0.30 cm^, 0.82 mmol) in CH2CI2 (30 cm^). The resulting red 

solution was stirred for 30 min. then concentrated m vacwo to 5cm^. Addition of dry, 

degassed /z-hexane (20cm^) afford an orange solid that was filtered, washed with Pi-
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hexane (5 cm^) and dried m vacuo to give the required [TiBr4{MeC(CH2SMe)3}] (yield 

0.44 g, 76 %). Required for [C8Hj8Br4S3Ti]: C = 16.6, H = 3.1 %; found: C = 16.5, H = 

3.1 %. 'H NMR (300 K): S 2.90 (br, % , 6H), 2.40 (br, CH3S, 9H), 1.20 (br, 

CH3C, 3H); (180 K): 3.4 (br, .y, CHz, 6H), 2.63 (.y, CH2 free a m , 3H), 2.59, 2.57 ( ,̂ 

CH3S, 6H), 2.50 (j', CH2 free ligand), 2.06 (j', CH3S &ee arm, 3H), 2.01 ( ,̂ CH3S &ee 

ligand), 1.18 ( ,̂ CH3C, 3H), 1.07 (.9, CH3C &ee ligand). NMR (300 K): no 

sppctrum; (180 K): 6 49.4, 47.2 (CHz), 43.4 (CHz free arm), 42.7 (CHz &ee ligand), 38.9 

(C), 27.4, 27.3 (MeS) 23.7 (Me), 18.0 (MeS free arm), 17.1 (MeS 6ee ligand). IR 

v(TiBr): 333, 325, 315, 307 cm '. 

[TiBr4{MeC(CH2SeMe)3}| 

As above, but using MeC(CH2SeMe)3 (0.29 g, 0.82 mmol). A red solid was 

isolated as the required [TiBr4{MeC(CH2SeMe)3}] (yield 0.51 g, 72 %). Required for 

[C8H]gBr4Se3Ti]: C - 13.4, H = 2.5 %; found: C = 13.7, H - 3.0 %. 'H NMR (300 K): 

no spectrum; (180 K): 6 3.3 (br, CHz, 6H), 2.73 (.y, CHz G-ee arm, 3H), 2.70 (.y, CHz 

free ligand), 2.55, 2.52 ( ,̂ CH3S, 6H), 2.03 (j, CH3S free arm, 3H), 2.00 (.;, CH3S 6ee 

ligand), 1.23 (.9, CH3C, 3H), 1.12 ( ,̂ CH3C firee ligand). '^C{'H} NMR: no spectrum. IR 

v(TiBr): 322, 307, 301, 295 cm '. 

[TiBr4{MeC(CH2AsMe2)3}] 

As above, but using MeC(CHzAsMe2)3 (0.32 g, 0.82 mmol). A red solid was 

isolated as the required [TiBr4{MeC(CH2AsMe2)3}] (yield 0.54 g, 72 %). Required for 

[CnHz7As3Br4Ti]: C = 17.6, H = 3.6 %; found: C = 18.1, H = 3.7 %. 'H NMR (300 K): 

6 2.2 (,M, CHz, 4H), 1.75 ( ,̂ CHz &ee arm, 2H), 1.71, (.9, CH3AS, 12H), 1.26 (;y, CHaC, 

3H), 0.96 (j, CH3AS free arm, 6H). IR v(TiBr): 326, 313, 284, 279 cm \ 

[TiBr4([9|aneS3)] 

As above, but using [9]aneS3 (0.15 g, 0.82 mmol). An orange solid was isolated as 

the required [TiBr4([9]aneS3)] (yield 0.47 g, 87 %). Required for [C6HizBr4S3Ti]: C 

13.2. H - 2.2 %; found: C = 13.0, H = 2.4 %. IR v(TiBr): 358, 345, 339 cm"'. 

Page 197 



Chapter 6 Ti(IV) and Zr(IV) Halide Complexes with Tridentate Soft Donor Ligands 

[TiBr4([10|aneS3)] 

As above, but using [lOjaneSs (0.16 g, 0.82 mmol). An orange solid was isolated as 

the required [TiBr4([I0]aneS3)] (yield 0.41 g, 73 %). Required for [C7Hi4Br4S3Ti]: C = 

15.0, H = 2.5 %; found: C - 14.6, H = 2.4 %. IR v(TiBr): 359, 345, 338 cm '. 

[Til4{MeC(CH2AsMe2)3}] 
? 

Til4 (0.20 g, 0.36 mmol) was dissolved in mildly refluxing dry CH2CI2 (80 cm^), 

with subsequent removal of undissolved solids v/a filtration aflbrding a deep purple 

solution. Addition of MeC(CH2AsMe2)3 (0.14 g, 0.36 mmol) in dry, degassed CH2CI2 

(10 cm )̂ gave an immediate colour change and the resulting red solution was stirred for 

30 min., then concentrated m vacMO to 5 cm .̂ Dry, degassed M-hexane (20 cm )̂ was 

added and CH2CI2 was removed in vacuo to afford a dark purple n-hexane solution with 

some dark precipitate. This was filtered to give the required [Til4{MeC(CH2AsMe2)3}], 

though the partial solubility of the complex in M-hexane gave a reduced yield (0.30 g, 32 

%). Required for [CiiH27As3l4Ti]: C = 14.1, H = 2.9 %; found: C = 14.0, H - 3.2 %. 

