Molecular Precursor Routes to Transition Metal Sulfides

Christopher Walter Dinnage

Supervised by Dr. C. J. Carmalt and Prof. 1. P. Parkin

Christopher Ingold Laboratories, University College London

This thesis is submitted in partial fulfilment of the requirements for
the degree of Doctor of Philosophy (Chemistry)



ProQuest Number: U642790

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest U642790
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract

This thesis is primarily concerned with the synthesis of homoleptic early
transition metal thiolates and the subsequent preparation of bulk and thin-film
metal disulfides from these compounds. Chapter 1 gives an introduction into the
properties, preparation procedures and uses of bulk and thin-film transition metal
disulfides as well as giving an overview of early transition metal thiolates
synthesied so far in the literature (for titanium, zirconium, tantalum and
niobium). Chapter 2 is concerned with the synthesis of a number of ionic and
neutral transition metal thiolates. The main synthetic methodologies discussed in
this chapter include substitution reactions of transition metal amides and alkyls
with thiols, salt metathesis reactions of transition metal chlorides with alkali
metal thiolates or with a base / thiol and the use of Grignard reagents. Chapter 3
discusses the preparation of bulk transition metal disulfides using the thiolates
prepared in the previous chapter via a thio “sol-gel” route. The preparation of a
range of bulk metal and mixed-metal disulfides using transition metal chlorides
and hexamethyldisilathiane is also discussed in this chapter. Finally, chapter 4 is
concerned with the attempted preparation of thin-films of some transition metal
disulfides. Decomposition studies of some of the thiolates prepared in chapter 2
are discussed using thermal gravimetric analysis. Vapour-phase deposition
studies are also explored in order to test the potential of the transition metal
thiolates as precursors to the disulfides. Experiments using low-pressure
chemical vapour deposition and aerosol-assisted chemical vapour deposition are

also described.
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Chapter 1 Introduction

1.1 Transition metal disulfides

Transition metal dichalcogenides are extremely versatile compounds that
exhibit a wide range of electronic and optical properties.! For example, titanium
disulfide (TiS;) and molybdenum disulfide (MoS;) are semiconducting materials,
titanium and tungsten diselenides (TiSe; and WSe,) are semi-metals and tantalum
disulfide (TaS,) is a supf:rconductor.2 The disulfides of titanium, zirconium,
hafnium, vanadium, niobium and tantalum have layer structures. These structures
comprise of two adjacent close-packed layers of sulfur atoms with the transition
metal atoms in octahedral interstices. These are then stacked so that there are
adjacent layers of sulfur atoms (Figure 1.1).> Lithium can be intercalated into these
layers of the lattice making it a viable cathode material for both bulk and thin-film
rechargeable lithium batteries.* The layers are held together by weak van der Waals
forces. These layers can easily slide over each other and therefore make the
disulfides useful solid lubricant materials.>” Molybdenum disulfide, which also has
a layered structure, is used as a solid lubricant for high-precision space-borne
applications such as satellite bearings, gears and gimbals.8 Transition metal

disulfides have also found uses as hydrogenation catalysts.5 7
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m# |

Figure 1.1 Layered structure of TiSz (titanium - white; sulfur - black)”

The optical and electronic properties of semiconducting metal disulfide
materials are strongly affected by inhomogenities and impurities in the structure that
may be caused by the preparation procedure. The conventional synthesis of these
compounds involves direct combination of the materials in evacuated silica tubes.”
This method requires high temperatures of around 1000 °C for prolonged periods of
time, with repeated grinding and reheating of the constituent elements. It is believed

that this could lead to the incoiporation of impurities into the sulfides produced,
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together with undesirable microstructure. The preparation procedure is also energy
and time-consuming. It would therefore be preferable to develop a rapid, low-
temperature preparation of transition metal sulfides with improved purity and greater
control of microstructure. In addition, for some of the applications outlined above

thin-films of the metal sulfides are required.

1.2 Physical deposition methods

Physical deposition techniques involve vaporising a substance from one
place and transporting it to another to produce a thin-film on a substrate. This can be
achieved using a beam of ions where the kinetic energy of the ions converts the
substance to the gas phase in a process called sputtering. This technique has been
used for the production of thin-films of TiS,.'® Several physical deposition processes
for NbS, have also been reported.” Thin-films of TiS, have also been made by
evaporation.12 This is a similar technique to sputtering, except that the precursor is
converted into the gas phase via thermal energy. Heating is achieved using either a
resistive heater, or an electron gun. Both methods use low-pressure systems to
transport the vapour produced onto a substrate where the film is deposited. For the
purposes of this project, however, attempts to produce thin-films of transition metal

sulfides will involve the use of chemical vapour deposition.
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1.3 Chemical vapour deposition

Chemical vapour deposition (CVD) involves the preparation of a thin solid
film deposited onto a substrate via a gas phase reaction.'> In conventional CVD the
precursors react in the gas phase and thermal decomposition of these precursors
promotes film growth (Figure 1.2). These depositions can be carried out at
atmospheric pressure (APCVD) where a carrier gas (e.g. nitrogen or argon) is used,
or at low pressure (LPCVD) where the precursors are transported to the substrate

under a vacuum.

—— >
: Main Gas Flow ( )

Gas phase
O reactions Desorption
\ of volatile
. surface
O Desorption of reaction
precursor products
o ubante | Surface
diffusion
Adsorption of Film Nucleation and Step Growth
Precursor Island Growth

Figure 1.2 Gas transport and reaction processes of CVD
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Another method of transporting the precursors can be achieved using a mist.
The precursors are dissolved in a suitable solvent and the mist is produced using a
nebulizer. This technique is called aerosol-assisted CVD (AACVD).'*"

Plasma-assisted chemical vapour deposition has also been successfully used
in the production of TiS, films but this technique was not explored in this project.'®
The synthesis of titanium sulfides using APCVD reactions has been previously
reported.” The reaction of TiCl, with H,S in the temperature range 450-540 °C,
results in the formation of TiS,, as shown in equation (1.1). TiCly is a volatile liquid

that is easily heated into the gas phase.

TiCly + 2 H,S _ TiS; + 4HCI (1.1)

APCVD of TiS, was also reported by using TiCls with organothiols (e.g.
tert-butylthiol and hexamethyldisilathiane) in a hot-walled reactor in the temperature
range 200-600 °C."” The TiS, produced from this method contained no carbon or
chlorine contamination from XPS analysis (< 2% detection limit). Some of the
disadvantages involved in using these dual-source systems, however, include the use
of malodorous and extremely toxic reagents (thiols) coupled with the corrosive
nature of TiCls and HCL.> This could be a particular problem when using metal
substrates due to the Ti-Cl bonds being potentially corrosive to the substrate at the
temperatures used for these CVD processes.'® Furthermore, the mixing of two
chemical species in the gas phase also makes the precise stoichiometry in the final

product difficult to control.” One way of potentially overcoming this problem is to
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use a single-source precursor instead of the dual-source system.'®?° This approach
could also reduce the toxicity and waste produced by the reaction, which would be a

significant factor when the process is scaled up.’

1.4 Single-source precursors to transition metal sulfides

Ideally, single-source precursors should contain all the atoms present in the
target material, preferably in the right stoichiometry, should be volatile and should
decompose cleanly to the required material.’ Some of the advantages and
disadvantages of using a single-source system compared to a dual-source system are

described below.?!

Advantages of single-source precursors

1. Reduced toxicity — no H;S gas required

2. Pre-reaction is limited — there is only a single-source in the supply stream.

3. Low temperature growth is often possible.

Disadvantages of single-source precursors

1.  Single-source precursors tend to have a lower volatility, which makes them

difficult to use in conventional CVD equipment.

2. Control of stoichiometry can be difficult.
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3. Polynuclear decomposition fragments may have a lower surface mobility,

inhibiting epitaxial growth.

The potential use of neutral homoleptic titanium(IV) thiolate compounds as
single-source molecular precursors for the formation of titanium sulfide thin films
was demonstrated in 1988 using LPCVD.? In this case, [Ti(S'Bu)s] was used as the
precursor. Initial investigations suggested that a purple film of TiS was deposited via
this method, with a 3-5% carbon contamination (analysed by EDAX and SEM).
Subsequent studies using the same precursor, however, showed that grey-blue films
of TiS, were formed with 4% oxygen and < 3% carbon contamination (analysed by
XPS).2 In the latter study, the precursor decomposes at temperatures as low as
130 °C to give TiS,, according to reaction (1.2). The gaseous byproducts of the

reaction were analysed by g.c.m.s (gas chromatography mass spectrometry).

Ti(SBu)y —» TiS; + 'BuSH + H;S + 3CH=CMe, (1.2

Although a solid, [Ti(S'Bu)s] is volatile and the vapour can be easily
obtained by heating under a vacuum. Another single-source precursor to TiS;
reported recently is [TiCl4(HSR;)] (where R = CgH;;, CsHy), prepared from the
direct reaction between TiCls and the thiol in hexane at room temperature. These
precursors deposited bronze-coloured films of TiS; using LPCVD in the temperature
range 200-400 °C.'"® XPS analysis of the TiS, films obtained showed no carbon or

chlorine contamination to within a 2% detection limit. Thin-films of MoS, have
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been prepared from [Mo(S‘Bu)4] at temperatures above 110 °C.” The MoS; thin-
films were dark-brown in colour and showed no carbon, chlorine, MoO; or MoQOs3
contamination from XPS. Complexes of the general formula [NbCl4(S2R7),][NbCl¢]
(where R = CH3;, CH(CHj3),) were prepared by direct reaction between NbCls and
the disulfides (R,S;) in dichloromethane. Deposition studies conducted at 500 °C
resulted in dark-gold, specular, thin-films that consisted of a mjxture.of NbS; and
Nb,Os (analysed by XPS)." To our knowledge, no other examples of preparing thin-
films of early transition metal sulfides exist in the literature using a single-source
precursor. Nonetheless, the use of homoleptic transition metal thiolates as precursors
to metal disulfides could theoretically be extended to other transition metals (e.g.
zirconium, tantalum and niobium). The synthesis of potential single-source
precursors to metal sulfides also represents a challenge. The preparation of
homoleptic thiolates of early transition metals has so far received little attention in
the literature.** These complexes would make ideal precursors to sulfides and would
also be of interest to the synthetic chemist in general. It was therefore decided to
attempt the synthesis of a range of homoleptic transition metal thiolates in the hope
of using these compounds to grow films of transition metal disulfides by LPCVD.
Any transition metal thiolates synthesised could also be tested as precursors to
sulfides using AACVD as this method also does not require a dual-source approach.
This would enable a single-source precursor to be used at atmospheric pressure as
well as low pressure.

One of the difficulties encountered in synthesising thiolates of early

transition metal centres occurs because of thiolates being “soft” ligands. The early

20



transition metals have “hard” centres and the orbitals used in bonding do not readily
overlap with the p orbitals of the sulfur atom. This creates a challenge to the
synthetic chemistry. A brief description of the thiolates of titanium, zirconium,

tantalum and niobium synthesised is described below.

1.5 Early transition metal thiolates

1.5.1 Titanium

The chemistry of homoleptic thiolate compounds of titanium is an
undeveloped area with only a few well characterised examples. Early preparative
routes to thiolates of titanium involved the reactions of titanium amides, [Ti(NR3)4]
(where R = Me, Et), with thiols (R’SH where R’ = Me, Et or 'Pr).”’ These reactions
resulted in the formation of species of the general formula [Ti(SR’)4(R’SH),(RNH),]
(where (x +y) vary from 0.8 to 1.33 from elemental analysis). Further studies using
[Ti(NMe;)4] and controlled addition of the thiol eventually yielded the partially
substituted products of general formula [Ti(NMe;)sx(SR’)«] (where x = 1 or 2 and
R’ = Et, 'Pr). These compounds, consisting of thiolate and amide ligands only,
demonstrated the possibility of attaching thiolate ligands to a transition metal centre.

The first report of a homoleptic titanium thiolate was the thermally unstable
complex [Ti(SC¢Fs)4] prepared from the reaction of TiCls and C6F58H.26 This
structure has not been fully characterised and only infra-red analysis was presented.
Therefore, the true nature of this compound has not been established. A related

homoleptic thiolate, [Ti(S'Bu)s], has been prepared from the reaction of [Ti(NEt;)4]
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or [Ti(NMe,)s] with an excess of 'BuSH.>*®* The compound, [Ti(S'Bu)s] was
characterised by NMR spectroscopy and elemental analysis and has also been used
as a precursor to TiS; using LPCVD as described earlier.

The first structurally characterised monomeric homoleptic titanium thiolate
was the dianion [Ti(SCH,CH,S)3]>, which was reported in 1985 (Figure 1.3).%” The
crystal structure of [Ti(SCHZCHZS)3]2' shows that the geometry around the titanium
centre is a distorted octahedron with Ti-S bond distances in the range 2.334(4) to
2.419(1) A A Ti(III) homoleptic anion, [Ti(SC6H2-2,4,6-i-Pr3)4]',28 was stabilised
using a bulky thiolate ligand. The structure of the anion shows that the titanium
centre adopts a pseudo-tetrahedral arrangement with an average Ti-S bond length of
2.361(2) A. However, it was not until 1995 that the first structurally characterised
example of a neutral monomeric homoleptic thiolate compound, namely
[Ti(S-2,3,5,6-Me,C¢H)4] was reported (Figure 1.4).29 The compound,
[Ti(S-2,3,5,6-MesCgH)4] was prepared from the reaction of the potassium salt of the
thiolate and TiCls. The geometry at the titanium centre is approximately tetrahedral
with average Ti-S bond distances of 2.292(6) A. Neutral compounds are
advantageous as CVD precursors when compared to ionic compounds as they are

generally more volatile.

22



nS
S///[/, I, \‘\“\\\\\\\
M., | “‘-\“
Tls\
/ S

Figure 1.3 Structure of the dianion [Ti(SCH2CH28)3]2'
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Figure 1.4 Structure of the compound [Ti(S-2,3,5,6-MesCsH)4]
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The formation of titanium thiolates from amides has also been utilised in the
preparation of the interesting ionic species [Me,NH,][Ti(1-SMe)3(SMe)s] and the
neutral complex [Tiz;(u-SMe)s(SMe)s] (Figures 1.5 and 1.6 respectively).30 The
compound, [Me,NH,][Ti(u-SMe);(SMe)s] was made from the reaction of
[Ti(NEt2)s] and seven equivalents of MeSH whereas the compound,
[Tis(u-SMe)s(SMe)s] was prepared using four equivalents of MeSH and [Ti(NEt;)4].
The anion, [Me,NH;][Ti,(u-SMe);(SMe)s] contains two titanium atoms each
coordinated by three terminal and three bridging ligands and adopts a distorted face-
sharing bioctahedal arrangement. The neutral complex consists of three titanium
atoms, the two outer titanium atoms are coordinated by three terminal and three
bridging MeS ligands while the central titanium atom is coordinated by six bridging
MeS ligands. The TisS;, framework is described as a trigonal-prismatic centre with a
face-sharing octahedron on both trigonal faces.”® More recent examples of titanium
thiolate compounds include [Li(thf)s][Ti2(SPh)s]*! and [EtsN][Ti(SPh)s].** A range
of titanium thiolate complexes of the type [Cp,Ti(SR),] have been reported and are

of interest mainly as potential catalysts.33
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Figure 1.5 Structure of the anion in [Me;NH,][Ti»(1-SMe)3(SMe)s]
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Figure 1.6 Structure of the compound [Me;NH,][Tix(u-SMe)s(SMe)s]
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1.5.2 Zirconium

The chemistry of zirconium thiolate compounds is largely unexplored. In
fact, no neutral monomeric homoleptic zirconium thiolates have been reported in the
literature except for a report of [Zr(SPh)s].>* The compound [Zr(SPh)s] was not
analytically characterised. However, zirconium-sulfur chemistry has been explored
in an attempt to make a Zr=S chromophore, resulting in the synthesis and
characterisation of several Zr-S containing compounds, including [Zr3(S)(S'Bu)io]
(Figure 1.7).* The only fully characterised homoleptic complex was reported in
1976 and this was the ionic species [NMea]o[Zr(S,CeHa)s].> Five and six coordinate
2-methyl 2-propanethiolato complexes, of the type [Li(DME);][Zr(SCMes)s] have
also been prepared.’’ More research has been carried out using zirconium-
chalcogenate complexes, specifically the tellurolates and selenolates. Such
compounds have been prepared from the precursor [Zr(CH,Ph),], for example the
reaction of [Zr(CH,Ph),] with four equivalents of [(THF),LiSeSi(SiMes)s] produced

[Zr(SeSi(SiMes)s)q].
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Figure 1.7 Structure of [Zr3(S)(S'Bu)io]

1.5.3 Tantalum

The chemistry of tantalum thiolate compounds is also an undeveloped area of
research with few fully characterised examples. Initial attempts to prepare the
homoleptic thiolate [Ta(SC¢Fs)s] resulted in the formation of [TaCls(SC4Fs)2].*® The
compound, [TaCl3(SCeFs),] was prepared from the reaction of TaCls and five
equivalents of C¢FsSH and the product was analysed by IR spectroscopy. The
homoleptic anions [Ta(SCH,CH,S);]" and [Ta(SCH,CH,CH,S);]" were prepared
using the lithium salt of the thiolate and TaCls and analysed by NMR and UV-

vis.”** Another homoleptic anion, [Ta(SPh)s]” was prepared in 1990 from the
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reaction of six stoichiometric equivalents of NaSPh and TaCls and fully
characterised.”’

The first structurally characterised example of a neutral monomeric
homoleptic thiolate compound of tantalum with exclusively monodentate ligands
was prepared in 1995.% The compound, namely [Ta(S-2,3,5,6-MesC¢H)s], was
isolated from the reaction of five equivalents of the potassium salt of the thiolate
with TaCls (Figure 1.8).” The geometry of the Ta centre is a distorted five-
coordinate geometry. It is intermediate between the structures of a trigonal
bipyramid and a square-based pyramid (axial S-Ta-S angle of 156.7 °) with average

Ta-S bond lengths of 2.373 A.

Figure 1.8 Structure of the compound [Ta(S-2,3,5,6-MesCgH)s]
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Other tantalum thiolate compounds which have been synthesised include
organometallic species of the type [Cp*TaCly(SCH,CH,S),].** These compounds
were prepared from the reaction between [Cp*TaCly], two equivalents of
HSCH,CH,SH and two equivalents of triethylamine (Et;N). Triethyl ammonium
chloride, Et;NHCI, is formed during the reaction. The compound [CpTa(SPh)4] was

also synthesised in 1991.%

1.5.4 Niobium

The first report of a homoleptic niobium thiolate was [Nb(SC6135)5],26
although this compound was only characterised by IR spectroscopy. The first
structurally characterised homoleptic niobium thiolate was the anion
[Nb(SCH,SCH,S)s], prepared from the reaction of NbCls and three equivalents of
LiSCH,CH,SLi.** The anion, [Nb(SCH,SCH,S);]” has C; symmetry with the
geometry at the Nb centre midway between trigonal prismatic and octahedral. The
compounds [Nb(SPh)s]” and [Nb(SPh-pMe)s]” were prepared in 1990 from the
reaction of NbCls and six equivalents of NaSPh (Figure 1.9) and NaSPh-pMe
respectively.*’ The crystal structures of these two compounds show that the
geometries around the niobium centres in both anions are approximately octahedral.
The average Nb-S bond lengths of these species are 2.541(3) and 2.488(3) A
respectively.

Recently, a niobium adduct was prepared and evaluated as a single-source

11

precursor to NbS; films as described earlier.” The compound prepared was

[NbCl4(Sz(iPr)2][NbCl6] and depositions were carried out at 500 °C. Subsequent
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analysis, however, suggested the formation of a mixture of niobium oxide and

sulfide phases.'’
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Figure 1.9 Structure of the anion [Nb(SPh)s]

1.6 Bulk metal disulfides

Bulk metal disulfides (MS,) have been prepared by direct reaction of the
elements,’ solid-state metathesis reactions* and chemical vapour transport using iodine
as a transport agent (TiS;).*® Amorphous MS; has also been prepared via the solution
phase metathetical reaction of MCl, (x =4, M =Ti, Mo; x = 5, M = Nb) with Li,S. Y
Recently, solution based approaches to MoS; have been reported. The hydrothermal
reaction between Na,S,0; and Na,MoQO,4 resulted in the formation of amorphous

MoSz.“&49 After annealing the amorphous product at 350 °C crystalline MoS; was
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produced.*® For this project it was decided to attempt the preparation of bulk solids of
the disulfides using a modified thio “sol-gel” process and using

hexamethyldisilathiane.

1.7 Sol-gel techniques

Sol-gel techniques have been used for the synthesis of metal oxides for many
years by using metal alkoxides as the pre:cursors.5 03! These metal alkoxides are of
the form [M(OR) ], where M is a metal of valency x and the R group is either alkyl
or aryl. The preparation of oxide materials via this conventional sol-gel route using
organometallic or inorganic precursors generally involves hydrolysis/condensation
reactions. This method has not been extensively used for the formation of non-oxide
materials,’? although a sol-gel type of process has been investigated for the
formation of sulfides (e.g. TiS; and GeS;) where alkoxides and H,S gas were used as
precursors.53 54 Recently, the formation of TiS, and NbS, have been investigated
applying this principle:.55 Bubbling H,S gas through a solution of [Ti(O'Pr)s] resulted
in the formation of a dark brown precipitate believed to be the result of HS’
substituting for alkoxide groups and a subsequent condensation reaction according to

equations (1.3) and (1.4).>

[Ti(O'Pr)a] + n HBS — > [Ti(O'Pr)an(SH)u] + n ‘PrOH (1.3)

2m [Ti(O'Pr)4n(SH)u] —p [(PrO)4.o(SH)p.1 Ti-S-Ti(SH)y.1 (PrO)snlm + m HyS (1.4)
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Reactions (1.3) and (1.4) have produced products that contain a mixture of
metal-oxygen and metal-sulfur bonds. An additional reaction has to be used in order
to eliminate the oxide component and purify the metal sulfide product.”>”® This is
achieved by heating the product in the presence of H,S to high temperatures. At
around 700 °C the alkoxy groups react with sulfur formed from the decomposition
of H,S gas, forming a crystalline disulfide (TiS; and NbS;). At temperatures below
700 °C oxide impurities occur in the final material. This is due to the favoured high
temperature condensation of the unreacted alkoxy groups. It is therefore hoped that a
thio “sol-gel” process could be developed using a metal thiolate as the starting
material, in place of the alkoxide, and reacting the thiolate with H,S gas. This could
provide a homogeneous product with a low level of impurities. It is also hoped that
pure crystalline TiS; can be prepared at temperatures below 700 °C.

The formation of metal sulfides from homoleptic transition metal thiolates

synthesised is reported in this thesis using the thio “sol-gel” process.

1.8 Use of hexamethyldisilathiane as a sulfur source

Another potential low temperature route to bulk MS; (where M = transition

metal) involves the reaction of hexamethyldisilathiane (HMDST, S(SiMes),) with

metal chlorides. A report in 1979 showed that the equimolar reaction between TiCly

and HMDST resulted in the formation of TiSC12.57 This procedure involved the loss of

two stoichiometric equivalents of Me3SiCl leaving the product behind. Theoretically,

the reaction of TiSCl, with a further molar equivalent of HMDST should produce the
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desired disulfide as well as two further equivalents of Me;SiCl. Subsequent studies
showed that when metal chlorides (e.g. TiCl4, NbCls, MoCls and VCly) were reacted
with excess HMDST amorphous precipitates were isolated.’®%? The composition of
these initial precipitates was not fully analysed. Annealing of these precipitates
afforded the metal disulfide for titanium and niobium (analysed by XRD). In some
cases, however, these were contaminated with a large percentage of oxide or resulted
in the formation of non-stoichiometric sulfides (by powder XRD) e.g. VSa.
Nevertheless, these reports indicate that this procedure could be an excellent route to
metal sulfides and warrants further investigation. It is anticipated that this type of
procedure could be applied to the chlorides of other transition metals (tantalum and

niobium). Investigations of this type are reported in chapter 3.

1.9 Heterobimetallic disulfides

By analogy with the alkoxides, it would be of interest to investigate the
synthesis of mixed-metal sulfides from heterobimetallic thiolate compounds. It is
known that binary alkoxides have the ability to form mixed-metal species of the type
[MM’(OR)(OR?),].%* There are a number of these heterobimetallic alkoxides
characterised in the literature®® and such compounds are potential precursors to
mixed-metal oxides. One example of this is the heterobimetallic complex
[LiNb(OEt)¢], which can be easily prepared by refluxing an ethanol solution of
lithium ethoxide and niobium ethoxide, [Nb(OEt)s] in the correct ratio. The
compound, [LiNb(OEt)s] has subsequently been used to form high quality LiNbO;

films.®® Heterobimetallic thiolate complexes of the early and late transition metals
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tend to be organometallic derivatives with bridging thiolate ligands of the type
[szM(u-SR)zl\/ILn].65 It would therefore be worth investigating the synthesis of

heterobimetallic thiolates according to equation (1.5).

M(SR), + M'(SR)y, ———» MM'(SR)(SR), (1.5)

The reaction shown in equation (1.5), relies on the acid-base behaviour of the
thiolates. Heterobimetallic thiolate compounds could potentially be used as
precursors to mixed-metal sulfides. An example of this would be thiospinels of the
type AB>X4 (where A and B are transition metals and X is sulfur). Thiospinels have
interesting magnetic properties, for example, MnCr;S; and CoCr,S4 are
ferromagnetic.'

It would also be of interest to prepare bulk mixed-metal sulfides. This could
be achieved using HMDST or thio “sol-gel” techniques. To our knowledge, there are

no known mixed-metal sulfides containing only the early transition metals.
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Chapter 2  Synthesis of homoleptic early transition metal thiolates

2.1 Synthetic strategies for transition metal thiolates

Five main synthetic methodologies were attempted in order to synthesise
homoleptic thiolates of early transition metals. Two routes involved salt
metathesis reactions between alkaline metal thiolate salts and a metal chloride or
by direct reaction of a thiol and a metal chloride in the presence of a base. Two
other procedures involved substitution reactions of the thiol with transition metal
amides (e.g. [Ti(NEtp)4]) or alkyls (e.g. [Zr(CHyPh)4]). The final method
involved the use of Grignard reagents. The five reaction schemes investigated in

this thesis are described below.

(1) Salt metathesis using alkali metal (eg. sodium) salts of the thiol and the

transition metal chloride (eg. TiCly) as shown in equation (2.1).

4NaSR + TiCly » 4NaCl + Ti(SR)s (2.1)

The driving force for this reaction is the high lattice energy of the co-

formed alkali metal chloride.

(2) Direct reaction of a thiol and a metal chloride in the presence of a base (e.g.

Et;N) as shown in equation (2.2).

4RSH + TiCl, + 4EuN ————»4ELNHCI + Ti(SR)  (22)
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This reaction is promoted by the formation of an ammonium salt.

(3) Substitution reaction between transition metal amides (eg. [Ti(NEt;)4]) and a

thiol as shown in equation (2.3).

Ti(NEty)s + RSHs) E— Ti(SR)s + 4 Et;NH (2.3)

In this instance, it was anticipated that the reaction will proceed due to the

formation of Et;NH. The S-H bond is more acidic than the N-H bond, which

should result in the formation of the amine Et,NH. This amine is a volatile liquid

and is easily removed from the desired product.

(4) Substitution reaction between transition metal alkyl (eg. Ti(CH,Ph)s) and

thiol as shown in equation (2.4).

Ti(CH,Ph)s + RSHyy ——» Ti(SR)s + 4 C¢HsCHjs (2.4)

Similarly, it was anticipated that the thiolate anion would substitute the

alkyl one in an acid / base reaction.

(5) Preparation of thiolates using a Grignard reagent and inserting sulfur into the

material by reaction with elemental sulfur as shown in equation (2.5).
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MesMgBr  + 1/8 Sg » MesSMgBr (2.5)

(where Mes = mesityl, 2,4,6-MesCgHy)

Further reaction with a transition metal chloride is then carried out in

order to produce the desired product as shown in equation (2.6).

4 MesSMgBr + TiCly ———p  Ti(SMes)s + MgBrCl (2.6)

2.2 Synthesis of transition metal thiolates by substitution reactions

One of the earliest titanium thiolates characterised was [Ti(S'Bu)4] as
described earlier (see Introduction).”** This compound was prepared from the
reaction of [Ti(NEt,)s] and an excess of the thiol, 'BuSH. For the purpose of
synthesising novel homoleptic early transition metal thiolates, it was decided to
begin with this methodology. Consequently, [Ti(NEt;)s] was prepared according

% and subsequently reacted with a range of thiols (e.g.

to literature methods
benzyl mercaptan and pentafluorothiophenol). These thiols were chosen on

account of their steric size in an attempt to stabilise the metal centre giving a

neutral homoleptic compound.

2.3 Reaction of [Ti(NEt;)4] and PhCH,SH

The reaction between [Ti(NEt;);] and an excess of benzyl mercaptan
(PhCH,SH) was carried out in toluene at room temperature. The solution
immediately changed colour from orange to dark red on addition of the thiol. The

solvent was pumped off in vacuo affording a dark red oil. Single crystals suitable

37



for X-ray analysis were obtained by dissolving the oil in the minimum amount of
CH,Cl; and overlaying with hexane. Solvent diffusion at -20 °C overnight gave
dark red crystals in a 65% yield. Analytical and spectroscopic data showed the
crystals to be [Et;NH;][Ti»(n-SCH2Ph);(SCH,Ph)g] (compound 1) as shown in

equation (2.7) below.

Ti(NEty)s + xs PhnCH,SH — [Et,NH,][Ti2(u-SCH,Ph);(SCH,Ph)s]  (2.7)

Other species produced during the reaction were Et,NH and PhCH,SH,
however these are volatile and easily removed during work-up of the reaction.
The anticipated product, [Ti(SCH,Ph)4], was not formed. Both titanium atoms in
the anion of compound 1 have a coordination number of six (see structural
description below). This is probably due to the thiolate ligand being too small to
saturate the titanium centre with just four ligands. The [Et,NH;]" cation is a result
of protonation of diethylamine formed as a result of the thiol substituting an
amide ligand on [Ti(NEt;)4]. Therefore a salt is produced and not the neutral
compound, [Ti(SCH,Ph)4]. Compound 1 has a similar structure to
[Me,NH,)[Ti,(u-SMe)s(SMe)s], as described in chapter 1.*° The melting point
(103-105 °C) of compound 1 is higher than the neutral titanium thiolate complex,
[Ti(S'Bu)s] (melting point, 45 °C) due to these intermolecular ionic bonds.
Ideally, for CVD precursors, neutral compounds are preferable as these tend to

have a lower melting point and higher vapour pressure.
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2.4 Spectroscopic data for compound 1

The behaviour of [Ti(u-SMe);(SMe)¢] in solution (at room temperature)
was described as being complicated and it was suggested that it dissolves to
afford [Ti3(u-SMe)s(SMe)s] and at least one other cornpound.30 At lower
temperatures (-25 °C, -60 °C and -85 °C), the 'H NMR spectra of
[Ti2(u-SMe);(SMe)s]” undergoes a series of changes which were tentatively

assigned to the presence of [Tis(u-SMe)s(SMe)s] and a complex of the type
[Ti(SMe)4(HSMe)x(NIMez)y].30 In contrast, the room temperature 'H NMR
spectrum of 1 contains only peaks which can be assigned directly to the
compound, therefore suggesting that it does not undergo comparable reactions.
Two singlets in the room temperature 'H NMR of compound 1 are observed at
4.90 and 5.30 ppm corresponding to the CH, group of the benzyl ligand.
Integration for these two peaks show a 1:2 ratio corresponding to bridging and
terminal thiolates respectively. The aromatic protons occur between 7.00 and 7.50
ppm. Peaks corresponding to the diethyl ammonium cation occur as a triplet at
0.85 ppm (NCH,CH3) and a quartet at 2.40 ppm (NCH,CH3) (c¢f. 1.06 and 3.48
ppm for [Ti(NEt;)4]). The peak corresponding to the Et;NH, protons was not
observed. At lower temperatures (0 to -90 °C; spectra obtained at 10 °C intervals)
the '"H NMR spectra also undergoes a series of changes and it is clear that the
behaviour of compound 1 in solution at low temperatures is complicated. At
-50 °C the peak at 5.3 ppm (CH,; groups of the terminal ligands) splits into two
doublets in a 1:1 ratio (see Figure 2.1). This suggests that the CH, groups of the

six terminal PhCH,S™ ligands are no longer equivalent. It is also possible that
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another species has formed at lower temperatures. At temperatures lower than
-50 °C the peaks become broad, due to the compound crystallising in solution.
An infra-red spectrum was taken of compound 1 and also the starting

thiolate, PhCH,SH, for comparison. A peak at 2570 cm™

, corresponding to
an SH group is present in the spectrum of PhCH,SH and not the spectrum of 1 as
would be expected for a thiolate complex. Mass spectroscopy proved to be
inconclusive for the thiolate compounds prepared in this chapter. A peak at 74,
corresponding to the diethylamine ion, Et,NH," was found for compound 1 and a

peak at 91 was present due to the PhCH," ion but no other identifiable peaks

were present.
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Figure 2.1 VT-NMR of compound 1 at (a) Room temperature,
(b) -30 °C and (c) -50 °C

(a) Room Temperature (b) -30°C (c) -50°C




2.5 X-ray structure of compound 1

The structure of compound 1 was confirmed by X-ray crystallography,
the results of which are shown in Fig. 2.2; selected bond lengths and angles are
shown in Table 2.1. Tables of all the bond lengths, angles and crystallographic
data for 1 and all subsequent structures presented in this thesis are shown in the
appendix. The compound crystallises in the monoclinic space group P2,/c. The
structure is ionic and  consists of [EtNH,]" cations and
[Tiz(u-SCH,Ph)3(SCH,Ph)g]” anions with no close interionic contacts. In the
anion, the two titanium atoms are each coordinated by three terminal (Ti-S bond
lengths range from 2.3183(9) - 2.4090(10) A) and three bridging (Ti-S bond
lengths range from 2.5364(9) - 2.5609(9) A) PhCH,S" ligands. Therefore, the
coordination number at each titanium centre is six and the geometry is
approximately octahedral (zrans S-Ti-S 158.75(3) - 172.34(3)° and cis S-Ti-S
75.53(3) - 102.35(3)°). The structure of compound 1 is similar to that of the
anion [Ti(U-SMe)3(SMe)s]” in which the Ti,So framework also has a face-
sharing bioctahedral arrangement (terminal Ti-S bond lengths range from
2.321(1) - 2.362(1) A, bridging Ti-S bond lengths range from 2.513(1) - 2.561(1)

A).30
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Figure 2.2 Molecular structure of the anion in compound 1
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Table 2.1 Selected Bond Distances (A) and Angles (°) for compound 1

Ti(1)-S(1)  2.5609(9) Ti(1)-S(2)  2.5395(10)
Ti(1)-S(4)  2.3308(9) Ti(1)-S(5)  2.3183(9)
Ti(2)-S(1)  2.5132(10) Ti(2)-S(2)  2.5249(9)
Ti(2)-S(7)  2.3366(11) Ti(2)-S(8)  2.4090(10)
Ti(1)-S3)  2.5364(9) Ti(2-S(3)  2.5295(10)
Ti(1)-S(6)  2.3582(10) Ti(2)-S(9)  2.3484(11)
S(5)-Ti(1)-S4) 98.64(3) S(8)-Ti(2)-S(1) 102.35(3)
S(5)-Ti(1)-S(6) 92.27(4) S(9)-Ti(2)-S(8) 88.96(3)
S(4)-Ti(1)-S(6) 99.54(4) S(7)-Ti(2)-S(8) 98.20(3)
S(5)-Ti(1)-S(3) 95.66(3) S(9)-Ti(2)-S(3) 98.68(3)
S(4)-Ti(1)-S(3) 165.02(3) S(7)-Ti(2)-S(3) 171.75(3)
S(6)-Ti(1)-S(3) 84.26(3) S(8)-Ti(2)-S(3) 88.53(3)
S(5)-Ti(1)-S(2) 96.14(4) S(9)-Ti(2)-S(2) 92.05(3)
S(4)-Ti(1)-S(2) 98.44(3) S(7)-Ti(2)-S(2) 97.41(3)
S(6)-Ti(1)-S(2) 158.75(3) S(8)-Ti(2)-S(2) 164.39(3)
S(3)-Ti(1)-S(2) 75.53(3) S(2)-Ti(2)-S(3) 75.91(3)
S(5)-Ti(1)-S(1) 172.34(3) S(9)-Ti(2)-S(1) 168.63(3)
S(4)-Ti(1)-S(1) 83.45(3) S(7)-Ti(2)-S(9) 86.26(3)
S(6)-Ti(1)-S(1) 94.65(3) S(7)-Ti(2)-S(1) 91.00(3)
S(3)-Ti(1)-S(1) 81.79(3) S(1)-Ti(2)-S(3) 82.87(3)
S(2)-Ti(1)-S(1) 76.23(3) S(1)-Ti(2)-S(2) 77.35(3)
Ti(2)-S(1)-Ti(1) 86.14(3) Ti(2)-S(2)-Ti(1) 86.35(3)
Ti(2)-S(3)-Ti(1) 86.32(3)

2.6 Further reactions with PhCH,SH

Attempts to react [Ti(NEty)4] with four equivalents of benzyl mercaptan,
and not an excess as described previously, resulted in the formation of a
red/brown solid. "H NMR (CD,Cl,) studies of this solid suggested that more than
one species was present in solution (Figure 2.3). Peaks corresponding to the
thiolate ligands PhCH,S", occur as a singlet at 3.62 ppm (-CH, groups) and at
7.15-7.32 ppm (-Ph groups). These peaks have shifted considerably from
compound 1 and shows that the benzyl ligand is present in a different

environment, e.g. [Ti(SCH,Ph)4]. However, peaks corresponding to coordinated
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amide groups are also present in the spectrum as a quartet at 1.17 ppm (-CHs
groups) and a triplet at 3.43 ppm (-CH: groups). Furthermore, peaks
coiTesponding to free thiol were observed as a doublet at 3.74 ppm (-CH:
groups), a triplet at 1.82 ppm (-SH group) and a multiplet from 7.15-7.32 ppm
(-Ph groups), suggesting that hydrolysis/decomposition of the product had
occurred. This was confirmed by the gradual formation of an insoluble brown
solid in the samples analysed.

The 'H NMR (CD:Cl:) was subsequently repeated and showed only the
presence of PhCH:S’ ligands at 3.63 ppm and 7.25-7.35 ppm (Figure 2.4).
Elemental analysis showed the presence of nitrogen in the final product (2.29 %).
It is possible, therefore, that the final product is a mixture of [Ti(SCH:2Ph)4] and
an amido species, for example [Ti(NEt2)s] or compounds of the type,

[Ti(NEt2)4.x(SCH2Ph)J.

8 7 6 5 4
ppm

Figure 2.3 H NMR spectrum for reaction of [Ti(NEt:)4] with four
equivalents of benzyl mercaptan
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Figure 2.4 Repeated ‘H NMR spectrum for reaction of [Ti(NEt2)4]
with four equivalents of benzyl mercaptan

It was decided to repeat the reaction but with the further addition of two
equivalents of a two-electron donor ligand in the hope of crystallising a

monomeric species, of the type shown in Scheme 1.

L
SCHzPh
PhCHzS////
Ti(NEt2)4 + 4 PhCHiSH + 2L
L
Scheme 1
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The ligand chosen was tetrahydrothiophene (C4HsS), in order to retain an
all-sulfur coordination sphere around the titanium centre. '"H NMR data of the red
solid obtained from the reaction was complicated with peaks observed in the
region of 0.8-2.66 ppm that were very broad. The spectrum did not match the
proposed compound, [Ti(SCH,Ph)s(SC4Hsg);], and no evidence of
tetrahydrothiophene was present in the final compound. Peaks were observed at
7.15-7.28 ppm and at 3.59 ppm suggesting that a similar species had been made
as in the previous reaction, i.e. [Ti(SCH,Ph)4]. Peaks corresponding to
coordinated amide groups were not observed in this instance, but broad signals at
1.10 ppm and 2.66 ppm suggested the presence of ethyl groups, e.g. from
diethylamide in the final product. Decomposition or hydrolysis has again
occurred. A subsequent "H NMR spectrum showed the presence of coordinated
thiolate groups at 3.62 ppm (-CH, groups) and 7.14-7.34 ppm (Ph groups) but
very little impurities. Analytical data again showed the presence of nitrogen in the
final product (1.46 %), however, suggesting that contamination has occurred. It
was decided not to proceed further with this approach to making thiolate
compounds, but to choose a different thiol to react with [Ti(NEt;)s]. A more
suitable thiolate ligand would have to have a greater steric bulk in order to
prevent the titanium metal centre from adopting a coordination number greater

than four.
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2.7 Reaction of [Ti(NEt,)4] and excess C¢FsSH

Pentafluorothiophenol (C¢FsSH) was chosen next as a ligand. A study
into the formation of [Ti(SCeFs)4] was reported in the literature, as described
earlier, although it was not fully characterised.”® The fluorine atoms give the thiol
more steric bulk than PhCH,SH and it was hoped that this would prevent the
formation of a salt. Pentafluorothiophenol is also more Lewis acidic than
PhCH,SH. This could result in the thiolates bridging, e.g. in [Bi(SC¢Fs)3], which
is dimeric via thiolate bridges.67 The reaction between [Ti(NEt;)4] and excess
CsFsSH was carried out in toluene and a dark red solution formed immediately
on addition of the thiol. After work up a dark red solid resulted. Crystals suitable
for X-ray analysis were formed by dissolving the red solid in a minimal amount
of CH,Cl,, overlaying with hexane and leaving to diffuse at room temperature
over a period of five days. Analytical and spectroscopic data were consistent
with the formation of [Et;NH,]5[Ti(SCe¢Fs)s][SCeFs], (compound 2). This is in
contrast to the previous report that suggested [Ti(SC¢Fs)4] had been made from
the reaction of TiCly and Cg¢FsSH, although this compound was only
characterised from an IR spectrum.26

The formation of 2 is interesting in comparison with compound 1, that
was prepared via the similar reaction between [Ti(NEt;)4] and ten equivalents of
PhCH,SH. It is assumed that C¢FsS’, because of its bulkiness, could not form a
similar face-sharing bioctahedral arrangement as observed for the anion in 1.%8
The titanium centre has a coordination number of five. However, the CgFsS

group is not large enough to saturate the titanium centre with four ligands, hence

producing the salt.
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2.8 Analytical data of compound 2

The '"H NMR spectrum of compound 2 contained peaks at 1.49 and 3.29
ppm corresponding to the ethyl groups of the [Et;NH,]* cation and a singlet at
8.33 ppm due to the -NH; group of the ammonium cation. The chemical shifts in
the '’F NMR spectrum were similar to those reported for the -SCgFs group in
other perfluorophenyl thiolate derivatives consisting of three multiplets at -132.9,
-160.9 and -165.3 ppm (cf. [Ti(nS-C5H4$iMe3)2(SC6F5)2] where the ortho F is a
doublet at -131.0, the meta F a triplet at -163.5 and the para F a triplet at -157.9
ppm).”! This suggests that the compound in solution exhibits fluctional exchange
between the [Ti(SC¢Fs)s]” anion and the [SC¢Fs] anions as no separate peaks are

observed for [SCgFs]".