[TiL,(I9|aneS3)j 

As above, but using [9]aneS3 (0.07 g, 0.36 mmol). A purple solid was isolated as 

the required [Til4([9]aneS3)] (yield 0.32 g, 43 %). Required for [C6Hi2l4S3Ti]: C = 9.8, 

H = 1.6 %; found: C - 9.6, H - 1.7 %. 

[Tll4([10]aneS3)] 

As above, but using [10]aneS3 (0.07 g, 0.36 mmol). A purple solid was isolated as 

the required [Til4([10]aneS3)] (yield 0.23 g, 31 %). Required for [CvHM^SsTi]: C -

11.2,H= 1.9 %; found: C= 11.5, H = 2.0 %. 

[ZrCl4{MeC(CH2SMe)3}j 

MeC(CH2SMe)3 (0.13 g, 0.62 mmol) in dry, degassed CH2CI2 (10 cm )̂ was added 

to a solution of [ZrCl4(Me2S)2] (0.20 g, 0.56 mmol) in CH2CI2 (50 cm^). The solution 
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was slowly concentrated in vacuo to 20 cnf and stirred under N2 for 24 hours. Further 

concentration and addition of m-hexane (10 cm )̂ afforded a white solid that was filtered, 

washed with M-hexane (10 cm )̂ and dried m vacwo to give the required [ZrCL̂ -

{MeC(CH2SMe)3}] (yield 0.27 g, 61 %). Required for [CgHigC^SsZr]: C - 21.7, H = 

4.1 %; found: C - 21.5, H - 4.3 %. IR v(ZrCl): 328 br cm'^ 

[ZrCl4{MeC(CH2SeMe)3}] 

As above, using MeC(CH2SeMe)3 (0.22 g, 0.62 mmol). A white solid was isolated 

as the required [ZrCl4{MeC(CH2SeMe)3}] (yield 0.31 g, 54 %). Required for [CgHig-

Cl4Se3Zr]: C = 16.5, H = 3.1 %; found: C = 16.1, H = 3.3 %. IR v(ZrCl): 324 br cm-\ 

(ZrCl4([9]aneS3)| 

As above, but using [9]aneS3 (0.11 g, 0.62 mmol). A white solid was isolated as the 

required [ZrCl4([9]aneS3)] (yield 0.34 g, 82 %). Required for [C6Hi2Cl4S3Zr]: C = 17.4, 

H = 2.9 %; found: C = 17.1, H = 3.3 %. IR v(ZrCl): 332 br cm-\ 

[ZrCl4([10|aneS3)j 

As above, but using [10]aneS3 (0.12 g, 0.62 mmol). A white solid was isolated as 

the required [ZrCl4([10]aneS3)] (yield 0.28 g, 65 %). Required for [C6H,2CL,S3Zr]: C 

19.7. H = 3.3 %; found: C = 19.2, H = 3.0 %. IR v(ZrCl): 320 br cm '. 

[ZrCl4{MeC(CH2AsMe2)3}2] 

From attempted synthesis of [ZrCl4{MeC(CH2AsMe2)3}], using MeC(CH2AsMe2)3 

(0.24 g, 0.62 mmol). A white solid was isolated as [ZrCl4{MeC(CH2AsMe2)3}2] (yield 

0.31 g, 74 % with respect to ligand concentration). Required for [C22H54Cl4As6Zr]: C = 

26.4, H = 5.4 %; found: C = 21.0, H = 4.2 %. Required for [ZrCl4{MeC(CH2AsMe2)3}], 

[CgHigCLtSeaZr]: C = 21.4, H = 4.4 %. IR v(ZrCl): 300, 304 cm '. 
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Crystallographic Studies 

Details of the crystallographic data collection and refinement parameters are given 

in Table 6.7. Crystals of [TiBr4{MeC(CH2AsMe2)3}] were grown in a dry N2 purged 

glove box vza slow evaporation of a CH2CI2 solution of the complex, while crystals of 

[ZrCl4{MeC(CH2AsMe2)3}2] were grown similarly from the CH2CI2 filtrate obtained 

66m the complex synthesis. Crystals of [2^l4([9]aneS3)] were grown vm slow diffusion 

ofiweak CH2CI2 solutions of [ZrCl4(Me2S)2] and [9]aneS3 in a dry N2 purged glove box. 

Data collection used an Enraf Nonius Kappa CCD diffractometer equipped with an 

Oxford Systems open-flow cryostat operating at 150 K, with graphite monochromated 

Mo-Ka radiation (A. = 0.71073 A). Structure solution^^ and refinement'"'^^'^"^ were 

routine. 
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Table 6.7 Crystailographic data collection and refinement parameters for 

{MeC(CH2AsMei)]}], [ZrCl4{MeC(CH2AsMe2)3}2] & [ZrCl4([9]aneS3)]. 