2.9 X-ray structure of compound 2

An X-ray analysis of crystals of 2 shows that the structure consists of the
homoleptic [Ti(SC¢Fs)s]” complex anion shown in Figure 2.5, together with two
[SCeFs]” monoanions and three [Et;NH,]* cations; selected bond lengths and
angles are shown in Table 2.2. The geometry at the titanium centre is distorted
trigonal bipyramidal, with S(3), S(4) and S(5) forming the equatorial plane. The
angles at the metal centre produced by the equatorial atoms range from 115.5(1) -
126.5(1)°, and the two axial sulfur atoms subtend an angle of 172.7(1)° at the
metal centre (Table 2.2). The Ti-S bond lengths of the equatorial groups
(2.350(2) - 2.357(2) A) are shorter than the axial ones (2.386(1) and 2.406(1) A)

as expected. The Ti-S bond lengths observed in the present structure are similar

49



to those in, for example, [Ti(S-2,3,5,6-MesCsH)4] (average Ti-S bond length
2.361(2) A)® and [TiCly(S'Bu)(Diars)] (where Diars is o-phenylene
bis(dimethylarsine)) (average Ti-S bond length 2.332(3) A);® and to the terminal
Ti-S bond lengths in [Me,NH;][Ti,(u-SMe);(SMe)s]  (Ti-S bond lengths
2.321(1) - 2.362(1) A),* [Tis(u-SMe)s(SMe)s] (Ti-S 2.3134(7) - 2.3177(7) A),*
and compound 1 (Ti-S 2.3308(9) - 2.4090(10) A).” However, as expected, the
Ti-S bond distances are shorter than those reported for bridging thiolate ligands,
e.g. in 1 (Ti-S bond lengths 2.513(1) - 2.561(1) A).”® The Ti-S bond distances in
compound 2 are also shorter than those observed in [Ti(n5 -CsH4SiMes3),(SCeFs):]
(Ti-S bond lengths 2.431(2) and 2.438(22) A) as a result of the
trimethylsilylcyclopentadienyl groups.”! There is also a weak C-F-m
interaction’? from one of the ortho fluorine atoms of the S(1) based CgFs ring to
the S(5) ring (interaction a in Figure 2.5).

The anion, [Ti(SCeFs)s]” has a “paddle-wheel-like” structure, as all of the
Ti-S-Ar bends are in the same direction. This paddle-wheel structure produces the
linking of adjacent complexes. There are m-7 stacking interactions between the
S(1) ring in one complex and the S(2) ring in the next (interaction b in Figure 2.6)
and also between the S(3) and S(5) rings in neighbouring complexes (interaction
¢ in Figure 2.6). These interactions combine to form an extended two-dimensional
sheet of complex anions. There is also a C-Fm interaction between one of the
fluorine atoms of an S(3) ring and the opposite face of a m-stacked S(2) ring
(interaction d in Figure 2.6).

The spaces between these parallel anionic two-dimensional sheets are

occupied by the three [Et;NH,]* cations and the two [SCg¢Fs]™ anions. These are
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linked via N-H -S hydrogen bonds using all six of the available donor N-H

hydrogen atoms (interactions e to j in Figure 2.7).

Figure 2.5 The honioleptic anion in compound 2
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Figure 2.6 View of the packing of the complex anions in compound 2



PS
I\

Figure 2.7 Part of one of the N-H S linked anion/cation hydrogen bonded
chains in compound 2

Table 2.2 Selected bond distances (A) and angles O for compound 2

Ti-S(1) 2.386(1)
Ti-S(2) 2.406(1)
Ti-S(3) 2.350(2)
Ti-S(4) 2.356(2)
Ti-S(5) 2.357(2)
S(3)-Ti-S(4) 115.52(7)
S(3)-Ti-S(5) 126.47(7)
S(4)-Ti-S(5) 117.14(6)
S(3)-Ti-S(1) 88.22(5)
S(4)-Ti-S(1) 92.24(5)
S(5)-Ti-S(l) 98.65(5)
S(3)-Ti-S(2) 84.76(5)
S(4)-Ti-S(2) 89.10(5)
S(5)-Ti-S(2) 87.07(5)

S(1)-Ti-S(2) 172.73(6)
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2.10 Reaction of [Ti(NEty)4], four equivalents of C¢FsSH and
tetrahydrothiophene

In an attempt to satisfy the coordination requirements of the titanium
metal centre and produce a neutral monomeric compound of the type
[Ti(SC¢Fs)4(L2)], the reaction between [Ti(NEt,)4], four equivalents of C¢FsSH
and two equivalents of a two-electron donor ligand was carried out. Two ligands,
tetrahydrothiophene (C4H4S) and 2,6-dimethylpyridine, were used as the donor
ligands. The reaction of [Ti(NEt;)s], four equivalents of C¢FsSH and two
equivalents of tetrahydrothiophene afforded a dark red solution. Work-up and
crystallisation from saturated CH,Cl,/hexanes at room temperature for five days
produced dark red crystals suitable for X-ray analysis. Analytical and
spectroscopic data showed that [EtoNH,][Ti(SCe¢Fs)s(NEt;)] (compound 3) had
formed and not [Ti(SC¢Fs)4(L),] as expected. An overall reaction scheme is

shown in scheme 2.
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n=10 n=4
+2L
4
CFs | [CoFsSk CeFs |~ [EtNH,]"
FsCeSu,, [Et,NH,]5" FsCeSn,,
/"'Ti SC¢Fs /"Ti ——— SC¢Fs
FsCeS I EpN l
SCeFs SCeFs
(2 (&)

L = 2,6-dimethylpyridine or
tetrahydrothiophene

Scheme 2 Summary of the two reactions using [Ti(NEt;)4] and C¢FsSH

2.11 Spectroscopic data for compound 3

The '"H NMR (CD,CL,) spectrum of 3 shows peaks for the ethyl groups of
the amide ligand occurring at 1.05 and 4.34 ppm as well as those for the
ammonium cation at 1.50 and 3.45. A singlet also occurs at 7.30 ppm due to the
NH,; groups of the ammonium cation (Figure 2.8). The F NMR was very similar
to that obtained for compound 2 with peaks at -132.5, -160.5 and -164.9 ppm. It
is worth noting that no peaks due to tetrahydrothiophene were observed in the 'H
NMR of the product.

When [Ti(NEt;)4] was reacted with only four equivalents of Cg¢FsSH,

however, compound 3 was not produced. The '"H NMR spectrum of the reaction
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product was consistent with the formation of 2 suggesting that the presence of the

donor ligands in the reaction mixture does influence the final product

ppm

Figure 2.8 H NMR spectrum for the reaction of |Ti(i\Et2)4j with four
equivalents of pentafluorothiophenol and two equivalents of
tetrahydrothiophene

2.12 X-ray structure of compound 3

The single crystal X-ray structure determination of 3 reveals a structure
that is very similar to that of the complex anion in compound 2 but with one of
the pentafluorothiophenolate ligands replaced by a diethylamino group to give the
(2 symmetric diethylammonium salt of [Ti(SCsF$)«(NEt2)]' (Figure 2.9). Selected

bond lengths and angles are given in Table 2.3. The geometry at the titanium
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centre is again a distorted trigonal bipyramid with S(1), S(1A) and N occupying
the equatorial sites. The angles at the titanium centre within this plane are
119.9(1), 105.9(1) and 120.3(1)° (Table 2.3). The axial sulfur atoms subtend an
angle of 148.2(1)° at the metal centre. This produces a greater distortion in the
coordination geometry than is observed in compound 2 (where this angle is
172.7(1)°). The geometry observed in 3 can therefore be considered as
intermediate between trigonal bipyramidal and square pyramidal. The Ti-S bond
lengths for the axial and equatorial sulfur atoms (2.427(1) A for Ti-S(2) and
2.417(1) A for Ti-S(1) respectively) are longer than the analogous Ti-S bonds in
compound 2. The Ti-N bond length is 1.849(4) A, indicating a degree of partial
double bond character. The Ti—-N bond distance is similar to those found in
related amido complexes such as [Ti(NEt;),(PhNNNPh),] (Ti-N 1.883 A).n

The rotations about the Ti-S bonds are again of interest, with all of the
CeFsS™ ligands being bent towards the diethylamino ligand. This geometry results
in the creation of a cleft within the structure where the diethylammonium cation is
located. This structure also adopts a paddle-wheel-like conformation where the
Ti-S-Ar bends are all in the same direction. This conformation again forms a two-
dimensional sheet, as can be seen in Figure 2.10. This arrangement is stabilised
by a combination of nt-1t (a), C-F--'x (b and ¢) and F---7t (d) interactions.

The reaction with [Ti(NEt;)s], four equivalents of C¢FsSH and two

equivalents of 2,6-lutidine also gave compound 3.
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S(1) S(1A)

SI2A)

Figure 2.9 The molecular structure of the complex anion in compound 3
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Figure 2.10 View of part of one of the anionic two-dimensional sheets of n-n,
and F—Jllinked complexes in compound 3



Table 2.3 Selected bond distances (A) and angles (°) for compound 3

Ti-S(1) 2.417(1)
Ti-S(2) 2.427(1)
Ti-N 1.849(4)
N-Ti-S(1) 119.86(3)
N-Ti-S(2) 105.90(3)
S(1)-Ti-S(1A) 120.27(6)
S(1)-Ti-S(2) 83.39(3)
S(1)-Ti-S(2A) 80.92(3)
S(2A)-Ti-S(2) 148.20(5)

2.13 Further reactions with C¢FsSH

The reaction between [Ti(NEt;)4], four equivalents of C¢FsSH and one
equivalent of the chelating ligand, bipyridine, was carried out in order to
investigate the influence of this ligand on the product. A red solid resulted, after
work-up of the reaction mixture. X-ray quality crystals were not obtained even
after numerous recrystallisation attempts. 'H NMR studies of the red solid
showed that the positions of the ethyl groups are noticeably different to those
observed for compound 3, with the two CHj; peaks at 1.32 and 1.48 ppm (cf. 1.05
and 1.50 ppm for 3 and the two CH, peaks at 3.07 and 4.96 ppm (cf. 3.45 and
4.34 ppm). These results suggest that the final product contains an ammonium
cation [Et;NH,]" (peaks at 1.48 and 4.96 ppm) and free amine (peaks at 1.05 and
3.07 ppm) and, therefore, that the species [Ti(SC¢Fs)4(NEt;)] has not formed. A
singlet at 2.34 ppm is also present in the NMR, which could correspond to the
thiol C¢FsSH. It is clear that the environments of the ethyl groups have changed
due to the presence of the bipyridyl ligand. Peaks corresponding to bipyridine

occur from 7.11-8.42 ppm. From analytical data, it is proposed that the species
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[Et;NH,][Ti(SCgFs)s] has formed and co-crystallised with bipyridine and other
amine impurities. More analysis would be required to determine the true nature of
this compound, for example F NMR and single crystal studies.

In a final attempt to isolate the neutral homoleptic species [Ti(SCeFs)4ln,
compound 2 was heated in vacuo (100 °C, 10 mmHg). It was expected that 2
would lose amine and thiol as has been observed in some related metal thiolate
salts to give the desired product.74 However, prolonged heating resulted in a
brown insoluble solid that contained nitrogen from elemental analysis,
suggesting that the amine had not been lost.

The reactions involving C¢FsSH, described above, did not result in
neutral compounds but ionic ones (¢f. PhCH,SH reactions). These products have
high melting points and low volatility (108 °C for compound 2 and 148 °C for
compound 3). It was therefore decided to repeat the synthesis of [Ti(S'Bu)s4] in
order to see if a neutral compound could be isolated.”? The compound
[Ti(S'Bu)4] had not been crystallographically characterised in the literature but

was analysed by 'H NMR spectroscopy and elemental analysis ( %C and %H ).

2.14 Reaction of [Ti(NEt;)4] and ‘BuSH

The addition of excess 'BuSH to a solution of [Ti(NEty)4] in toluene
resulted in an immediate colour change from orange to dark red. Work-up of the
reaction mixture and crystallisation from a saturated hexane solution resulted in
the formation of dark red needles in a 65% yield. Analytical and spectroscopic
data showed this product to be a mixture of [Ti(S'Bu)s] and [Ti(S'Bu);(NEty)]

(compounds 4 and 5 respectively). This is in contrast to the earlier report that
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suggested only [Ti(S'Bu)s] had been formed,? although this product was only
analysed from microanalytical data. From elemental analysis carried out on the
product, 2.78% nitrogen was obtained (% N calculated for compound 5 = 3.62%)
suggesting that although this crystallises more readily there is some [Ti(S'Bu)q]
present in the product. The reaction between [Ti(NEt;)4] and excess ‘BuSH was
repeated a number of times. Analytical data on subsequent samples of the red
crystalline material isolated revealed that the % N varies from 0.71 to 2.78. Thus,
even after repeated recrystallisations a small amount of nitrogen was always
present in the material.”

The formation of compound S5 is obviously a result of incomplete
substitution of all the amide ligands by the thiol. This is surprising since an excess
of thiol is present in the reaction mixture. Earlier work by Bradley (see chapterl)
indicated that the reaction of excess thiol R'SH (R’ = Me, Et or iPr) with
[Ti(NR2)s] (R = Me or Et) resulted in the formation of complexes of the type
[Ti(SR)4(R'SH)(R;NH),] (where x + y varied from 0.8 to 1.33).> However,
controlled addition of R'SH to [Ti(NMe,),] afforded the partially substituted
compounds [Ti(NMe,)sx(SR)x] (Where x = 1 or 2; R’ = Et or ‘Pr).*! This product
appears to confirm this early hypothesis. The '"H NMR data of the mixture of
compounds 4 and § showed the presence of Ti-NEt, ligands in the mixture at 1.21
and 4.12 ppm and so supports the formation of compound 5. The reaction product
obtained (4 and §5), a neutral species, had a much lower melting point, at 51 °C,
than the ionic compounds previously synthesised. This is likely to make the solid
a more volatile species, and therefore a more desirable precursor to metal sulfides
via CVD routes. An attempt to react only three stoichiometric equivalents with

[Ti(NEt;)4] did not produce the compound 5, but a red oil. Integration of the 'H
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NMR peaks of the red oil showed that between one and two thiols had attached to

the titanium centre (Figure 2.11).

ppm

Figure 2.11 H NMR spectrum for reaction of [Ti(NEt:)4] with three
equivalents of BuSH

2.15 X-ray structure of compound 5

A single crystal structure determination revealed compound 5 to be a
partially substituted thiolate species (Figure 2.12). Selected bond lengths and
angles are shown in Table 2.4. The geometry at the titanium centre is a distorted
tetrahedral structure with angles in the range of 101.16(7) - 115.5(2)° (Table 2.4).

The Ti-S bond lengths range from 2.283(2) to 2.302(2) A. These values are
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similar to those found in analogous compounds e.g. [Ti(115-NC4Me4)(SPh)3],76
where the Ti-S distances range from 2.285 to 2.314 A. The Ti-S-C bond angles at
sulfur are 112.7(2), 114.6(2) and 121.2(2)° for S(1), S(2) and S(3) respectively.
The larger size of the angle at S(3) is possibly due to a steric conflict between its
tert-butyl group and the diethylamido ligand. The geometry at the nitrogen centre
is trigonal planar, and the Ti-N bond length is 1.856(5) A which indicates a
degree of double bond character. This bond is similar in length to those between
titanium and the dimethylamido ligands in [Ti(NMe,)y(OCsH,Bu'-2,4.6),]"
(1.865 and 1.897 A). The outer surface of compound 5 consists of hydrophobic
tert-butyl and ethyl groups, and as such there are no intermolecular packing

interactions of interest.
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Figure 2.12 The molecular structure of compound 5
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Table 2.4 Selected bond distances (A) and angles (°) for compound 5

Ti-S(1) 2.295(2)
Ti-S(2) 2.302(2)
Ti-S(3) 2.283(2)
Ti-N 1.856(5)
N-Ti-S(1) 105.2(2)
N-Ti-S(2) 110.06(14)
N-Ti-S(3) 115.5(2)
S(1)-Ti-S(2) 112.62(7)
S(3)-Ti-S(1) 112.52(7)
S(3)-Ti-S(2) 101.16(7)
C(1)-S(1)-Ti 112.7(2)
C(9)-S(3)-Ti 121.2(2)
C(5)-S(2)-Ti 114.6(2)
C(15)-N-C(13) 113.5(4)
C(15)-N-Ti 127.0(4)
C(13)-N-Ti 119.2(3)

2.16 Reaction of [Ti(NEt;)4] and 2,6 dimethylthiophenol

The reaction of [Ti(NEt,);] and an excess of 2,6-dimethylthiophenol
produced a red solution on addition of the thiol. This solution darkened after
stirring for two hours. After work-up of the reaction, red crystals were obtained
from a solution of toluene at room temperature. Unfortunately it was not possible
to obtain a single crystal structure of the product. "H NMR of the red crystals did
not show the presence of an -SH group from the starting thiol in the product
suggesting a reaction of some type had occurred. Peaks corresponding to the
methyl and phenyl groups of the thiol were present in the spectrum (2.20 and
6.8-7.2 ppm respectively) as were peaks for the ethyl groups of an amine species
(at 0.8 and 2.3 ppm). A significant peak occurred within the spectrum at 1.1 ppm

that could not be accounted for. Elemental analysis showed nitrogen to be present
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in the final product (2.03%). These results suggest that this reaction is incomplete
with only partial substitution of the amide ligands by the thiol. This is surprising
given the steric bulk of the ligand and the fact that [Ti(S-2,3,5,6-Me4C¢H)4] has
been successfully synthesised,” albeit by a salt elimination method. It was then
decided to react the compound 4/5 mixture obtained previously with an excess of
2,6-dimethylthiophenol in the hope that this synthetic method could yield the

desired neutral product [Ti(S-2,6-Me>CgH3)4].

2.17 Reaction of compounds 4/5 and 2,6-Me,CcH3;SH

The reaction described in section 2.14 ([Ti(NEt,)s] and excess ‘BuSH) was
repeated. The product (compound 4/5) was then dissolved in toluene to give a
dark red solution and an excess of 2,6 dimethylthiophenol was added. A colour
change was not observed, but a dark insoluble precipitate was formed indicating
that a reaction had occurred. The remaining dark red solution was filtered and the
solvent removed in vacuo. This resulted in a dark red oil that was dissolved in
hexane. Dark red needles were produced from this solution in a 50% yield. 'H
NMR and elemental analysis of these needles were consistent with the formation
of [Ti(S-2,6-Me,C¢H3)s] (compound 6) although peaks corresponding to
2,6-Me,CsH3SH were observed at 2.26 ppm (-CH3 groups) and 3.24 ppm (-SH) as
well as in the aromatic region. The peak corresponding to the methyl groups of
the thiolate ligand occurred as a singlet at 2.16 ppm. Peaks corresponding to the
tert-butyl groups of compounds 4/5 and those of -NEt, were not observed in the
spectrum, indicating that complete substitution of the amide and thiolate ligands

of the starting product had occurred. A crystal structure was not obtained,
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however, despite numerous attempts to repeat the reaction and using a variety of
different solvent systems. The reaction proved to be difficult to repeat but it does
indicate that a neutral monomeric thiolate can be produced without amide ligands
being attached to the titanium centre. This offers a new route to making transition
metal thiolates that, to our knowledge, has not been previously explored. It is
interesting that compound 6 was not obtained from [Ti(NEt;)4] and an excess of

Me,CsH3SH despite repeated attempts.

2.18 Reactions with other transition metal amides

Given the success of obtaining a neutral monomeric titanium thiolate
from the titanium amide precursor, it was decided to extend this route to
zirconium, tantalum and niobium. Consequently the amides [Zr(NEt2)4],66
[Ta(NMez)s]78 and [Nb(NMe2)5]79 were prepared according to literature
procedures. The diethylamides of tantalum and niobium were not prepared on
account of their tendency to form metal centres in the +4 oxidation state and not
the +5 as required.79 The bulky thiol 2,6-Me,CsH3SH, was chosen to react with

the metal amide.

2.19 Reaction of [Ta(NMe,)s] and 2,6-Me,CsH3SH

The reaction of [Ta(NMe,)s] with an excess of 2,6-Me,CsH3SH produced
an immediate colour change from pale yellow to dark red-orange. Filtration of
the solution and removal of the solvent in vacuo resulted in a dark red/orange

solid. Bright red crystals were obtained in a 50% yield by diffusion of an
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overlayer of hexane to a saturated CH,Cl, solution of the solid produced.
Analytical and spectroscopic data were consistent with the formation of the
neutral species [Ta(S-2,6-Me,CsH3)4(NMe,)] (compound 7). As with compound
S, an amide group is attached to the metal centre despite an excess of 2,6-
Me,CsH3SH present in the reaction mixture. This is unexpected, given the
existence of the compound [Ta(S-2,3,5,6-MesC¢H)s] and the similarity of the two
thiolate ligands.29 However, [Ta(S-2,3,5,6-MesC¢H)s] was prepared from a salt
elimination route. The protons of the -NMe, group in compound 7 occur as a
singlet at 2.76 ppm in the '"H NMR and those of the methyl groups of the thiolate
ligand at 2.45 ppm. Aromatic protons in 7 were found from 6.78 - 7.04 ppm. The
melting point of 7 (200 °C) is also surprisingly high given that the product is
neutral. Nonetheless, it is hoped that compound 7 can be used as a precursor to

making tantalum disulfide via a “thio” sol-gel route or from deposition studies.

2.20 X-ray structure of compound 7

A single crystal structure determination showed compound 7 to be the
incompletely thiolate-substituted complex shown in Figure 2.13. The complex has
molecular C; symmetry about the N-Ta bond direction. The geometry at tantalum
is distorted trigonal bipyramidal. The equatorial plane consists of the Ta, N, S(3)
and S(4) atoms. The angles within the equatorial plane range from 119.04(6) to
121.6(2)° and the axial substituents subtend the tantalum centre at an angle of
164.37(5)° (Table 2.5). As expected, the Ta—S bond lengths of the axial ligands
(Ta-S(1) 2.427(2) A and Ta-S(2) 2.428(2)A) are longer than the equatorial ones

(Ta-S(3) 2.398(2) A and Ta-S(4) 2.389(2) A). This is not observed in the
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homoleptic complex [Ta(SCGHI\/Ie‘;-2,3,5,6)5].29 In this complex, the geometry is
distorted slightly more towards square pyramidal and the axial S-Ta-S angle is
156.7° and the Ta-S distances range from 2330 to 2402 A. In
[Ta(CH'Bu)(SC¢H,'Pr3-2,4,6)3(SEt2)],*®  which has a distorted trigonal
bipyramidal geometry similar to that of 7 (the axial ligands subtend an angle of
162.2° at the tantalum centre), the three equatorial Ta—S distances only range
between 2.390 and 2.394 A. These values are similar to those observed in 7. The
Ta-N bond length is 1.921(5) A which suggests a degree of multiple bond
character. This bond distance compares with a Ta=N double bond length of 1.894
A in [{Ta(SCeHsPr,-2,6)3(THF)},(M-N»)1,®' and Ta-N single bonds of, for
example, 1.949 A in [TaCI(NSiMes){N(SiMes),}(n-C1)].**> and 2.024 A in
[Ta(OMe)(NSiMes3){N(SiMe3),}(n-OMe)].*> The exterior of compound 7
consists of the hydrophobic -CHj3 groups of both the thiolate ligand and the

amide. This prevents any significant intermolecular packing interactions.
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Figure 2.13 The molecular structure of compound 7
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Table 2.5. Selected bond distances (A) and angles (°) for compound 7

Ta-S(1) 2.427(2)
Ta-S(2) 2.428(2)
Ta-S(3) 2.398(2)
Ta-S(4) 2.389(2)
Ta-N 1.921(5)
S(4)-Ta-S(2) 93.49(6)
S(4)-Ta-S(1) 81.40(6)
S(4)-Ta-S(3) 119.04(6)
S(1)-Ta-S(2) 164.37(5)
S(3)-Ta-S(1) 89.17(6)
S(3)-Ta-S(2) 80.37(6)
C(19)-S(3)-Ta 115.7(2)
C(27)-S(4)-Ta 116.1(2)
C(1)-N-Ta 122.1(5)
C(2)-N-Ta 125.9(5)
C(2)-N-C(1) 111.9(6)
C(3)-S(1)-Ta 106.9(2)
C(11)-S(2)-Ta 109.2(2)
N-Ta-S(1) 98.5(2)
N-Ta-S(2) 96.9(2)
N-Ta-S(3) 121.6(2)
N-Ta-S(4) 119.4(2)

This reaction was subsequently repeated using the niobium amide,

[Nb(NMe,)s], where it was expected that a similar reaction product would result.

2.21 Reaction of [Nb(NMe;)s] and 2,6-Me,CcH3SH

On addition of an excess of 2,6-Me,CsH3;SH to [Nb(NMe;)s] an

immediate colour change was observed from pale yellow to dark red. Removal of

the solvent and crystallisation from a saturated CH,Cl, solution gave dark red

single crystals. Analytical and spectroscopic data for the crystals were consistent
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with the formation of [Nb(S-2,6-Me,C¢H3)s] (compound 8) in a 50% yield. The
'H NMR of compound 8 shows peaks characteristic of 2,6-Me,C¢H3S™ thiolate
ligands at 2.35 ppm and in the aromatic region from 6.85-7.05 ppm. Impurities
due to -NMe, groups are present at 2.62 ppm in the 'H NMR spectrum of
compound 8 and in the elemental analysis (where the % N is 0.47) but this is due
to the difficulty in isolating the crystals from the viscous saturated CH,Cl,
solution. To our knowledge, this structure represents the first fully characterised
neutral monomeric homoleptic thiolate of niobium. It is interesting that this
structure is different to that obtained with tantalum. The two atoms have a very
similar size and it would be expected that the chemistries would be very similar.
However, complete substitution of the amide has occurred in this instance. The
melting point of compound 8 was 138 °C, which is lower than the value obtained
for compound 7 but still quite high for CVD purposes (c¢f compound S5).
Nonetheless, it is hoped that this compound can act as a precursor to niobium

disulfide.

2.23 X-ray structure of compound 8

A single crystal structure determination of 8 revealed the compound to be
the fully substituted neutral homoleptic thiolate species (Figure 2.14). Selected
bond lengths and angles are shown in Table 2.6. The geometry at the niobium
centre is a distorted trigonal bipyramidal structure. The equatorial plane is made
up of the thiolate ligands of S(3), S(4) and S(5) respectively with angles at the
niobium centre in the range 107.57(3) - 127.11(3)° (Table 2.6). The S(1)-Nb-S(2)

angle is 155.18(3)° and suggests a distortion of the structure towards a square
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pyramid {¢f compound 3 where this angle is 148.2(1)°). This is probably due to
the steric demands of attaching five large Z"b-MeiC"HgS" ligands to the niobium
centre. The Nb-S bond lengths range from 2.3609(9) to 2.4289(8) A. These
values are shorter than those found in ionic niobium thiolate compounds e.g.
[(PPh4)2][Nb(SPh)s] where the Nb-S bond lengths range from 2.476(3) -
2.500(3) To our knowledge, there are no analogous neutral homoleptic
thiolates of niobium with which to compare bond lengths, angles etc. The outer
surface of the compound consists of the hydrophobic methyl groups and, as such,

there are no significant intermolecular interactions.
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Figure 2.14 Structure of compound 8
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Table 2.6 Selected bond distances (A) and angles (°) for compound 8

Nb-S(1) 2.3961(8)
Nb-S(2) 2.3708(9)
Nb-S(3) 2.4289(8)
Nb-S(4) 2.3609(9)
Nb-S(5) 2.3707(8)
S(5)-Nb-S(2) 101.87(3)
S(1)-Nb-S(2) 155.18(3)
S(5)-Nb-S(1) 92.31(3)
S(3)-Nb-S(1) 78.12(3)
S(5)-Nb-S(3) 127.11(3)
S(3)-Nb-S(2) 77.08(3)
S(4)-Nb-S(5) 107.57(3)
S(4)-Nb-S(3) 125.32(3)
S(4)-Nb-S(2) 93.91(3)
S(4)-Nb-S(1) 101.16(3)

2.23 Reactions using [Zr(NEt;),]

Given the success obtained with the previous metal amides, it was
decided to prepare a zirconium amide starting material. However, reactions with
[Zr(NEt,)4] proved more problematic than the other metal amides used and it was
difficult to isolate any significant species. The reaction of [Zr(NEt;)4] with an
excess of 2,6-dimethylthiophenol produced an insoluble bright yellow solid. 'H
NMR studies were not possible as the solid was not even sparingly soluble in any
solvents. Elemental analysis performed on the solid did show a good match to the
compound [Et,NH,][Zr(S-2,6-Me,CeHs3)s] but it is more likely that some form of
extended polymerisation has occurred producing the insoluble species. To our
knowledge no neutral monomeric thiolate compounds of zirconium exist except

for a poorly characterised report of [Zr(SPh)s].>* The cluster compound
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[Zr3(S)(StBu)10] has been reported to be made from the reaction of [Zr(CH;Ph)4]
and ‘BuSH with each zirconium atom having a coordination number of six.>> The
reaction of [Zr(NEt);] and ‘BuSH was also performed. An orange solid was
isolated from the reaction. The "H NMR spectra of the product showed a mixture
of species in solution. Five singlets of different intensities were observed from
1.58-1.87 ppm corresponding to fert-butyl thiolate groups and numerous peaks
occurred throughout the spectrum which were difficult to assign. This is in
contrast to the 'H NMR spectrum obtained for [Zr3(S)(S'Bu);g], where four
singlets were observed at 1.81, 1.93, 2.01 and 2.32 ppm with an intensity ratio of
3:3:3:1.% Evidence of a [Et,NH,]" cation did occur as a triplet at 0.96 ppm (CH;
groups), a quartet at 2.47 ppm (CH, groups) and a broad singlet at 7.67 ppm
(NH; groups) but these peaks were much smaller than those of the butyl groups.
The elemental analysis was difficult to interpret. Nitrogen was found in the
sample (1.52%) showing that an amide or ammonium cation was present. The
carbon content was only 35.56% (cf. [Et,NH;] [Zr(S'Bu)s] has 39.3% carbon) and
so any further estimates as to what had been made were not possible. Bulkier
thiols would probably have to be used in order to isolate a neutral monomeric
product from this route, eg. 2,4,6-BusCeH,SH. The starting amide was also quite
difficult to synthesise and so extensive studies were not carried out. It was
therefore decided to attempt an alternative synthetic route to zirconium thiolate

compounds.

76



2.24 Substitution reactions using metal alkyl complexes

The use of a metal amide starting material created difficulties in either the
production of an ammonium cation, or incomplete substitution of the amide
ligands. Therefore, using an alkyl transition metal starting material could
eliminate these problems. It was therefore decided to synthesise [Zr(CHzPh)4]83
and [Ti(CH,Ph),® according to literature preparations and react these

complexes with different thiols.

2.25 Reactions using [Zr(CH,Ph),]

A reaction of [Zr(CH,Ph)s] with pentafluorothiophenol did not yield any
reaction (e.g. no colour change or heat produced) and so it was decided to
attempt a reaction with the much larger thiol, PhsCSH. The reaction of
[Zr(CH,Ph)4] with four equivalents of Ph3CSH resulted in a colour change from
yellow to orange. An orange solid was isolated, which was insoluble in all
solvents except THF. The elemental analysis for this orange solid gave a carbon
content of only 62.7% which is lower than the calculated % carbon in
[Zr(CH,Ph)4) (73.8%) and the theoretical product [Zr(SCPhs)s] (76.2%). X-ray
crystal diffraction of orange crystals obtained from a THF solution showed only
the presence of the starting thiol, PhsCSH. Elemental analysis for Ph3CSH would
give a carbon content of 82.6% and so clearly there are other species being
produced in this reaction.

Finally, the addition of elemental sulfur to a solution of [Zr(CH,;Ph)4] was

carried out in the hope of inserting sulfur into the Zr-C bond. A brown insoluble
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product resulted suggesting decomposition had occurred and no analysis of the

brown solid was performed.

2.26 Reactions using [Ti(CH,Ph)4]

Reaction of [Ti(CH,Ph)s] with an excess of 2,6-dimethylthiophenol
resulted in the formation of a small amount of an insoluble yellow precipitate and
a dark red liquid. '"H NMR of the red liquid (CD,Cly) showed peaks
corresponding to 2,6-dimethylthiophenol only and not of the thiolate ligands.
This reaction route is in contrast to the reaction with [Ti(NEt;);] where a
substitution reaction clearly occurred. Peaks corresponding to benzyl groups of
[Ti(CH,Ph),] were not present in the final product, however, indicating that some
form of reaction had occurred.

Reaction of [Ti(CH,Ph)4] with an excess of CF3(CF;)sCH,CH,SH yielded
an insoluble brown solid, suggesting that decomposition or polymerisation had
occurred. It is surprising that this method proved so unsuccessful. It was hoped
that the starting material would prevent the formation of any cationic species and
so encourage the thiolate ligands to bond to the metal centre. Another major
problem encountered with this route was the making of the starting materials.
The synthesis was time consuming and the final product extremely sensitive
([Zr(CH,Ph),] being light sensitive as well as air and moisture sensitive). For
practical purposes, it was decided to investigate alternative routes rather than

prepare other metal alkyl species.
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2.27 Synthesis of metal thiolates via salt elimination routes

A series of reactions were carried out using the transition metal chlorides
TiCly, TaCls and NbCls and an alkali metal salt of the thiol, MSR (where M = Li,
Na or K and R = alkyl/aryl group). The alkali metal salt was easily synthesised
via reduction of the thiol by the alkali metal (for Na and K) or BuLi in THF
followed by removal of the solvent in vacuo. This salt was then reacted directly
with the metal chloride in a suitable solvent using the correct stoichiometry. This
procedure was based on that used for the preparation of [Ti(S-2,3,5,6MesCecH)q4]
and [Ta(S-2,3,5,6MesCsH)s].® It was decided to begin with the thiol

2,6-dimethylthiophenol due to its similarity to 2,3,5,6-MesCcHSH.

2.28 Reactions of TiCl,, TaCls and NbCls with 2,6-dimethylthiophenol

The alkali metal salt of the thiol was synthesised as a white solid as
described above. Reaction of four equivalents of NaS-2,6-Me,C¢Hj3 with TiCly in
hexane resulted in a dark red solution. A grey solid precipitate was also formed
in the reaction that was assumed to be sodium chloride. Filtration of the solution
gave a dark red oil that was soluble in hexane. Work-up of the resulting red
solution resulted in a dark red solid. '"H NMR of the dark red solid showed the
presence of 2,6-Me,CqH3S™ ligands (2.37 ppm for CH3 groups; 6.95-7.10 ppm
for the aromatic protons). Peaks due to small amounts of free thiol,
2,6-Me,C¢H3SH and hexane were also observed. Two broad singlet peaks were
also observed at 1.99 and 4.33 ppm due to THF (used in the initial alkali metal

salt preparation) coordinated to the titanium centre. An elemental analysis of the
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red solid showed a close match to the formation of [TiCI(S-2,6-Me,CsH3);. THF]
and not the fully substituted thiolate [Ti(S-2,6-Me,CgsHj3)4]. Unfortunately, X-ray
quality crystals were not obtained from this method.

The addition of TaCls to five equivalents of NaS-2,6-Me,Cg¢Hj; in hexane
resulted in a red/orange solution being produced. After work-up of this
red/orange solution, a small amount of a red/orange solid resulted (yield 7%). 'H
NMR of the red/orange solid showed peaks in the aromatic region and a singlet
at 2.35 ppm corresponding to the methyl groups of the thiolate. Elemental
analysis was taken on the red/orange solid to see if full substitution had occurred.
These results suggest that the partially substituted species [TaClx(S-2,6-
Me,Cg¢H3)3] had been formed.

The reaction between NbCls and five equivalents of NaS-2,6-Me,C¢Hj3 in
hexane resulted in a dark red solution on refluxing. The dark red solution was
then filtered through Celite. Increasing the concentration of the dark red solution
by removal of solvent resulted in the formation of caramel crystals (cf. dark red
for compound 8). An X-ray analysis of these crystals revealed the structure to be
the disulfide (2,6-Me,C¢H3S),. Therefore, decomposition or oxidation of the
metal centre has occurred. The starting thiol was also observed in the 'H NMR
and, despite repeated attempts at this reaction, the same caramel coloured

product was always obtained.
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2.29 Further reactions using salt metathesis

Further reactions with a variety of different thiols, for example,
PhCH,SH, 'BuSH, C¢FsSH and Ph;CSH resulted in decomposition of the
products. One of the main problems encountered with this synthetic method
appeared to be the highly sensitive nature of the compounds produced to air and
moisture. Any promising reaction species obtained (usually indicated by a red or
red/orange colour) soon decomposed during refluxing or even at room
temperature to a brown precipitate. Isolation of any reaction products proved
very difficult. Although successful with 2,6-Me,C¢H3SH it proved difficult to
stabilise the metal centre with any other thiols used. It is likely that
decomposition products or mixed products are being formed by this route. A
final reaction of TiCls with four equivalents of NaSC¢Fs and two equivalents of
2,6-lutidine only resulted in a sparingly soluble yellow solid. The 'H NMR
spectrum of this solid did give a singlet at 2.84 ppm that could be assigned to the
methyl groups of 2,6-lutidine, as well as the aromatic protons at 7.31 and 7.96
ppm. Elemental analysis of the yellow solid proved difficult to assign. Evidence
of chlorine present in the final material (3.67%) suggested that full substitution
had not occurred. The closest match to any theoretical product was
[TiCI(SC¢Fs)3.2,6-1utidine]. The relative insolubility of the product indicates that

a more complicated, extended structure may have occurred
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2.30 Synthesis using triethylamine

An initial reaction using four equivalents of C¢FsSH, TiCls and an excess
of Et3N was attempted but, as with the salt metathesis approach described earlier,
decomposition occurred. It was decided not to proceed with any of the thiols
used previously but to attempt a reaction with 2-dimethylaminoethane thiol
(Me,NCH,CH,SH) instead, where additional dative bonding of the nitrogen atom
to the metal centre is possible. Reaction of TiCly, four equivalents of
Me,NCH,CH,SH.HCI and excess Et;3N in toluene resulted in the formation of a
dark red solution. Work-up of the reaction mixture afforded a dark red solid that
was only sparingly soluble in CH,Cl, and insoluble in all other solvents. The 'H
NMR spectra of the red solid showed a number of peaks that were difficult to
assign. Broad peaks occurred from 2.20-4.06 ppm and a broad singlet was also
found at around 10.2 ppm. Elemental analysis of the red solid suggested the
product [TiCl,(SCH,CH;NMe;),] had been made although impurities are likely
to be present. Again complete substitution of the chloride ligands by thiolate
groups has not occurred. The analogous reaction with TaCls produced an orange
solid that did not appear to contain any thiolate at all from 'H NMR studies.
Peaks corresponding to the ethyl protons of triethylamine occurred at 1.24 and
2.95 ppm. The analogous reaction with NbCls decomposed to give a dark brown
insoluble product.

This method also proved difficult and did not result in the desired
products. Giolando et al. also described the lack of success using this
methodology when attempting to synthesise titanium thiolates, suggesting the

formation of mixtures of compounds of the type [TiClyx(SR)x] (Where x varies
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from 1-4) to be responsible.30 Finally a Grignard methodology was attempted to

see if this would produce interesting results.

2.31 Synthesis using Grignard reagents

In this instance, the Grignard reagent mesityl magnesium bromide
(MesMgBr) was reacted with elemental sulfur in toluene giving a yellow solution
that was assumed to be MesSMgBr. Addition of TiCly to four equivalents of
MesSMgBr gave a dark red solution that was extremely sensitive and could not
be isolated without decomposition occurring. The reaction of five equivalents of
MesSMgBr with NbCls, however, gave a dark red solution that yielded a dark
red solid after work-up. "H NMR of the red solid showed a singlet at 6.90 ppm
corresponding to the two aromatic protons of the ligand, the para-methyl group
of the aryl species occurred as a singlet at 2.26 ppm and the two ortho-methyl
groups at 2.22 ppm. It was hoped that the product [Nb(SMes)s] had formed.
Elemental analysis of the red solid did not correspond to this product as the
percentage carbon and hydrogen were too high (66.4% and 6.32% cf. 63.7% and
6.49% for [Nb(SMes)s]). If incomplete substitution of the chloride ions had
occurred then the carbon and hydrogen contents of the product would have been
lower than [Nb(SMes)s]. One possibility for the observed results would be if the
disulfide, (MesS),, had been produced during the reaction due to oxidation of the
thiolate. Small contamination of this would account for the increase in carbon
and hydrogen in the final product. The yield for this reaction was less than 10%

and as such was not particularly useful as a precursor for materials analysis.
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The reaction of five equivalents of MesSMgBr and TaCls was also carried
out and a dark red solid was isolated from the reaction. Elemental analysis on
this red solid showed a carbon and hydrogen content higher than that expected
for the fully substituted compound, [Ta(SMes)s] suggesting that the disulfide
may have been produced and contaminated the final product. The "H NMR of the
red solid showed three singlets in the methyl region at 2.20, 2.28 and 2.34 ppm
and not just two as in the case with the niobium analogue. This does give further
indication of impurities being present in the final product. Crystals suitable for
X-ray crystallography could not be grown and the yield was also low. It was
decided to use the six compounds characterised by single crystal X-ray
crystallography as precursors to the chalcogenides using the thio “sol-gel”

method and chemical vapour deposition studies.

2.32 Conclusions

Studies performed on the synthesis of homoleptic early transition metal
thiolates proved successful in the preparation and characterisation of three ionic
compounds, (1, 2 and 3) and three neutral species (4/5, 7 and 8). These were
prepared from the reactions between the transition metal amides and an excess of
the thiols. The neutral compounds were prepared from the bulkier thiols, BuSH
and 2,6-Me,C¢H3SH whereas the ionic complexes were synthesised using the
smaller thiols, PhCH,SH and C¢FsSH.

The compound [Ti(S-2,6-Me,CsHs3)4] (6) was prepared from the reaction
between the mixed thiolate, [Ti(SBu)4J/[Ti(S‘Bu)s(NEt,)] (4/5) and an excess of

‘BuSH, although this compound was not crystallographically characterised.
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Synthesis of thiolate compounds using transition metal alkyl starting
materials did not yield significant products and synthetic studies of thiolates
using the salt elimination route and NEt; produced partially substituted thiols.

The synthetic route using Grignard reagents produced compounds of
general formula [M(SMes)s] (where M = Nb or Ta), although some
contamination from (SMes), is likely to have occurred and the yields for the
reactions were less than 10%. Nonetheless, given more time this is a synthetic

route that would be worth exploring further.

2.33 Experimental

General Procedures. All manipulations were performed under a dry, oxygen-
free dinitrogen atmosphere using standard Schlenk techniques or in a MBraun
Unilab glove box. All solvents were distilled from appropriate drying agents prior
to use (sodium / benzophenone for toluene, hexanes and THF; CaH; for CH,Cl,).
[Ti(NEt2)a],* [Zt(NEt2)a], [Ta(NMe,)s],” [Nb(NMe)s],” [Ti(CH;Ph)s]* and
[Zr(CH,Ph)4]* were prepared according to literature procedures. All other
reagents were procured commercially from Aldrich and used without further

purification. Microanalytical data were obtained at University College London.

Physical Measurements. NMR spectra were recorded on Britkker AMX300 or
DRX400 spectrometers at UCL. The NMR spectra are referenced to CD,Cl; or
CDCl; which were degassed and dried over molecular sieves prior to use; 'H and
C chemical shifts are reported relative to SiMey4 (0.00 ppm). F chemical shifts

are relative to CFCl;. Mass spectra (CI) were run on a micromass ZABSE
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instrument, and IR spectra on a Nicolet 205 instrument. Melting points were

obtained in sealed glass capillaries under nitrogen and are uncorrected.

2.34 Preparation of [Ti(NEt;)4]

This reaction was carried out using a similar procedure to the literature,
although the quantities of reagents used differ slightly. Butyllithium (70 cm’, 1.6
M solution in hexanes) and diethylamine (11.5 cm3, 21 mmol) were added to
ether (30 cm®) at -20 °C and stirred for 30 minutes resulting in a viscous creamy
solution. TiCly (27.7 cm®, 1M solution in toluene) was then added dropwise to
this solution and an exothermic reaction resulted producing a dark brown
solution with some brown precipitate forming after 10 minutes. The mixture was
slowly warmed to room temperature and refluxed for 2 hours. After cooling to
room temperature the solvent was removed in vacuo and replaced with an equal
volume of toluene, in which the product was soluble. After filtering through
Celite the mixture was pumped down to dryness under vacuum resulting in a
dark brown oil. This oil was distilled under vacuum resulting in a red/orange
viscous liquid (bp 108 °C, yield 52 %). '"H NMR (CDCl;): & 1.06 (t, 24H,

CHzCH;;), 348 (q, 16H, CH2CH3).