[TiBr^ (MeCCCHzAsMez)]} ] [ZrCl, {MeC(CH2 AsMe;)]} 2] [Zra4([9]aneS3)] 

Formula C| iHi^As^Br^Ti CizHg^AsgCI^Zr CgHizCUSsZr 

Formula weight 751.62 1001.23 413.37 

Crystal system Orthorhombic Tetragonal Monoclinic 

Space group (#33) P4,2,2 (#92) P2,/c (# 14) 

a / A 23.4808(5) 10.6325(2) 11.5442(10) 

6/A 9.4899(2) 10.6325(2) 8.4604(7) 

c / A 9.9052(2) 33.0844(8) 13.9222(13) 

a / " 90 90 90 

90 90 98.270(4) 

yr 90 90 90 

[//A^ 2207.18(7) 3740.19(12) 1345.6(2) 

z 4 4 4 

XMo-Ka) / cm"' 121.05 58.61 20.36 

No. of unique 

reflections 
3509 2568 3973 

7(̂ 1 (based on 0.074 0.082 0.218 

No. of obs. 

reflections " 
1769 1811 725 

No. of parameters 171 150 127 

R"" 0.047 0.063 0.097 

Kv' 0.051 0.076 0.111 

Observed if [/o > 3 

";; = Z(|Fobs|i-|Fcalc|i)/Z|Fobs|i 

' = V[Z Wi(|F,bs|i - IFcaieli)' / IWi|Fobs|, 
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E. L. Muetterties, C. M .Wright, V! CAe/M. 6'oc., 1965, 87,4706. 

6 

7 

8 

9 

10 

11 

12 

13 M. J. Frazer, Z. Goffer, J. CAem. 6'oc. (W,), 1966, 544. 

A. J. Blake, P. Mountfbrd, M. Schroder, P. J. Wilson, V! CAem. 6'oc., CAe/M. 
CoTM/MWM., 1998, 1007. 

M. G. Drew, Prog. /Morg. CAe/M., 1977, 23, 67. 

G. Haselhorst, P. Jeske, B. Nuber, T. Weyhermiiller, K. Wieghardt, CAg/w., 
1994, 33,2462. 

R. D. Feltham, A. Kasenally, R. S. Nyhohn, Vi OrgoMo/Mgr. CAe/M., 1967, 7, 285. 

R. Ali, S. J. Higgins, W. Levason, VMorg. CAz/M. 1984,84, 65. 

D. J. Gulliver, E. G. Hope, W. Levason, S. G. Murray, D. M. Potter, G. L. Marshall, 
J! CAe/M. .S'oc., 1984,429. 

D. Sellmann, L. Zapf̂  CAe/M. /Ar. E»gA, 1984, 23, 807. 

PATTY, The DIRDIF Program System, G. Admiraal, G. Beurskens, P. T. Beurskens, 
W. P. Bosman, S. Garcia-Granda, R. O. Gould, J. M. M. Smits, C. Smykalla, 
Technical Report of the Crystallography Laboratory, University of Nijmegen, 1992. 

TeXsan, Crystal Structure Analysis Package, Molecular Structure Corporation, 
Houston, Texas, 1995. 
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APPENDIX 

Microanalytical data for air stable complexes were collected by the University of 

Strathclyde analytical laboratory, while the moisture sensitive complexes were analysed 

by Prof. W. Levason at the University of Southampton using an F&M Model 185 

Analyser. Electrospray mass spectrometry, where utilised, was performed using MeCN 

as the'carrier solvent to a VG Biotech Platform. Infrared spectra were recorded using a 

Perkin Elmer FT-IR 1710 spectrophotometer and electronic spectra were recorded by 

diffuse reflectance on a Perkin Elmer Lambda 19 UV/visible spectrometer. 

Room temperature NMR spectra were recorded using a Bruker AM300 

spectrometer operating at 300 MHz and referenced to TMS, while for all other NMR 

spectra, a Bruker AM360 spectrometer was used. 'H and NMR spectra were 

recorded at 360 and 90.6 MHz operational 6equency respectively and referenced to 

SiMe4. ^^P{'H} and ^^Se{^H} NMR spectra were recorded at 145.5 and 68.7 MHz and 

referenced to an external 85% aqueous H3PO4 solution and to neat Me2Se, respectively. 

^̂ Mn NMR spectra were recorded at 24.84 MHz operating &equency using an aqueous 

KMn04 solution as an external reference. 

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 is a 

sealed X-ray tube, while a Nonius FR591 rotating anode X-ray generator was used for 

the latter. In all cases, carefully selected crystals were mounted onto a glass fibre with 

grease and subsequently frozen dtuing low temperature (150 K) collection using an 

Oxford Systems open-flow cryostat. 