2.35 Preparation of compound 1

Benzyl mercaptan (2.1 cm®, 17.8 mmol) was added dropwise to an orange
solution of [Ti(NEt)s] (0.6 cm’, 1.66 mmol) in toluene (20 cm3) at room
temperature with stirring. The solution turned dark red immediately on addition of
the thiol. The mixture was stirred for 2 hours at room temperature and then the

solvent was removed in vacuo. The resulting dark red oil was dissolved in toluene
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(20 cm3) and filtered through Celite. The solution was reduced in volume to
approximately 10 cm® under vacuum and cooled to -20 °C which over a period of
days resulted in the formation of a dark red solid. This solid was redissolved in
CH,Cl, (4 cm® and an overlayer of hexanes (20 cm’) was added carefully.
Solvent diffusion over a period of days at -20 °C afforded X-ray quality dark red
crystals of 1 (0.518 g, 60% yield), mp 103-105 °C. Anal. Calc. for CegH75N;SoTi,:
C, 59.57; H, 5.60; N, 1.04. Found C, 60.07; H, 5.63; N, 1.59. Mass Spec. m/z 74
(diethylamine), 91 (PhCH,). '"H NMR &/ppm (CD,Cl,): 6 0.85 (t, 6H, NCH,CH,),
2.40 (q, 4H, NCH,CH,), 4.90 (s, 6H, u4-SCH,C¢Hs), 5.32 (s, 12H, t-SCH,CgHs),
7.26 - 7.65 (m, 45H, SCH,CsHs). >C{'H}NMR (CD,CL,) § 13.1 (NCH,CH,),
43.7 (NCH,CH,), 51.6 (SCH,C¢Hs), 128.8 (0-SCH,CsHs), 130.7 (m-SCH,CsHs),
131.0 (m-SCH,CsHs), 145.8 (i-SCH,CgHs). IR (KBr, cm™): 698 s, 758 s, 1073 s,

1453 s, 1495 s, 2920 s, 3029 s, 3062 s, 3085 s.

2.36 Attempted preparation of [Ti(SCH;Ph)4]

The same procedure described above (section 2.35) was used but with 0.78
cm® (6.6 mmol) of benzyl mercaptan. A red/brown solid was formed (0.154 g).
Elemental Analysis Found: C, 56.26; H, 6.05; N, 2.29. 'H NMR &/ppm (CD,Cl,):
8 1.17 (t, NCH,CH,), 1.82 (t, PhCH,SH), 3.43 (q, NCH,CH,), 3.62 (s, SCH,Ph),
3.74 PhCH,SH), 7.15-7.32 (m, SCH,CsHs and C¢HsCH,SH). Repeated '"H NMR

(CD,CL,): § 3.62 (s, SCH,Ph) and 7.25-7.38 (m, SCH,CsHs).
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2.37 Attempted preparation of [Ti(SCH,Ph)4(L),]

The same procedure as above (section 2.35) was adopted using 0.78 cm’
(6.6 mmol) of benzyl mercaptan to yield a red solution. 0.29 cm® of
tetrahydrothiophene (3.32 mmol) was then added to this red solution. A red/brown
insoluble solid was formed (0.502 g). Anal. Calc. Found C, 58.21; H, 5.82; N,
1.46. '"H NMR §/ppm (CDCl3): § 1.10 (NCHsCH,), 2.66 (NCHsCH,), 3.58
(SCHyPh), 7.15-7.28 (m, SCH,C¢Hs). Mass Spec. m/z: 74 (diethylamine), 91
(PhCH,), 215 ((PhCH,),SH). '"H NMR (CD,Cl,): § 3.61 (s, SCH,Ph), 7.14-7.34

(m, SCH2C6H5).

2.38 Preparation of compound 2

Pentafluorothiophenol (2.25 cm’, 16.90 mmol) was added dropwise to an
orange solution of [Ti(NEt,)4] (0.6 cm’, 1.66 mmol) in toluene (20 cm3) at room
temperature with stirring. The solution turned dark red immediately on addition
of the thiol. The mixture was stirred for 2 hours at room temperature and then the
solvent was removed in vacuo. The resulting dark red oil was dissolved in
toluene (20 cm”) and filtered through Celite to give a dark red solution. Cooling
of this solution to -20 °C overnight afforded a 75% yield of red crystalline solid
(1.240 g). Single crystals suitable for crystallography were obtained by
dissolving the red solid in CH,Cl, (4 cm®) and overlaying this solution with
hexanes (20 cm®). Solvent diffusion at room temperature over a period of days
afforded dark red needles of compound 2 (m.p. 108-112 °C). Anal. Calc. for
Cs4H3N3F35S,Ti: C, 38.9; H, 2.16; N, 2.52. Found C, 40.06; H, 2.28; N, 2.84.
Mass Spec. m/z: 200 (pentafluorothiophenol). 'H NMR &/ppm (CD,Cl,): 8 1.49

(t, 6H, NCH,CH?3), 3.29 (q, 4H, NCH,CHs), 8.33 (s, 2H, H,NCH,CH;). >C{'H}

88



NMR (CD,Cl,): § 11.2 (NCH,CHj), 42.0 (NCH,CH3), 125.3 (p-SCsFs), 128.2
(0-SCgFs), 129.0 (m-SCeFs). ’F{'H} NMR (CD,Cl,, reference CFCl3): & -132.9
(m, 10F, F*® of CFs), -160.9 (m, 5F, F* of C¢Fs), -165.3 (m, 10F, F>* of CFs).
IR (KBr, cm'l): 668 s, 861 5,974 s, 1081 s, 1480 s, 1512 s, 2342 s, 2357 s, 2927

S, 2956 s.

2.39 Preparation of compound 3

2,6-dimethylpyridine (0.39 cm’, 3.34 mmol) was added to an orange
solution of [Ti(NEty) (0.6 cm’, 1.66 mmol) in toluene (20 cm’) at room
temperature. Pentafluorothiophenol (0.88 cm’, 6.60 mmol) was added dropwise
and the solution turned dark red immediately. After stirring for 2 hours at room
temperature, the solvent was removed in vacuo. The resulting dark red oil was
dissolved in toluene (20 cm®) and filtered through Celite to give a dark red
solution. Cooling of this solution to -20 °C overnight resulted in the formation of
a crystalline red solid. Single crystals suitable for crystallography were obtained
by dissolving the solid in CH,Cl, (4 cm®) and overlaying this solution with
hexanes (20 cm®). Solvent diffusion over a period of days at room temperature
afforded dark red crystals of compound 3 (1.068 g, yield = 65%; m.p. 148 - 150
°C). Anal. Calc. for C3;HpN,F0S4Ti: C, 38.79; H, 2.22; N, 2.83. Found C,
38.83; H, 2.10; N, 3.17. "H NMR (CD,Cl,): § 1.05 (t, 6H, NCH,CH3), 1.50 (t,
6H, HoNCH,CHs3), 3.45 (q, 4H, H,NCH,CH3), 4.34 (q, 4H, NCH,CH3), 7.30 (s,
2H, H,NCH,CH;). '3C{'H} NMR (CD,Cl): & 11.6 (NCH,CHj;), 12.7
(H,NCH,CH3), 43.4 (H,NCH,CH3), 49.7 (NCH,CH3), 120.6 (p-C of SC¢Fs),

137.7 (0-SC4Fs) 146.5 (m-SC¢Fs). ’F{'H} NMR (CD,Cl,, reference CECls): § -
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132.5 (m, 8F, F*° of C¢Fs), -160.5 (m, 4F, F* of C¢Fs) and -164.9 (m, 8F, F**° of

CeFs).

2.40 Attempted preparation of [Ti(SC¢F's)4.bipy]

Bipyridine (0.26 g, 1.66 mmol) was added to an orange solution of
[Ti(NEty)s] (0.6 cm’, 1.66 mmol) in toluene (20 cm’) at room temperature.
Pentafluorothiophenol (0.88 cm’, 6.60 mmol) was added dropwise and the
solution turned dark red immediately. After stirring for 2 hours at room
temperature, the solvent was removed in vacuo. Dissolving the resulting red oil
in 5 cm® of CH,Cl, and cooling overnight at -20 °C gave a red solid. Elemental
Analysis Found C, 43.48; H, 2.68; N, 4.74. 'H NMR (CD,Cly): 6 1.32 (t, 6H,
NCH,CH3), 1.48 (t, 6H, H,NCH,CHs3), 3.07 (q, 4H, H,LNCH,CH3), 4.96 (q, 4H,

HzNCHzCH3), 7.11-8.42 Ppm (m, 14H, NzC]ng).

2.41 Preparation of compound 4/5

‘BuSH (1.9 cm’, 16.9 mmol) was added dropwise to an orange solution of
[Ti(NEty)4] (0.6 cm’, 1.66 mmol) in toluene (20 cm3) at room temperature with
stirring. The solution turned to a dark red colour during a period of 30 minutes
and the solution was allowed to stir for a further two hours. The solvent was then
removed in vacuo resulting in a dark red oil. This oil was dissolved in hexane (15
cm®) and filtered through Celite to give a dark red solution. The solution was
finally concentrated to 2 cm® and cooled overnight at -20 °C to give a 65% yield
of the mixture of compounds 4 and 5 (m.p. 51-53 °C). Single crystals of 4,

suitable for crystallography, were produced from this method. Anal. Calc. for

Ci6H36S4Ti: C, 46.70; H, 8.82; N, 0. Anal. Calc. for C;6H37NS3Ti: C, 49.6; H,
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9.56; N, 3.62. Found C, 47.7; H, 9.73; N, 2.78 and C, 47.3; H, 9.01; N, 0.71. 'H
NMR (CD,Cl,): § 1.21 (t, H, NCH,CHs), 1.53 (s, H SC(CH3)3) 4.12 (q, H,
NCH,CH3). *C{'H} NMR (CD,Cl,): & 13.9 (NCH,CH3), 30.7 (NCH,CHj3), 36.4

(SC(CHs)3), 59.2 (SC(CHj3)3).

2.42 Attempted preparation of [Ti(S-2,6-Me,C¢H3)4]

2,6-Me,CgH3SH (2.1 cm3, 16.9 mmol) was added dropwise to an orange
solution solution of [Ti(NEt,)s] (0.6 cm’, 1.66 mmol) in toluene (20 cm’) at room
temperature with stirring. The solution turned to a dark red colour during a
period of 30 minutes and was allowed to stir for a further two hours. The solvent
was then removed in vacuo resulting in a dark red oil. This oil was dissolved in
20 cm® of toluene. Reducing the volume to 5 cm® and leaving for 2-3 days at
room temperature resulted in the formation of a dark red microcrystalline solid.
Anal. Calc. for C3;,H36S4Ti: C, 64.0; H, 6.00; N, 0.00. Found C, 59.43; H, 6.58;
N, 2.03. '"H NMR (CDCly): § 0.80 (q, NCH,CH3), 1.25 (s), 2.15 (s, 2,6-

(CH;),SCgH3), 2.30 (t, NCH,CH3), 6.83-7.10 (m, 3H, 2,6-(CH3),SCesH3).

2.43 Preparation of compound 6

The mixture of compunds 4/S (0.17 g) was prepared as described
previously (section 2.41) and dissolved in toluene giving a dark red solution.
2,6-Me,CsH3SH (0.17 cm?, 1.32 mmol) was added to this solution producing an
insoluble dark red solid in a dark red solution. The reaction mixture was filtered
and the solvent was removed in vacuo. Dissolving the resulting red solid in
hexane (5 cm’) and cooling overnight at -20 °C gave dark red crystals. Anal.

Calc. for C3,H36S4Ti: C, 64.0; H, 6.00; N, 0.00. Found C, 64.69; H, 6.58; N, 0.63.
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'H NMR (CD,Cly): & 2.16 (s, 24H, S 2,6-(CH3),C¢H3), 2.26 (s, HS-2,6-
(CH3)CgH3), 3.23 (s, HS-2,6-(CH;3),C¢H3), 6.78-7.18 (m, 12H, 2,6-

(CH3)2SCeHs3).

2.44 Preparation of [Ta(NMe;)s]

This reaction was carried out using a similar procedure to the literature,”®
although the quantities of reagents used differ slightly. TaCls (2 g, 5.58 mmol)
and LiNMe; (1.42 g, 27.89 mmol) were added to hexane (70 cm3) and stirred at
room temperature for 24 hrs. A yellow solution and a brown precipitate were
produced. The mixture was filtered and the solvent removed in vacuo giving a
dark yellow oil. Sublimation at 100 °C for 4 hours at reduced pressure (10
mmHg) produced 1 g of [Ta(NMe,)s]. a light yellow solid. Anal. Calc. for
CioH3oNsTa: C, 29.9; H, 7.48; N, 17.46. Found C, 31.65; H, 7.86; N, 17.22. 'H

NMR (CDCl3): 8 3.06 (s, N(CHs3)y), 3.23 (s, N(CH3),).

2.45 Preparation of [Nb(NMe;)s]

This reaction was carried out using a similar procedure to the literature,”
although the quantities of reagents used differ slightly. NbCls (3.17 g, 11.7
mmol) and LiNMe; (3 g, 58.8 mmol) were added to hexane (70 cm?) and stirred
at room temperature for 24 hrs. A yellow solution and a brown precipitate were
produced. The mixture was filtered and the solvent removed in vacuo giving a
dark yellow oil. Sublimation of the oil at 100 °C for 4 hours at reduced pressure
produced 1 g of [Nb(NMe,)s] a light yellow solid. Anal. Calc. for C1oH30NsNb:
C, 38.4; H, 9.59; N, 22.4. Found C, 38.6; H, 10.4; N, 23.0. '"H NMR (CDCl;): &

3.08 (s, N(CH3)2).
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2.46 Preparation of Zr[(NEt,)4]

This reaction was carried out using a similar procedure to the literature,®
although the quantities of reagents used differ slightly. Butyllithium (33 cm’, 1.6
M solution in hexanes) and diethylamine (5.46 cm’, 52.8 mmol) were added to
ether (30 cm3) at -20 °C and stirred for 30 minutes resulting in a viscous creamy
solution. ZrCly (3.076 g, 13.2 mmol) was then added to this solution and an
exothermic reaction resulted producing a dark yellow solution and a white
precipitate. The mixture was slowly warmed to room temperature and refluxed
for 2 hours. After cooling to room temperature the solvent was removed in vacuo
and replaced with an equal volume of toluene, in which the product was soluble.
After filtering through Celite the mixture was pumped down to dryness under

vacuum resulting in a dark green/yellow oil. The oil was distilled under vacuum

resulting in 3 cm’ of a light green/yellow liquid.

2.47 Preparation of compound 7

The dropwise addition of 2,6-Me,C¢H3SH (0.66 cm’, 4.98 mmol) to a
pale yellow solution of [Ta(NMe;)s] (0.20 g, 0.499 mmol) in toluene (20 cm3) at
room temperature resulted in a colour change to dark orange-red. The reaction
mixture was allowed to stir for 2 hours, after which the solvent was removed in
vacuo. The resulting dark red-orange oil was redissolved in CH,Cl; (1.5 cm3) and
filtered. A dark orange-red solution resulted and an hexanes overlayer (7 cm3).
was added carefully. Solvent diffusion at room temperature over a period of days
produced bright red crystals of 7 in a 50% yield. Anal. Calc. for C34HsoNS4Ta: C,
52.8; H, 5.47; N, 1.81. Found C, 52.0; H, 5.82; N, 2.15. '"H NMR (CD,Cl,): &

2.45 (s, 24H, S 2,6-(CH3),C¢H3), 2.76 (s, 6H, NCH3), 6.78 - 7.18 (m, 12H, 2,6-
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(CH3),SCsH3). “C{'H} NMR (CD,CL): & 224 (S 2,6-(CH3),C¢H3), 39.7
(NCH3), 125.9 (p-C of (S 2,6-(CH3),CeHs)), 137.9 (0-(S 2,6-(CH3),CsH;) 143.8

(m-(S 2,6-(CHs)2C6Hs)).

2.48 Preparation of compound 8

The dropwise addition of 2,6-Me,CsH3SH (0.66 cm3, 4.98 mmol) to a
yellow solution of [Nb(NMe;)s] (0.16 g, 0.511 mmol) in toluene (20 cm’) at
room temperature resulted in a colour change to dark red. The reaction mixture
was allowed to stir for 2 hours, after which the solvent was removed in vacuo.
The resulting dark red oil was redissolved in CH,Cl, (15 cm’) and filtered
through Celite. Concentrating this solution to 2 cm® and cooling to -20 °C for 24
hours resulted in the formation of 8 in a 50% yield. Anal. Calc. for
C3HaNSNb: C, 61.6; H, 5.77; N, 0.00. Found C, 63.8; H, 6.84; N, 0.47. 'H
NMR (CD,Cly): & 2.37 (s, 24H, S 2,6-(CH3),C6H3), 2.69 (s, NCH3), 6.80 - 7.01

(m, 12H, 2,6-(CH;),SCeHs).

2.49 Attempted preparation of [Zr(S-2,6-Me;C¢H3)4]

On addition of 2,6-Me,CcH3SH (1.80 cm3, 13.5 mmol) to a yellow/green
solution of [Zr(NEty)s] (0.5 cm®, 1.35 mmol) in toluene (20 cm’) 1.2 g of an
insoluble bright yellow solid was immediately produced. The light yellow/green
solution was filtered off and the solid bright yellow solid was dried in vacuo.
Anal. Calc. for C4Hs;NSsZr: C, 61.7; H, 6.43; N, 1.64. Found C, 62.0; H, 6.82;

N, 1.55.
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2.50 Attempted preparation of [Zr(S'Bu),]

The same procedure was adopted as above (section 2.49), except that
‘BuSH (1.52 cm’, 13.5 mmol) was added to the amide, [Zr(NEt;)4]. A colour
change from yellow/green to orange was observed after stirring at room
temperature for 24 hours. Removal of the solvent and cooling to -20 °C resulted
in orange needles. Elemental Analysis Found C, 35.6; H, 6.85; N, 1.52. '"H NMR
(CD,Cl): 8 0.96 (t, NCH,CH3), 1.58, 1.59, 1.73, 1.75, 1.87 (five singlets due to

SC(CHs3)3 in a 2:2:2:1:1 ratio), 2.47 (q, NCH,CH3), 7.67 (s, H;NCH,CH3).

2.51 Preparation of [Zr(CH,Ph),]

This reaction was carried out using a similar procedure to the literature,83
although the quantities of reagents used differ slightly. ZrCls (1.17 g, 5 mmol)
was added to a solution of PhCH,;MgCl (20 cm®, 1M solution in diethyl ether) in
diethyl ether (20 cm?) at -15 °C. The mixture was stirred for 8 hours resulting in
a yellow solution that was filtered at 0 °C. Removal of the solvent in vacuo gave
a yellow oil. Recrystallising the yellow oil twice from toluene (40 cm?) afforded
bright yellow crystals of [Zr(CH,Ph)4] (0.330 g). Anal. Calc. for CysHpsZr: C,
73.9; H, 6.15; N, 0. Found C, 72.0; H, 6.27; N, 0. '"H NMR (CD,Cl,): 8 1.35 (s,

8H, CH,C¢Hs), 6.35 - 7.26 (m, 20H, CH,C¢Hs).

2.52 Preparation of [Ti(CH,;Ph),]

This reaction was carried out using a similar procedure to the literature,®
although the quantities of reagents used differ slightly. TiCly (12.5 cm’, 1M
solution in toluene) was added slowly to a solution of PhCH,MgCl (50 cm3, 1M

solution in diethyl ether) in diethyl ether (20 cm?) at -15 °C. The mixture was
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stirred for 8 hours resulting in a red solution that was filtered at 0 °C. Removal of
the solvent in vacuo gave a dark red oil. Addition of 30 cm® of hexane to the red
oil, followed by cooling to -20 °C gave a dark red solid (0.403 g). The solid was
isolated by filtering the red solution and dried in vacuo. '"H NMR (CD,Cly): &

1.26 (s, 8H, CH,CgHs), 6.55 - 7.49 (m, 20H, CH,CeHs).

2.53 Attempted preparation of [Zr(SCPhj)4]

Ph;CSH (0.97 g, 3.50 mmol) was added to a yellow solution of
[Zr(CH;Ph)4] (0.4 g, 0.88 mmol) in toluene (20 crn3). The reaction mixture was
stirred at room temperature for 2 hours giving a gelatinous orange solution.
Removal of the solvent in vacuo, followed by addition of hexane (10 cm3)
resulted in an orange solid and a light orange solution. The orange solid was
isolated by removing the light orange solution and dried in vacuo. Elemental

Analysis Found C, 62.7; H, 5.24.

2.54 Attempted preparation of [Ti(S-2,6-Me,C¢H3)4] using [Ti(CH2Ph)4]
2,6-Me,CcH3SH (0.6 cm’, 4.90 mmol) was added dropwise to a red
solution solution of [Ti(CH,Ph)4] (0.2 g, 0.49 mmol) in toluene (15 cm3) at room
temperature with stirring. Removal of the solvent in vacuo, followed by addition
of hexane (20 cm’) resulted in a red solution with a pale yellow precipitate. The
red solution was filtered through Celite. Removal of this solvent yielded a dark
red liquid. "H NMR (CD,Cly): 8 2.22 (s, HS-2,6-(CHz),CsHs), 3.17 (s, HS-2,6-

(CH3),C6H3), 6.90 (m, HS-2,6-(CH3),CsH3).
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2.55 Attempted preparation of [Ti(S-2,6-Me,C¢H3)4] using salt elimination
TiCly (2.5 cm®, IM solution in toluene) was added directly to
KS-2,6-Me,;CgH3 (10 mmol) giving a dark red solid. Addition of hexane (70 cm3)
resulted in a dark red solution. After stirring for 3 hours at room temperature, the
solution was filtered and the solvent concentrated to 10 cm’. Cooling of this
solution overnight at -20 °C gave a dark red solid (0.342 g). Anal. Calc. for
C2H2S5sCITi.THF: C, 59.3; H, 6.17; N, 0.00. Found C, 58.9; H, 6.35; N, 0.00.
'H NMR (CD,Cl,): & 2.37 (s, 6H, S-2,6-(CH3),C¢H3), 6.83 - 7.24 (m, 3H, 2,6-
(CH3),SCsH3). Peaks for THF observed at 1.99 and 4.33 ppm in a 1:1 ratio and

for free thiol (2,6-Me,CsH3SH) at 3.32 ppm and 6.83 - 7.24 ppm.

2.56 Attempted preparation of [Ta(S-2,6-Me;C¢H3)s] using salt elimination
TaCls (0.354 g, 30 mmol) was added directly to LiS-2,6-Me,CeHs (6
mmol) giving a dark red/orange solid. Addition of hexane (70 cm3) resulted in a
dark red/orange solution after stirring for 1 hour at room temperature. The
solution was then refluxed for a further 5 hours producing a darker red/orange
solution. The solvent was then removed in vacuo and the resulting oil dissolved
in 50 cm® of hot hexanes. The solution was then filtered and the solvent
concentrated to 10 cm®. Cooling of this solution overnight at -20 °C gave a dark
red/orange solid (0.030 g). Anal. Calc. for Cp4H»;S;Cl,Ta: C, 43.4; H, 5.01; N,
0.00. Found C, 42.5; H, 5.01; N, 0.00. 'H NMR (CD,Cl,): § 2.35 (s,

S-2,6-(CH3),C¢H3), 6.83 - 7.07 (m, 2,6-(CH3),SCsH3).
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2.57 Attempted preparation of [Nb(S-2,6-Me,CsH3)s] using salt elimination
A similar procedure was adopted as above (section 2.56) except using
NbCls (0.167 g, 6mmol) in place of TaCls. The solution initially turned dark red
but, after work-up, caramel crystals of the disulfide, (Me,C¢H3S), were obtained.
'H NMR (CDCL): & 227 (s, 6H, HS-2,6-(CH3),C¢Hs), 2.40 (s, 6H,
S-2,6-(CH3),C¢H3), 3.26 (s, 1H, HS-2,6-(CH3),C¢H3), 6.83 - 7.07 (m, 12H,

2,6-(CH3),SCsH3).

2.58 Attempted preparation of [Ti(SC¢Fs)4(L)]

TiCls (2.5 cm®, 1M solution in toluene) and 2,6-lutidine (0.58 cm’®, 5
mmol) were added directly to NaS-2,6-Me,C¢H3 (10 mmol) giving a dark red
solution. Addition of toluene (20 cm3) resulted in a dark red solution. Work-up
from CH,Cl, resulted in a yellow solid (0.221 g). Anal. Calc. for
C18S3CIF;5Ti.2,6-lutidine: C, 37.9; H, 1.13; N, 1.77; Cl, 4.48. Found C, 39.5; H,
1.41; N, 0.94; Cl, 3.67. "H NMR (CD,Cl,): 6 2.83 (s, 6H, 2,6-(CH3),CsH3N), 7.31

and 7.96 (S, 3H, 2,6-(CH3)2C5H3N).

2.59 Reaction of TiCly, NEt; and Me,NCH,CH,SH

NEt; (2.79 cm3, 10 mmol) and Me,NCH,CH,SH.HCI (1.417 g, 10 mmol)
were added in CH,Cl, (70 cm®) giving a clear solution. TiCly (2.5 cm?®, IM
solution in toluene) was than added to give a dark red solution. Work-up of the
solution and layering a saturated CH,Cl, solution with hexanes afforded dark red
crystals (0.124 g). Anal. Calc. for CsH,oN,S,Cl,Ti: C, 29.4; H, 6.12; N, 8.56; Cl,

21.7. Found C, 30.0; H, 6.49; N, 7.47; Cl, 24.4. "H NMR (CD,Cl,): § 2.20 - 4.06
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ppm gave a number of broad peaks that are difficult to assign, 10.2 ppm (broad

singlet).

2.60 Reaction of TaCls, NEt; and Me,NCH,CH,SH
The same procedure as described above (section 2.59) except using TaCls
(0.716 g, 2 mmol) to give an orange solid. 'H NMR (CD,Cly): & 1.24 (1,

(CH3CH,)3N)), 2.95 (q, (CH3CH,)3N)).

2.61 Reaction of MesSMgBr and NbCls

NbCls (0.675 g, 2.5 mmol) was added to a solution of MesSMgCl (12.5
cm’) in toluene (20 cm®). The solution immediately changed colour from yellow
to a dark red colour. Filtering through Celite and concentrating the solution to 5
cm® resulted in a dark red solid. Anal. Calc.for C4sHssSsNb: C, 63.7; H, 6.49; N,
0.00. Found C, 66.4; H, 7.32; N, 0.00. 'H NMR (CD,Cl,): & 2.22 (s, 6H,
S-2,4,6-ortho-(CH3);C¢Ha), 2.26 (s, 3H S-2,4,6-para-(CH3)3C¢Hz), 6.90 (s, 2H,

S-2,4,6-(CH3)3CeH>).

2.62 Reaction of MesSMgBr and TaCls

TaCls (0.895 g, 2.5 mmol) was added to a solution of MesSMgCl (12.5
cm?) in toluene (20 cm®). The solution immediately changed colour from yellow
to a dark red colour. Filtering through Celite and concentrating the solution to 5
cm’ resulted in a dark red solid. Anal. Calc.for C4sHssSsTa: C, 57.7; H, 5.88; N,
0.00. Found C, 59.3; H, 6.47; N, 0.38. "H NMR (CD,Cl,): § 2.20 (s, 6H, S-2,4,6-
ortho-(CH3)3C¢Hy), 2.28 (s, 3H, S-2,4,6-para-(CH3)3C¢Hz), 2.34 (s), 6.86 (s, 2H,

S-2,4,6-(CH3)3CeH>).

99



Chapter 3  Preparation of bulk transition metal sulfides

In this chapter, attempts at preparing bulk early transition metal disulfides
are described. This involved two methods, the thio “sol-gel” process and using
hexamethyldisilathiane (HMDST) as a source of sulfur. The latter method was

also employed in making bulk mixed-metal disulfides.

3.1 Thio “sol-gel’” routes to early transition metal disulfides

The potential of transition metal thiolate compounds to act as precursors
to metal disulfides using a novel thio “sol-gel” route was investigated.
Crystalline metal disulfides (MS;) have previously been prepared from metal
alkoxides by bubbling H,S gas through a solution of the metal alkoxide and then
annealing the precipitates under a stream of H,S gas at 800 °C for 6 hours (see
chapter 1).>° This method resulted in the formation of a mixture of TiS; and TiO,
at temperatures below 800 °C. It was decided to adopt this method using some of
the thiolates synthesised in chapter 2 as precursors. Initial investigations focussed
on the formation of TiS,  using the titanlum  precursors,
[EtzNH, ][ Tia(u-SCH2Ph)3(SCH2Ph)s], [EtzNH,]3[Ti(SCeFs)s1[SCeFs 2,
[Et,NH,][Ti(SCeFs)s(NEt;)] and [Ti(S'Bu)4)/[Ti(S'Bu);(NEty)] synthesised as
described in chapter 2. The general preparation procedure is described at the end

of this chapter.
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3.2 Results and Discussion

3.2.1 Thio “sol-gel” reaction

Initial attempts to prepare TiS; involved the thio “sol-gel” reaction of the
titanium thiolates with H,S gas in toluene at room temperature (Scheme 3). In all
cases, an insoluble black/brown precipitate formed immediately when H,S was
bubbled through the toluene solution of the titanium thiolate. A 'H NMR
spectrum of the toluene solution, that was filtered after the completion of the
reaction, was taken in order to analyse the byproducts formed during the
reaction. The spectrum showed the presence of R»S; (where R = ‘Bu or CH,Ph)
and [Et:NH,][SCeFs] (where R = C¢Fs) in the washings. This suggests that SH”
groups from the H,S are replacing -SR and -NEt; ligands during the thio “sol-
gel” reaction. The substitution of the thiolate and amide groups of the titanium
thiolate precursor by H,S forms the basis of the modified thio “sol-gel”
reaction.®® This is very similar to the hydrolysis/condensation reactions described
previously in sol-gel processes.>> An example of the overall reaction proposed for
the thio “sol-gel” process between [Ti(S'Bu)s] and H,S is shown in equations

(3.1) and (3.2).

[Ti(SBu)s] +n H,S —» [Ti(S'Bu)sn(SH),] + n ‘BuSH (3.1)

2p [Ti(SBuwaa(SH)a] —»  [(BuS)sn(SH)a1Ti-S-Ti(SH)q.1(SBu)anlp+ p HS
(3.2)
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Further evidence for the replacement of -SR and -NEt; ligands by -SH
groups in the thio “sol-gel” step was obtained from elemental analysis (C, H and
N) taken for the precipitates. The analytical results can be seen in Table 3.1. The
carbon content of the precipitates was lower than in the titanium thiolate
precursors themselves. This is expected if -SR groups are replaced by -SH
groups. The % carbon obtained from the precipitates is still high (17.53 -
32.24%), suggesting that complete substitution of the thiolate/amide ligands does
not occur. Although the thio “sol-gel” step is analogous to that used previously
with alkoxide precursors,> the final product in this instance does not contain any
Ti-O bonds. It is anticipated that this will prevent the formation of TiO, at

temperatures lower than 800 °C.

Table 3.1 Elemental analytical data for the thiolate precursors and the
precipitates obtained after H,S treatment

Thiolate precursor Precipitate

Thiolate Precursor %C %H %N %C %H %N
[Ti(S'Bu)4)/[Ti(SBu');(NEty)] 4725 9.01 071 21.06 4.08 3.85
[Et;2NH, 5[ Ti(SCgFs)s1[(SCeFs)] 40.06 2.28 2.84 3224 406 4.05
[Et;NH;][Ti(SCgFs)4(NEt,)] 38.83 2,10 3.17 17.53 228 2.80

[EtoNH,][Tio(n-SCH,Ph)3(SCH;Ph)s] 60.07 5.60 1.04 24.01 497 2.68

Powder XRD of the precipitates obtained® showed that they were all X-
ray amorphous. It was therefore decided to anneal these amorphous precipitates

under a variety of conditions, in an attempt to convert the precipitates to
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crystalline TiS,. The procedures used and the results obtained are summarised in

Scheme 3.

Annealed under H,S at
800 °C for 6 hrs Titanium thiolate

precursor

Thio “sol-gel”’ treatment l

Amorphous black/brown
precipitate
Annealed Annealed
under H,S under
at 800 °C vacuum at
for 6 hrs A led 1000 °C
Annealed un:ier u:é]:: 132
Hz? at 600 °C at 800 °C
or 6 hrs for 6 hrs
! ! y v
Crystalline Crystalline Crystalline Nanocrystalline
TiS, TiS,, TiO; and TiS3
Ti119S, and amorphous
Tij 25S, TixS,

Scheme 3. Experimental procedure for the thio “sol-gel” method

3.2.2 Annealing precipitates under H,S gas at 800 °C

Initial attempts to convert the amorphous precipitates to crystalline TiS;
involved heating the precipitates under an atmosphere of H,S gas at 800 °C for 6
hours. A temperature of 800 °C was initially chosen based on the previous
conversions of the amorphous precipitates formed from the thio “sol-gel”
reaction of [Ti(OiPr)4] with H,S to crystalline TiS,.>° In all cases a black

precipitate  formed after the annealing process, except when
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[ENH,][Tiz(n-SCH,Ph)3(SCH,Ph)s] was used as the initial thiolate precursor.
In this instance, a black precipitate with a gold surface resulted. Powder XRD of
the materials® showed that a single phase of hexagonal TiS; had formed (Table
3.2) with a typical crystallite size from the X-ray broadening of 800 A. Figure
3.1 shows the powder XRD pattern of TiS, prepared from this route using
[ENH][Ti(SCoFs)s(NEt)].

The X-ray powder pattern of the TiS; obtained was indexed and gave
exact matches to literature measurements. Cell parameter values of a = 3.4049 A
and ¢ = 5.6912 A from the literature®® compared well with a = 3.4174(3) A and
¢ = 5.724(2) A for the sample shown above. The other TiS, samples obtained
from the three other starting thiolates were also indexed and gave values for a
and ¢ ranging from 3.4094(2) - 3.415(1) A and 5.6993) - 5.710(1) A
respectively (Table 3.2). The EDXA data (Energy Dispersive Analysis by
X-rays) also showed a 1:2 ratio of Ti:S over a number of spots for all of the

samples analysed. This is in good agreement with TiS,.
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Figure 3.1 X-ray diffraction pattern for product of annealing precipitate from
[Et;2NHL][Ti(SCeF5)4(NEt;)] under H,S (top) and standard TiS, (bottom)
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Table 3.2 X-ray powder diffraction data for TiS, obtained after annealing
thio “sol-gel” precipitates and thiolates themselves to 800 °C under H,S

Lattice parametres of TiSz’”b obtained

Thio “sol-gel” step  No thio ‘“sol-gel”’ step

Thiolate Precursor a c a c
[Ti(S'Bu)4)/ [Ti(StBu)3(NEt2)] 3.415 5.705
[Et;NH, 15[ Ti(SCsFs)s1[(SCsFs)2] 3.409 5.699
[E6NH;][Ti(SCeFs)4(NEt;)] 3.417 5.724 3.400 5.692
[Et;NH;][Ti2(u-SCH,Ph)3(SCH,Ph)s] 3.409 5.710 3.405 5.706

*Unit cell dimensions a, ¢ in A (0.005 A)

®[ iterature values for TiS;: a=3.4049; ¢ = 5.69128%

A Raman spectrum was also taken for all of the samples prepared. Figure
3.2(a) shows the Raman spectrum of the TiS, prepared after the annealing stage
using the starting thiolate, [Ti(S'Bu)4J/[Ti(S'Bu)3(NEty)]. This shows a good
agreement to the Raman spectrum of a sample of TiS; purchased from Aldrich
(Figure 3.2(b)). The results obtained are similar to those reported from the heat
treatment of the precipitates formed from the thio ‘“sol-gel” reaction of
[Ti(O'Pr),] and H,S at 800 °C.> In these reactions, the formation of single phase
TiS, was also observed. At lower temperatures (600 °C), however, a mixture of

TiS; and rutile and anatase phases of TiO, were formed.>
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Figure 3.2(a) Raman spectrum of TiSz obtained from the thio “sol-gel”
method using [Ti(S‘Bu)4]/[Ti(S"Bu)3(NEt2)] (top) and (h) Standard TiS%
obtained from Aldrich (bottom)
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3.2.3 Annealing the precipitates under H,S gas at 600 °C

The precipitate formed from the modified thio “sol-gel” process of
[Et:NHJ[Ti(SCeFs)s(NEt;)] was annealed at 600 °C under H,S gas, in order to
see if crystalline TiS; could be made at lower temperatures. Powder XRD of the
resulting black solid® showed it to consist of crystalline TiS,, crystalline Tij 1952
and crystalline Ti, »5S, (Figure 3.3). No evidence of TiO, was observed from the
XRD pattern. EDXA data showed a 1:2 ratio of Ti:S over a number of spots,
suggesting the formation of TiS,. However, a temperature greater than 600 °C is
probably required to form purely crystalline TiS,. The formation of a mixture of
crystalline titanium sulfides at this temperature without any TiO, impurities
suggests an advantage of using a titanium thiolate precursor over a titanium

alkoxide precursor.
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Figure 3.3 X-ray diffraction pattern for product of annealing |[Et2NH2|Ti(SC6F5)4(NEt2)|
under H2S at 600 °C (top) and standard TiS2 (bine), Tii.i9S2 (red) and Tii 2552 (green)
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3.2.4 Annealing the precipitates under N, gas at 800 °C

In order to determine if the presence of H,S was necessary for the
precipitate to be converted to TiS,, it was decided to anneal the precipitate under
N. The precipitates from the thio “sol-gel” reaction were therefore heated under
a flow of N, at 800 °C for 6 hours. This resulted in the formation of black solids
for all of the samples used. Powder XRD of the materials®® showed peaks
corresponding to anatase. There was no evidence of crystalline TiS, in the
spectra even after repetition of the reactions. Furthermore, the EDXA data
showed a low sulfur content of the precipitates (less than 50%) suggesting that
either oxidation or decomposition had occurred with the formation of TiO,. It is
possible that air got into the system during heating or that the precursor reacted
with oxygen in the ceramic boats used to hold the samples. It seems likely,
therefore, that H,S gas is required to form TiS; under the annealing conditions

used.

3.2.5 Annealing the thiolates under H,S gas at 800 °C

It was then decided to eliminate the initial thio “sol-gel” step, in order to
determine the influence this has on the nature of the product obtained.
Consequently, the thiolate precursors [Et,NH,][Tio(n-SCH,Ph);(SCH,Ph)¢] and
[Et,NH,][Ti(SCgFs)4(NEt;)] were heated under a constant flow of H,S gas at 800
°C for 6 hours without the initial “sol-gel” reaction. A black precipitate was
formed for [Eto,NH;][Ti(SCsF5)4(NEt;)] and for the thiolate

[Et,NH,][Tio(u-SCH,Ph);(SCH,Ph)g] a black precipitate with a gold surface
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resulted. Powder XRD of these materials® showed that a single phase of
hexagonal TiS; had formed in both instances (Table 3.2) with a typical crystallite
size from the X-ray broadening of 800 A. Fig. 3.4 shows the powder XRD
pattern of TiS, prepared from this route from [Et,NH,][Ti(SCeFs)4(NEt;)]. The
X-ray powder patterns of the TiS; obtained were indexed and again gave exact
matches to literature measurements.®® Cell parameters for TiS; obtained from
[Et;NH,)[Ti(SCsFs)s(NEt)] gave a = 3.400(1) A and ¢ = 5.692(5) A. TiS;
obtained from [Et,NH,][Ti>(u-SCH,Ph);(SCH,Ph)¢] gave a = 3.4054(5) A and
c = 5.706(3) A. The EDXA data showed a 1:2 ratio of Ti:S over a number of
spots as expected.

The formation of crystalline TiS; by heating the thiolate precursors under
H,S at 800 °C suggests that the initial thio “sol-gel” step is not necessary.
However, the material produced after the initial thio “sol-gel” step is much less
air-sensitive than the thiolates themselves and are therefore easier to handle
without decomposition occurring. The difference in air sensitivity of the two
samples is attributed to a variation in porosity and surface area within the

materials.®
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Figure 3.4 X-ray diffraction pattern for product of annealing
[Et,NH,][Ti(SCeFs)4(NEt;)] under HsS (top) and standard TiS; (bottom)
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3.2.6 Annealing the precipitates under a vacuum

Finally it was decided to anneal the thiolate
[Et,NH,][Ti2(u-SCH,Ph)3(SCH,Ph)s] under a vacuum at varying temperatures
(500, 600, 800 and 1000 °C for three hours) to see if crystalline TiS; could be
made without any use of H,S gas. The 'H NMR spectrum of the reaction
byproducts, that were trapped in a cold trap during the experiment, showed the
presence of Et;NH and (PhCH,),S,. Powder XRD of the grey/black precipitate
obtained after annealing the thiolate® showed that amorphous products were
obtained at all temperatures used, except at 1000 °C, where nanocrystalline Ti,Ss3
was made. This result was unexpected, as it was anticipated that TiS; would be
made from this method. However, EDXA data also showed a Ti:S ratio of 2:3 to
be present which is in good agreement with Ti,Ss;. This confirms that pure,
crystalline TiS, can not be made at this stage without the use of H,S gas during

the annealing process.

3.3 Thio “sol-gel” routes for obtaining disulfides of tantalum/niobium

Initial investigations showed this methodology to be successful in the
making of titanium disulfide. It was decided to extend this route to the
preparation of tantalum and niobium disulfides. Consequently, the thiolates
[Ta(S-2,6-Me,CH3)4(NMe,)] and [Nb(S-2,6-Me,CgH3)s] were synthesised as
described in chapter 2. The thio “sol-gel” step was carried out as described above
and the black precipitates obtained were heated under H,S gas for 6 hours at

800 °C.
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3.4 Results and Discussion

The precipitates obtained from the thio “sol-gel” step (section 3.3) were
annealed under H,S gas at 800 °C as described earlier. This resulted in black
precipitates for both [Ta(S-2,6-Me,C¢H3)s(NMe;)] and [Nb(S-2,6-Me,CeH3)s).
Powder XRD of the material® obtained from [Nb(S-2,6-Me,C¢H3)s] showed that
a single phase of crystalline NbS; had formed (Figure 3.5). A typical crystallite
size of 970 A was determined from the line broadening and the lattice parameters
were found to be a = 3.334(8) Aandc= 17.88(1) A which is in good agreement
with literature values (where a = 3.335 A and ¢ = 17.86 A).*” EDXA data also
confirmed that the Nb:S ratio was 1:2 over a number of spots. A Raman
spectrum was taken and is shown in Figure 3.6. Peaks were found at 150, 192,
252,381, 398 and 450 cm’". Unfortunately, a standard NbS, sample could not be
found.

Analysis of the precipitate obtained from [Ta(S-2,6-Me,CsH3)4(NMe,)]
by powder XRD showed only the presence of Ta;Os and not TaS; as was hoped,
despite repeated attempts. This could be due to the sample being more sensitive
to air and moisture than the niobium thiolate and therefore more readily oxidised
or decomposed to the oxide. It is likely that more rigorous experimental methods
are necessary to produce tantalum sulfides e.g. using aluminium/platinum boats
instead of ceramic ones to hold the sample.

Nonetheless, the preparation of NbS, was successful and shows that the
thio “sol-gel” method can be extended to the formation of other metal sulfides.
Given more time it would also have been worth exploring this method at

different temperatures and conditions.
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Figure 3.5 X-ray diffraction pattern for NbS; prepared from thio “sol gel”
treatment of [Nb(S-2,6-Me,CsH3)s] and standard NbS, (bottom)
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Figure 3.6 Raman spectrum for NbS; prepared from thio *“sol gel”
treatment of [Nb(S-2,6-Me,CsH3)s]

3.5 Use of hexamethyldisilathiane as a sulfur source

The second part of this chapter describes attempts to make metal
disulfides from hexamethyldisilathiane (HMDST, (Me3Si),S). It has already been
shown that TiS; can be made from the reaction of TiCly and HMDST followed by
annealing of the precipitate at temperatures of 650 °C (see chapter 1).>° By
reacting HMDST with a transition metal halide, e.g. NbCls, it was hoped that an

amorphous disulfide would be produced according to the proposed reaction (3.3).

NbCls + 2.5 (MesSi),S ——» NbS; +5MesSiCl + 058 (3.3)

This method was also carried out for TiCly, ZrCls, MoCls, NbCls and

TaCls.
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3.6 Results and Discussion

3.6.1 Reaction of TiCl; with HMDST

The reaction between TiCly and 2 equivalents of HMDST in diethyl ether
at room temperature resulted in the formation of a black precipitate. Powder
XRD of the precipitate® showed that nanocrystalline TiS; had formed with a
typical crystallite size from the X-ray broadening of 1000 A (Figure 3.7).%8
However, the EDXA data showed incomplete formation of a titanium sulfide had
occurred with the material being contaminated with chlorine. The EDXA data
showed TiS;;Clys over a number of spots.88 Previous reports indicate that the
reaction between TiCly and excess HMDST in CH,Cl,, resulted in the isolation
of an X-ray amorphous powder which was not analysed further.”® However,
heating of the powder to 650 °C resulted in the formation of either mixtures of
TiS; and TiO;, non-stiochiometric TiS, or crystalline TiS, depending on the
precise conditions. It was therefore decided to anneal the amorphous powder
described above in an attempt to form crystalline TiS,. The amorphous powder
was annealed at 800 °C under H;,S for 6 hours. These conditions were chosen to
prevent the formation of TiO; or the formation of non-stoichiometric TiS; from
the liberation of sulfur. The powder pattern of the annealed material showed that
a single phase of hexagonal TiS; had formed with a typical crystallite size from
the X-ray broadening of 800 A (Figure 3.8). The X-ray powder pattern of the
TiS; obtained was indexed and gave exact matches to literature measurements
(Table 3.3).% However, the EDXA data showed a 2:3 ratio of Ti:S over a number

of spots, suggesting that either an amorphous titanium sulfide (e.g. TiS) had
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formed as well as the crystalline TiS; or that partial oxidation of the product had
occurred. No evidence for the formation of a titanium oxide was seen from either
powder XRD or Raman spectroscopy and so some amorphous material is likely
to be present in the sample. Figure 3.9 shows an SEM image of the TiS; prepared

from this method. The SEM showed agglomerates (dimension about 5 pm) of

platelets of approximate size 2 um.

160.8
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Figure 3.7 X-ray diffraction pattern for product obtained from the reaction
of TiCly with HMDST at room t;emperature88
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Table 3.3 Lattice parameters obtained for MS; formed from the
reaction of the transition metal chloride and HMDST

Lattice parametres of MS,*"

Metal chloride a c

TiCly + HMDST 3.404(3) 5.71(1)
NbCls + HMDST 3.337(1) 17.878(4)
TaCls + HMDST 3.36(5) 5.78(9)
NbCls/TaCls + HMDST" 3.374(1) 5.869(5)

Unit cell dimensions a, ¢ in A
®Literature values - TiS;: a =3.4049; ¢ = 5.691287, NbS,: a = 3.335;¢c = 17.86,88
TaS,: a = 3.385; ¢ = 5.90.%°

* adopts the hexagonal TaS; lattice
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Figure 3.8 X-ray diffraction pattern for product of annealing precipitate of TiCl,
and HMDST under H;S (top) and standard TiS, (bottom)
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Figure 3.9 SEM profile of TiSi prepared from annealing the precipitate of
TiCL and HMDST

3.6.2 Reaction of ZrCU with HMDST

The reaction between ZrCU and HMDST resulted, after work-up, in the
formation of a bright orange precipitate that was extremely air-sensitive and
could not be analysed by EDXA as it oxidised before it could be successfully
mounted onto the apparatus. It was again decided to anneal this precipitate under
H:S gas at 800 °C in an attempt to form the disulfide, ZrSz. After repeated
attempts at annealing under H:S gas it was only possible to obtain
nanocrystalline Z:10O:2 from this precipitate, despite handling all reaction materials

and products under an atmosphere of nitrogen, EDXA analysis on the black
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precipitate obtained after annealing under H,S gas showed the sulfur content to
be very low (always less than 10%). It is possible that this material is
exceptionally sensitive to air and moisture compared to the other materials used

and so forms the oxide even under an H,S environment.

3.6.3 Reaction of NbCls with HMDST

The reaction between MCls (where M = Nb, Ta, Mo) and 2.5 equivalents
of HMDST at room temperature resulted, after work-up, in the formation of a
black precipitate (Scheme 4, reactions (iii)~(v)). Powder XRD of the materials®
revealed that they were all X-ray amorphous. EDXA and analytical data on the
material showed that the incomplete formation of a metal sulfide had occurred.
The EDXA data for the precipitate isolated from the reaction between NbCls and
HMDST showed NbS, »Cly 4 to have formed over a number of spots. Annealing
of the precipitate at 800 °C under H,S for 6 hours resulted in the isolation of
crystalline NbS, (Table 3.3)*” with a typical crystallite size from the X-ray
broadening of 950 A. Fig. 3.10 shows the powder XRD pattern of NbS,
prepared from this route. The EDXA data showed good agreement with a 1:2
ratio of Nb:S over a number of spots. These results are similar to those described
previously where either NbS; or Nbj 12S, were isolated.®® The SEM showed
irregular platelets of approximately 1 pm diameter. The Raman spectrum of the
NbS, prepared shows the presence of three bands at 140, 260 and 660 cm™
(Figure 3.11). Unfortunately, we have been unable to find a NbS, standard or
literature data for comparison. It is different to the spectrum obtained from the

thio “sol-gel” route, which is surprising.
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Figure 3.10 X-ray diffraction pattern for product of annealing precipitate of NbCls
and HMDST under H;S (top) and standard NbS, (bottom)
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Figure 3.11 Raman spectrum of product of annealing precipitate of NbCls
and HMDST under H;S

Et,O H,S/6 h
TiCly + 2 (Me3SI)2S s TiSl,2Clo,5 — TiS; (l)
800 °C
toluene H,S/6 h
ZrCly + 2 (MesSi);S — » not analysed ————» ZrQ; (ii)
800 °C
H,;S/6 h

Nbsl,2Clo.4—'—> Nsz (iii)

tolueyv 800 °C

H,S/6 h
MCls + 2.5 (MesSi)S —» TaSSi; —— » TaS; + TaO
800 °C + TaSig4 (iv)

\ H,S/6 h
MOS2_9Cl ’ MOSz (V)

800 °C

Scheme 4 Reactions of transition metal chlorides and HMDST
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3.6.4 Reaction of TaCls with HMDST

The precipitate isolated from the reaction between TaCls and HMDST
was contaminated with large amounts of silicon but very little chlorine. This
reaction was repeated and the presence of silicon was always observed. EDXA
data showed TaSSi3 to have formed over a number of spots and the analytical
data revealed that a small amount of carbon and hydrogen was present in the
material (C, 4.78%; H, 0.62%). The precipitate was again annealed under H,S at
800 °C in an attempt to form TaS; and remove the silicon impurities. Analytical
data for the annealed material showed that virtually no carbon and hydrogen
remained in the material (C, 0.23%; H, 0.11%). However, the EDXA data on the
annealed material showed the presence of TaS,Sips over a number of spots
suggesting that impure TaS; had formed. This was confirmed by the powder
XRD of the material,®> which showed the presence of crystalline TaS, (Table
3.3)" with a typical crystallite size from the X-ray broadening of 700 A.
However, peaks due to the presence of TaO and tantalum silicide (TaSig.40) were
also detected as is shown in Figure 3.13. The SEM showed stacked hexagonal
platelets of approximate diameter 2 um and thickness 300 nm (Figure 3.12).
Impurities can also be seen in the SEM and show that more than one material is
present. The high levels of silicon present in the final material were not observed

for any of the other transition metals used.
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Figure 3.12 SEM profile of TaS: prepared from annealing the precipitate of
TaCls and HMDST
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Figure 3.13 X-ray diffraction pattern for product of annealing precipitate of TaCl? and HMDST under H2S (top) and
standard TaSi (blue), TaO (red) and TaSio4 (green)
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3.6.5 Reaction of MoCls with HMDST

The black precipitate obtained from the reaction of MoCls and 2.5
equivalents of HMDST was also X-ray amorphous. EDXA analysis showed the
presence of MoS;oCl over a number of spots. The precipitate was again annealed
at 800 °C under H,S. Powder XRD of the annealed material®® showed that
nanocrystalline hexagonal MoS, had formed. The EDXA data showed good
agreement with a 1:2 ratio of Mo:S over a number of spots. This is in contrast to
previous reports where the reaction between MoCls and excess HMDST in
CH,Cl, was reported to result in the formation of amorphous Mozss.61 The SEM
showed MoS; to consist of uniform spherical particles of approximately 100 nm
diameter. These particles amalgamated into larger clumps of approximately 2 um
(Figure 3.14). The Raman spectrum of the annealed material is shown in Figure
3.15(a). This spectrum is similar to one obtained from a sample of standard MoS;
purchased from Aldrich (Figure 3.15(b)). Although the two spectra are not

identical, the peak positions do match.
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Figure 3.14 SEM profile of MoS% prepared from annealing the precipitate
of Mo CIs and HMDST
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Figure 3.15 (a) Raman spectrum for product of annealing precipitate of
MoCls and HMDST under H,S and (b) Standard sample of MoS;
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3.7 Preparation of mixed-metal disulfides

Given the success in preparing a range of crystalline transition metal
sulfides, it was decided to attempt to make mixed-metal sulfides using
NbCls/TaCls and TiCly/ZrCly and HMDST. It was hoped that the reaction would

proceed according to the proposed equation 3.4.

NbCls + TaCls + 5 (MC3SI)23 —> 2 Nb0,5Tao,5SZ +10 MC3SIC] +05S (34)

3.8 Results and Discussion

3.8.1 Reaction of NbCls, TaCls and HMDST

In order to attempt to synthesise a mixed-metal sulfide, the reaction
between NbCls, TaCls and 5 equivalents of HMDST was carried out in toluene.
A black precipitate formed immediately on addition of HMDST. Powder XRD of
the precipitate® revealed that it was X-ray amorphous. Analytical data showed
that the precipitate was contaminated with small amounts of carbon and
hydrogen (C 7.44% and H 0.77%). The precipitate was annealed at 800 °C under
H,S for 6 hours. EDXA analysis on the annealed powder showed good
agreement with a 0.5:0.5:2 ratio of Nb:Ta:S over a number of spots suggesting
the formation of NbgsTagsS,. The SEM showed an agglomeration of platelets of
approximately 2 um diameter. Powder XRD® of the material (Figure 3.16)
revealed that the product NbgsTagsS, adopted the hexagonal TaS, lattice with

incorporation of Nb into the lattice.®?” A typical crystallite size was calculated
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from the X-ray broadening and found to be 890 A. It is interesting to note that
the peaks obtained for the sample are also shifted to a slightly higher 20 value

when compared to the standard TaS; sample.

3.8.2 Reaction of TiCly, ZrCly; and HMDST

The reaction between ZrCly, TiCly and 4 equivalents of HMDST was
carried out in toluene. A black precipitate formed immediately on addition of
HMDST. Powder XRD of the precipitate® revealed that it was X-ray amorphous.
Analytical data showed that the precipitate was contaminated with small amounts
of carbon and hydrogen (4.96 and 0.66% respectively). The precipitate was
subsequently annealed at 800 °C under H,S for 6 hours giving a black solid.
EDXA analysis on the annealed powder showed that a Ti:Zr:S ratio of
approximately 1:1:1 had formed although this was not always consistent over a
number of spots. Powder XRD of the product showed only the presence of
crystalline ZrO,. It is likely that an amorphous titanium sulfide and ZrO, have
actually been produced in this reaction, accounting for the Ti:Zr:S ratios found
by EDXA. This is similar to the reaction where just ZrCly was used and a sulfide
could not be formed due to the sensitive nature of the material produced. It is
also possible that the ZrCly did not react with HMDST due to the much lower
solubility of ZrCly in toluene (compared to TiCly).

Finally, in order to establish if MS; could be formed directly without the
annealing step, the reaction between NbCls and HMDST was carried out in

refluxing toluene.
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Figure 3.16 X-ray diffraction pattern for product of annealing precipitate of
TaCls/ NbCls and HMDST under HS (top) and standard TaS,; (bottom)
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3.9 Reaction of NbCls and HMDST under reflux

After refluxing NbCls and 2.5 equivalents of HMDST for five hours, a
black precipitate resulted. Powder XRD of this material® showed that it was X-
ray amorphous. However, the EDXA data indicated that NbS, had formed with a
1:2 ratio of Nb:S over a number of spots. This is in contrast to the precipitate
obtained from the same reaction at room temperature where the EDXA showed
NbS;2Clp4 to have formed. The Raman spectrum was similar to that shown in
Fig. 3.9 for crystalline NbS; described above (Figure 3.17). This result indicates
that amorphous NbS; can be prepared by the direct reaction of NbCls and
HMDST under refluxing conditions. In order to obtain crystalline NbS,,

however, it would be necessary to anneal the material.

Intensity

0 100 200 300 400 500 800 700
wavenumber/cm™!

Figure 3.17 Raman spectrum for product of refluxing NbCls and
HMDST
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3.10 Conclusions

The use of the thio “sol-gel” method was successful in obtaining
crystalline TiS; and NbS, from thiolate starting materials. An analogous reaction
using the tantalum thiolate, [Ta(S-2,6-Me>CgsH3)4(NMe,)] as a starting material
resulted in crystalline Ta,Os. Investigations into the formation of titanium
sulfides using thiolate starting materials showed that crystalline TiS, could be
made without the initial thio “sol-gel” reaction. It was also shown that metal
sulfides could be made at 600 °C without any oxide impurities. In order to make
pure TiS,, however, higher annealing temperatures are required.

Reactions using HMDST and transition metal chlorides, and subsequent
annealing of the precipitates obtained under H,S gas resulted in the successful
preparation of crystalline TiS,, NbS; and NbgsTag5S, as well as impure TaS; and
nanocrystalline MoS,. Sulfides of zirconium could not be made from this method
owing to the sensitivity of these materials to air. Carrying out the reactions under
refluxing conditions enabled an amorphous disulfide, NbS; to be produced

without any annealing stage.

3.11 Experimental

All manipulations were performed under a dry, oxygen-free dinitrogen
atmosphere using standard Schlenk techniques or in a Mbraun Unilab glove box.
Owing to the toxic nature of H,S all of the experiments were carried out in a
well-ventilated fume cupboard. All solvents were distilled from appropriate
drying agents prior to use (sodium and benzophenone for toluene and diethyl

ether). All reagents were procured commercially from Aldrich and used without
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further purification. Microanalytical data were obtained at University College

London.

Physical measurements

'"H NMR spectra were recorded on Britker AMX300 or DRX400
spectrometers. The NMR spectra are referenced to CD,Cl, which was degassed
and dried over molecular sieves prior to use; 'H chemical shifts are reported
relative to SiMe4 (0.00 ppm). Raman spectra were acquired on a Renishaw
Raman System 1000 using a helium-neon laser of wavelength 632.8 nm. The
Raman system was calibrated against the emission lines of neon. Powder XRD
" measurements were recorded on a Siemens D5000 transmission diffractometer .
using germanium monochromated Cu-Ko; radiation (A= 1.5406 A) as thin films. -
SEM profiles and EDXA were performed on a Hitachi S570 instrument using the -
KEVEX system. Thermolysis studies were performed in a Carbolite tube

furnace.

3.12 General Procedure for the thio ‘“sol-gel”” step using titanium thiolates
The titanium precursors, [Et,NH,][Ti,(u-SCH,Ph);(SCH,Ph)g],
[Et;NH]3[Ti(SCsFs)s][SCeFsl2, [ENH,I[Ti(SCsFs)a(NEtz)] and  [Ti(SBu)a)/
[Ti(S'Bu)3(NEt,)] were synthesised as described in Chapter 2 and used as starting
materials. In a typical experiment, a sample of one of the aforementioned
thiolates (0.30 g) was dissolved in toluene (40 cm’) to give a dark red solution.
H,S gas was bubbled through the solution at room temperature and a brown/black
precipitate formed immediately. The H,S gas was allowed to bubble through the

mixture for 10 min, after which the solid was allowed to settle. The solvent was
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removed by syringe and the residue was washed twice with 20 cm’® of fresh
toluene. The washings from the toluene were analysed by 'H NMR spectroscopy
in order to ascertain any byproducts formed during the reaction. The solid was
dried in vacuo (107 mmHg) for 2 hours resulting in a black/brown precipitate.
This was then analysed by powder XRD and elemental analysis. The black/brown
precipitates were annealed in two different ways, under H,S or under N, the
details of which are described below for a typical experiment. 'H NMR of
byproducts for [Et;NH,][Ti(u-SCH,Ph)3(SCH,Ph)s] (CDCl3): & 1.65 (t, 2H,
HSCH,Ph), 3.50 (s, 2H, SCH,C¢Hs), 3.62 (d, 4H, HSCH,Ph), 7.12-7.24 (m, 15H,
SCH,C¢Hs and HSCH,C¢Hs). 'H NMR of byproducts for
[Et,NH, 5[ Ti(SCsFs)s1[SCsFs]2 (CDCls): § 1.29 (d, 6H, NCH2CH3), 2.96 (t, 4H,
NCH,CH3), 9.14 (s, 2H, | H,oNEL,). 'H NMR of byproducts  for
[EtzNH2]3[Ti(SC6F5)4(NEt2)]i(CDC]3')': d '1.34 (q, 6H, NCH,CHj3), 3.04 (t, 4H,
NCH,CH;), 9.26 (s, 2H, H,;NEt;). 'H NMR of byproducts for
[Ti(S'Bu))/[Ti(S'Bu)s(NEt,)] (CDCl3): §0.80, 1.18, 1.21, 1.30 (four singlets in

a 1:1:2:1 ratio, SC(CHs)3) .

3.13 Annealing the precipitate under H,S

A sample of the precipitate was placed in a ceramic boat and heated under
a constant stream of H,S gas at 800 °C for 6 hours in a quartz tube using a
furnace. A black solid resulted (black with a gold surface formed from the
precipitate obtained from [Et,NH,][Ti(u-SCH,;Ph);(SCH,Ph)s]) which was
reanalysed by powder XRD, EDXA/SEM and Raman spectroscopy. The

precipitates were also annealed under H,S at a temperature of 600 °C for 6 hours
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in order to compare the reaction products obtained at lower temperatures. Powder

XRD and EDXA/SEM results were obtained on the resulting solids.

3.14 Annealing the precipitate under N; (no H,S present)
A sample of the precipitate was placed in a ceramic boat and heated
under a constant stream of N, at 800 °C for 6 hours using a furnace. A black

solid resulted which was analysed by powder XRD, and EDXA/SEM.

3.15 Reaction of the titanium thiolates with H,S (no thio ‘“‘sol-gel” step)
A sample of the thiolate (0.30 g) was placed in a ceramic boat that was
placed in a quartz tube. The thiolate was heated under a constant stream of H,S
~gas at 800 °C for 6 hours using a furnace. A black solid resulted (black with a
gold  surface  formed. from - the  precipitate  obtained  from
[Et,NH;] [Tiz(ﬁ-SCH2Ph)3(SCH2Ph)6]) which was analysed by powder XRD,

EDXA/SEM and Raman spectroscopy.

3.16 Annealing the precipitate under vacuum

A sample of [Et,NH,][Ti>(u-SCH,Ph);(SCH,Ph)s]] (0.30 g) was placed
in a quartz tube and heated under vacuum at temperatures of 500, 600, 800 and
1000 °C for three hours. The vacuum line was fitted with liquid N; trap in order
to isolate any volatile, liquid byproducts produced in the reaction. The reaction
byproducts were analysed by 'H NMR spectroscopy. The resulting grey / black
solid was analysed by Powder XRD and EDAX. 'H NMR of byproducts
(CDCl3): 6 1.05 (t, 3H, NCH,CH,), 2.64 (q, 2H, NCH,CH,), 3.73 (s, 2H,

SCH,CeHs), 7.20-7.30 (m, 5H, SCH,C¢Hs).
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3.17 Thio “sol-gel’’ reactions for niobium and tantalum

A standard sample of the thiolate (0.3 g of [Ta(S-2,6-Me,C¢H3)4(NMe,)]
or [Nb(S-2,6-Me,C¢H3)s]) was dissolved in toluene and H,S gas was bubbled
through the solution for a period of 10 minutes. In both instances a black
precipitate was formed immediately. This was allowed to settle and washed twice
with toluene. The solid was dried in vacuo (107 mmHg) for 2 hours resulting in a
black/brown precipitate. The precipitate was then analysed by powder XRD. The
powder was then annealed under H,S gas for 6 hours at 800 °C and the resulting
black solids were reanalysed by Powder XRD and EDXA/SEM and Raman

spectroscopy.

3.18 Reaction of TiCl; and HMDST?® i

TiCl4 (4.74 mmol) was added drop_wise toa ,stirregl solution of HMDST
2 cm’, 9.48 mmol) in diethyl ether (40 cm3). The solution turned red
immediately on addition of TiCly. After one minute the reaction mixture turned
dark brown and the mixture was stirred for 15 h at room temperature. The
resulting black precipitate was allowed to settle and the colourless liquid was
syringed off and the remaining solid was dried in vacuo (0.81 g). The precipitate
was characterised by powder XRD and EDXA/SEM. The precipitate was

annealed as described below for a typical experiment.
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3.19 Annealing the precipitate under H,S

A sample of the precipitate was placed in a ceramic boat and heated
under a constant stream of H,S gas at 800 °C for 6 hours using a furnace. The
resulting black solid was analysed by powder XRD, EDXA/SEM and Raman

spectroscopy.

3.20 Reaction of ZrCl; and HMDST

ZrCly (0.583 g, 2.50 mmol) was added to a stirred mixture of HMDST
(1.05 cm’®, 5.00 mmol) and toluene (20 cm®). The solution turned to a cream
colour immediately on addition of ZrCly. After stirring for 15 hours a bright
orange precipitate formed (0.31 g). The precipitate was characterised by powder

XRD and EDXA/SEM. The precipitateé  was annealed and reanalysed as

- described above.

3.21 Reaction of MoCls and HMDST?®

HMDST (2 cm?, 9.48 mmol) was added dropwise to a stirred red solution
of MoCls (1.04 g, 3.792 mmol) in diethyl ether (35 cm3). A black/brown
precipitate formed immediately and the mixture was stirred for 15 h at room
temperature. The resulting black precipitate was allowed to settle and the
colourless liquid was syringed off and the remaining solid was dried in vacuo
(0.78 g). The precipitate was characterised by powder XRD and EDXA/SEM.
The black precipitate was annealed and reanalysed using the procedure described

above.
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3.22 Reaction of MCls (M = Nb, Ta) and HMDST

HMDST (1.32 cm?, 6.25 mmol) was added dropwise to a stirred slurry of
MCls (2.5 mmol) in toluene (20 cm’). The formation of a black precipitate
(black/green for NbCls) was observed immediately on addition of HMDST. The
reaction mixture was stirred for 15 h at room temperature. The resulting black
precipitate was allowed to settle and the colourless liquid was syringed off and
the remaining solid was dried in vacuo (0.325 g (Nb); 0.625 g (Ta)). The
precipitates were analysed by powder XRD and EDXA/SEM. The black

precipitate was annealed and reanalysed as described above.

3.23 Analytical data for precipitates -
Precipitate from ZrCl; + HMDST: Found C, 6.47; H, 0.83. Precipitate
from TaCls + HMDST: Found C, 4.78; H, 0.62. Precipitate from NbCls +

HMDST (room temperature): Found C, 7.28; H, 1.00.

3.24 Reaction of NbCls, TaCls and HMDST

HMDST (1.32 cm’, 6.25 mmol) was added dropwise to a stirred slurry of
a mixture of NbCls (0.34 g, 1.25 mmol) and TaCls (0.45 g, 1.25 mmol) in toluene
(20 cm®). Formation of a black precipitate was observed immediately on addition
of HMDST. The reaction mixture was stirred for 12 h at room temperature. The
resulting blue/black precipitate was allowed to settle and the colourless liquid
was syringed off and the remaining solid was dried in vacuo (0.49 g).
Analytical data for the precipitate: Found C, 7.44; H, 0.77. The precipitate was
also characterised by powder XRD and EDXA/SEM. The blue/black precipitate

was annealed as described earlier.
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3.25 Reaction of TiCly, ZrCly and HMDST

HMDST (1.05 cm®, 5.00 mmol) was added dropwise to a stirred slurry of
a mixture of TiCl; (1.25 cm’ 1M in toluene, 1.25 mmol) and ZrCly (0.29 g, 1.25
mmol) in toluene (20 cm’®). Formation of a black precipitate was observed
immediately on addition of HMDST. The reaction mixture was stirred for 12 h at
room temperature. The resulting black precipitate was allowed to settle and the
colourless liquid was syringed off and the remaining solid was dried in vacuo
(0.24 g).
Analytical data for the precipitate: Found C, 4.96; H, 0.66. The precipitate was
also characterised by powder XRD and EDXA/SEM. The black precipitate was

annealed as described earlier. -~ - -

3.26 Reaction of NbCls and HMDST under reflux

The procedure was similar to above, however, after the addition of
HMDST the mixture was refluxed for 5 h. The resulting black precipitate was
allowed to settle and the colourless liquid was syringed off. The remaining solid
was washed twice with fresh toluene, dried in vacuo and isolated (0.305 g). The
precipitate was then analysed by EDXA, Raman Spectroscopy and Powder XRD.
Analytical data for the precipitate: Found C, 9.49; H, 1.04. The precipitates were

also characterised by powder XRD and EDXA/SEM.
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Chapter 4  Transition metal thiolates as precursors to metal sulfides

In this chapter, the potential of early transition metal thiolates as
precursors to thin-films of metal sulfides is explored. The decomposition
pathways of the thiolate precursors, [EtNH;][Ti»(uw-SCH,Ph);(SCH,Ph)s],
[Ti(S'Bu)sJ/[Ti(SBu)s(NEt)], [Ta(S-2,6-Me>CsHz)s(NMe,)] and
[Nb(S-2,6-Me,C¢H3)s] were explored by Thermal Gravimetric Analysis (TGA).
Vapour-phase deposition studies of these compounds were carried out in order to
assess the ability of the materials to produce thin-films as well as analysing the
films produced. Finally, chemical vapour deposition (CVD) was carried out on
the thiolate compounds at low pressure (LPCVD) and at atmospheric pressure

using an aerosol-assisted technique (AACVD).
4.1 Thermal Gravimetric Analysis

Initial investigations into the suitability of the thiolates synthesised earlier
as precursors to metal sulfides involved TGA of the compounds. Typically, a
known amount (approximately 10 mg) of the sample was heated to a temperature
of 500 °C in an aluminium boat. By measuring the weight loss upon heating the
samples at a uniform rate the decomposition pathwﬁys were studied. The TGA
results of [Et,NH,][Tiz(u-SCH,Ph)3;(SCH,Ph)s], [Ti(S‘Bu)s)/[Ti(S'Bu)s(NEt,)],
[Ta(S-2,6-Me,CsH3)4(NMe;)] and [Nb(S-2,6-Me,CgH3)s] at a heating rate of
10 °C/min from 20 to 500 °C, under N, are shown in Figures 4.1, 4.2, 4.3 and

4.4 respectively.
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The decomposition of [Et,NH,][Ti»(u-SCH,Ph);(SCH,Ph)s] is clean and
shows a total weight loss of 73% starting at 65 °C and finishing at 400 °C
(Figure 4.1). This does not indicate that decomposition to TiS; has occurred
(where the % weight loss would be 91.2%), but that another species has formed.
It is therefore unlikely that [Et;NH,][Ti2(u-SCH,Ph)3(SCH,Ph)¢] will make a
good precursor to thin-films of TiS; using thermal decomposition methods such
as CVD.

TGA
%

100.00

80.00

60.00

40.00

20.00

0.0 100.0 200.0 300.0 400.0 500.0
Temp[C]

Figure 4.1 TGA of [Et;NH,][Ti,»(u-SCH;Ph)3(SCH:Ph)g]
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The decomposition of [Ti(S'Bu)s)/[Ti(S'Bu);(NEt,)] is clean and shows a
weight loss of 67% starting at 75 °C and finishing at 350 °C (Figure 4.2).
[Ti(S'Bu)s] decomposing to TiS; would result in a 72% mass loss and
[Ti(S'Bu)3(NEt,)] decomposing to TiS, would result in a 68.6% mass loss. Given
the accuracy of the TGA used (ca. 2%) this behaviour indicates a good
decomposition to TiS; up to 500 °C. However, since the material is a mixture of
ill-defined proportions, an accurate interpretation of the TGA results is not
possible.

TGA
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Figure 4.2 TGA of [Ti(S'Bu)J/[Ti(S'Bu)3(NEt,)]
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The decomposition of [Ta(S-2,6-Me,C¢H3)4(NMe,)] has an onset
temperature of 230 °C and is completed at 310 °C (Figure 4.3). The TGA shows
a total weight loss of 67%. This is in good agreement with the calculated value of

68% for the formation of TaS, from this compound.
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Figure 4.3 TGA of [Ta(S-2,6-Me,;CsH3)4(NEt;)]

The decomposition of [Nb(S-2,6-Me,C¢H3)s] shows an onset temperature
of 90 °C and is completed at 367 °C (Figure 4.4). The TGA shows a total weight

loss of 72%, which is less than the calculated value of 79.8% for the formation of
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NbS,. This behaviour indicates an incomplete decomposition to NbS, at 500 °C

has occurred.

TGA
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Figure 4.4 TGA of [Nb(S-2,6-Me,CsH3)s]

4.2 Vapour-phase thin-film studies

Given the results obtained from TGA, tube furnace reactions were carried
out on all three of the neutral thiolates obtained ([Ti(S'Bu)4]/[Ti(SBu)s;(NEt,)],
[Ta(S-2,6-Me,C¢H3)4(NMe,)] and [Nb(S-2,6-Me;CgH3)s]) in order to assess

whether thin-films of metal sulfides could be made at low pressure. The
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apparatus used is shown in Figure 4.5 and the experimental procedure is

described at the end of the chapter.

» To Vacuum

Tube Furnace at 500 °C ‘

Sample

Figure 4.5 Tube furnace apparatus for vapour-phase deposition studies

In all instances a film was deposited on the inside of the hot wall glass
tube. The EDXA data for the film deposited from [Ti(S'Bu)s)/[Ti(S'Bu)s(NEt,)]
showed a 1:2 ratio of Ti:S, over a number of spots, which is in good agreement
with the formation of TiS,. The Raman spectrum of the TiS; film prepared here
was very similar to that obtained for bulk TiS, with bands at 338 and 372 cm™.
A UV-Vis spectrum was taken of the film. This showed that the TiS, film had a
direct band gap of 1.9 eV (Figure 4.6). This compares well with a previous report
that gave a band gap of 1.9 ev.” By Scanning Electron Microscopy (SEM) the
TiS; film shows a ‘crazy paving’ island-growth mechanism with an island size of
0.2 um (Fig. 4.7).

Two reports on the decomposition of [Ti(S'Bu)s] have been previously
published, as described in chapter 1.7*% The results obtained from the vapour-

phase deposition studies described above suggest the formation of TiS; from the

148



mixture [Ti(S"Bu)4+]/[Ti(S*Bu)s(NEt:)] rather than TiS. The use of compound

[Ti(SBu)s(NEt:2)] as the precursor has little effect on the end material obtained.

500 600 700 800

Wavelength /nm

Figure 4.6 UV/Vis spectrum for TiS? obtained from deposition of
[Ti(S‘Bu)j]/[Ti(S‘Bu),,(NEL)]

Figure 4.7 SEM of the thin-film obtained from the tube furnace reaction of
[Ti(S‘Bu)4]/[Ti(S‘Bu)j(NEt2)]
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The EDXA data for the film deposited from [Ta(S-2,6-Me2C6H3)4(NMe2)]
showed a 2.5:1 ratio of Ta:S over a number of spots. This data suggests that TaS:
has not been isolated, which is in contrast to the TGA results. It is possible that
hydrolysis or oxidation of the films has occurred either during or after deposition.
However, significant breakthrough of the excitation volume through the coating
to the underlying glass meant that accurate quantitative analysis was difficult. The
tantalum sulfide film grown showed a finer grain microstructure, by SEM, with a

0.1 pm island growth (Figure 4.8).

«*HBHHHF
000051 20KV X35.0K 860nm

Figure 4.8 SEM of the thin-filni obtained from the tube furnace reaction of
[Ta(S-2,6-M e2C6H3)4(NM e2)]
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The EDXA data for the film deposited from [Nb(S-2,6-Me2C6H3)5]
showed a 1:1 ratio of Nb:S over a number of spots suggesting the formation of
NbS. This is in contrast to the TGA results that suggest a species of larger

molecular mass than NbS] is formed after thermal decomposition. SEM results

showed an island growth of approximtely 0.2 pm (Figure 4.9).

Figure 4.9 SEM of the thin-film obtained from the tube furnace reaction of
[Nb(S-2,6-M e2C6H 3)5]

It was then decided to undertake CVD studies of these compounds in

order to see if sulfides could be deposited onto substrates. The first method used

was LPCVD.
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4.3 Low-pressure chemical vapour deposition studies

Initial efforts into LPCVD studies focussed on the design of a suitable
apparatus. One of the earliest problems encountered during the design of a rig
was in keeping all parts of the apparatus warm. This is important in preventing
any vapour formed during the reaction from condensing before it reaches the
substrate. This is a particular problem when conducting studies at low pressures.
Hence, the apparatus needed to have a small width and be wrapped in heater tape
to enable heating of the precursor, the substrate and also the intermediate area
(along which the vapour transports). A schematic of the final apparatus used is
shown below (Figure 4.10). Another problem encountered during preliminary
invesigations into LPCVD was in forming thin-films on the nozzle of the
apparatus due to it becoming too hot (from the graphite block). Hence, the
position of the graphite block, the nozzle and the temperature of the substrate had

to be carefully measured.

nozzle To Vacuum
~_ \ _

Sample Glass Substrate Graphite Block

Figure 4.10 Schematic of the LPCVD rig



4.4 Results and Discussion

Depositions carried out using the precursors [Nb(S-2,6-Me,C¢H3)s] and
[Ta(S-2,6-Me,CsH3)4(NMe,)] proved disappointing. Thin-films were not
obtained using a variety of temperatures. Decomposition of the precursor
occurred without any appreciable vapour transport occurring. One explanation
for this is that the precursors were not volatile enough to produce the required
vapour under the low-pressure conditions used. This is not surprising,
considering the high melting points of these compounds (as described in Chapter
2). The TGA result obtained for [Ta(S-2,6-Me,C¢H3)4(NMe,)] also showed that
the onset temperature for decomposition was 230 °C, which is high.

Studies carried out on [Ti(S'Bu)s)/[Ti(S'Bu);(NEt;)] were more
successful. Thin films of a red/brown colour were produced on SnO;-coated

glass substrates at a temperature of 200 °C. The precursor was heated to a

temperature of 45 °C before an appreciable vapour formed. EDXA data on the
films suggested a Ti:S ratio that varied from 1:1 to 1:2 across the substrate which
is in contrast to the vapour-phase studies (where TiS; was formed). Subsequent
analysis using electron probe showed that TiS was the only phase obtained. This
is similar to the previous results studied by Bochmann et al® 1t is possible,
however, that TiS; and either TiO, or amorphous phases of titanium sulfides
have formed, e.g. by decomposition or oxidation. Raman peaks were broad and
difficult to interpret. Nonetheless, the results were promising and show that
[Ti(S'Bu)4)/[Ti(S'Bu)s(NEt,)] can be used as a precursor to thin-films of titanium

sulfides.
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Finally, studies into the potential of these compounds as precursors to

sulfides using aerosol-assisted CVD (AACVD) were explored.

4.5 Aerosol-assisted chemical vapour deposition studies

Deposition studies using aerosol-assisted CVD were carried out.
Unfortunately this method did not produce any significant coatings, despite using
a number of precursors, substrates, temperatures, flow rates and even solvents.
Results using H,S gas in the system were also unsuccessful. Possible
explanations for this were that the precursors decomposed before reaching the
substrate, or that pyrolysis did not occur on the substrate, for example, due to
flow rates of the carrier gas being too high. It is likely that modifications to the
apparatus would produce more promising results, but time constraints did not

allow this.

4.6 Conclusions

Thermal Gravimetric Analysis studies showed that [Ta(S-2,6-
Me,CsH3)4(NMe,)] decomposes to give TaS,. Vapour-phase deposition studies
were successful in producing thin-films of TiS,. Thin-films of NbS and Ta,S
were also made from this method.

Low-pressure chemical vapour deposition studies were successful in
making  thin-films of TiS  from  [Ti(S'Bu)s))/[Ti(S'Bu);(NEt,)].
[Ta(S-2,6-Me,CgH3)4(NMe;)] and [Nb(S-2,6-Me,CgH3)s] were not suitably

volatile to give any deposition using this method. AACVD studies were
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unsuccessful and modifications in the apparatus and experimental method used

are probably required to produce significant results.

4.7 Experimental

4.8 Vapour-phase studies

Typically, a sample of the precursor (0.30 g) was loaded into a glass
ampoule (40 cm length x 9 mm diameter) in the glovebox. The ampoule was then
placed in a furnace such that 30 cm was inside the furnace and the end containing
the sample protruded by 4 cm (Figure 4.5).

The ampoule was heated to a temperature of 450 °C under dynamic
vacuum. The ampoule was slowly drawn into the furnace over a period of a few
minutes until the sample started to melt. Once the compound had decomposed
the furnace was allowed to cool to room temperature. A film resulted on the
inside wall of the ampoule where the tube was in the furnace (black for
[Ta(S-2,6-Me,CeH3)s(NMe,)] and  [Nb(S-2,6-Me,CeHs)s], purple  for
[Ti(SBu)4)/[Ti(SBu)3(NEt,)]). The films were analysed by EDXA/SEM, Raman

spectroscopy and UV/Vis.

4.9 LPCVD experiments

The sample (typically 0.1 - 0.3g) was placed in the tube as shown in
Figure 4.10. The sample tube was wrapped in heater tape and a thermocouple
was used in order to heat the precursor and the intermediate glassware. The tube
was then attached to another tube that contained the glass substrate and the

graphite heating block. A thermocouple was again used to regulate the
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temperature of the graphite block and the substrate. The apparatus was sealed at
one end using a B24 stopper and the other end was connected to a vacuum line.
The apparatus was purged with nitrogen before adding the precursor and then
evacuated to a pressure of 10% atm. The substrate was heated to a set
temperature. After allowing the substrate to reach the required temperature the
precursor was finally heated slowly until a vapour formed. Experiments were
carried out using [Ti(S'Bu)s)/[Ti(S'Bu)s(NEt,)], [Ta(S-2,6-Me,CsHz)s(NMe,)]
and [NDb(S-2,6-Me,C¢H3)s]. Red/brown thin-films were obtained for
[Ti(S'Bu)4)/[Ti(S'Bu)3(NEt,)] and were analysed by EDXA, electron probe and
Raman spectroscopy. It is interesting to note that purple films of TiS* and grey-

blue films of TiS,* were made previously using this method.

4.10 AACVD experiments

Typically a sample (0.1 - 0.3 g) of the precursor was weighed out and
dissolved in 50 cm® of CH,Cl, into a specially adapted round-bottomed flask.
The bottom of this flask was “thinned” in order to allow a mist to be produced. A
humidifier was then placed under the flask and turned on, producing a fine mist
of the solvent with the dissolved precursor. This spray was then transported via a

flow of nitrogen gas onto the preheated glass substrate.
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Appendix

Table 1. Crystal data and structure refinement for anion of 1.

Empirical formula C68 H75 S9 Ti2

Formula weight 1276.62

Temperature 100(2) K

Wavelength 0.71070 A

Crystal system Monoclinic

Space group P21l/c

Unit cell dimensions a = 21.573(4) A o =90 °
b = 17.224(3) A B = 97.29(3)°
c = 17.577(4) A X = 90 °

Volume 6479 (2) A3

Z 4

Density (calculated) 1.309 Mg/m?

Absorption coefficient 0.576 mm?!

F(000) 2684

Crystal size 0.3 x 0.1 x 0.1 mm?

Theta range for data collection 2.55 to 27.50 °

Index ranges -26<=h<=28, -22<=k<=22, -22<=1<=20

Reflections collected 55504

Independent reflections 14854 [R(int) = 0.064]

Completeness to theta = 27.50 ©° 99.8 %

Absorption correction Scalepack

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 14854 / 0 / 660

Goodness-of-fit on F? 1.037

Final R indices [I>2sigma(I)] R1 = 0.0521, wR2 = 0.1162

R indices (all data) R1 = 0.0834, wR2 = 0.1303

Extinction coefficient 0.00030(17)

Largest diff. peak and hole 1.281 and -1.330 e.A3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic
displacement parameters (A2 x 103)for anion of 1. U(eq) is defined as

one third of the trace of the orthogonalized UiJ tensor.

' A% z U(eq)
Ti(1) 2584 (1) 357 (1) 4325(1) 14 (1)
S(1) 1708 (1) -379(1) 4870(1) 16 (1)
C(1) 1284 (1) ~1052(2) 4171(2) 24 (1)
Ti(2) 2564 (1) -1054 (1) 5727 (1) 16(1)
S(2) 2934 (1) 337(1) 5760(1) 15(1)
C(2) 686 (1) -1346(2) 4428(2) 21(1)
S(3) 3138(1) -936(1) 4563 (1) 16 (1)
C(3) 656 (1) -2094(2) 4729(2) 26 (1)
S(4) 1888 (1) 1395(1) 4289 (1) 17(1)
Cc(4) 96 (1) -2377(2) 4933 (2) 29 (1)
S(5) 3447 (1) 1021 (1) 3998(1) 20(1)
C(5) -435(1) -1921(2) 4851 (2) 26(1)
S(6) 2326 (1) -118(1) 3067 (1) 19(1)
C(6) -407(1) -1171(2) 4572 (2) 27(1)
S(7) 1985(1) -981(1) 6762 (1) 20(1)
C(7) 151(1) -886(2) 4355(2) 26(1)
S(8) 2373 (1) -2400(1) 5405(1) 21(1)
C(8) 2417 (1) 905(2) 6313(2) 18(1)
S(9) 3406 (1) -1438(1) 6627 (1) 22 (1)
C(9) 2657 (1) 1714 (2) 6486 (2) 18(1)
c(10) 3129(1) 1845(2) 7094 (2) 25(1)
c(11) 3327(2) 2594 (2) 7280 (2) 33(1)
C(12) 3058 (2) 3220(2) 6864 (2) 34 (1)
Cc(13) 2591 (2) 3097 (2) 6262 (2) 32(1)
c(14) 2387 (2) 2342 (2) 6079 (2) 26(1)
C(15) 3978(1) -777(2) 4893 (2) 22(1)
Cc(le6) 4384 (1) -1079(2) 4323 (2) 20(1)
c(17) 4729 (2) -588(2) 3925(2) 37(1)
c(18) 5127(2) -884(2) 3428 (2) 48 (1)
Cc(19) 5176 (2) -1664(2) 3320(2) 37(1)
C(20) 4830 (2) -2163(2) 3706(2) 34 (1)
c(21) 4442 (2) -1876(2) 4211 (2) 30(1)
C(22) 2246 (1) 2281(2) 3947 (2) 27 (1)
C(23) 1758 (1) 2855(2) 3626(2) 22(1)
Cc(24) 1479 (2) 3347(2) 4103 (2) 31(1)
Cc(25) 1030(2) 3872 (2) 3811 (3) 47 (1)
C(26) 844 (2) 3907(2) 3031(3) 49 (1)
C(27) 1125(2) 3432(2) 2545 (2) 42 (1)
c(28) 1583 (2) 2902(2) 2841 (2) 30(1)
Cc(29) 3812(1) 1644 (2) 4780 (2) 25(1)
C(30) 4147(1) 2304 (2) 4437 (2) 21 (1)
C(31) 3925(2) 3056(2) 4437 (2) 29(1)
C(32) 4227(2) 3653(2) 4093 (2) 36(1)
C(33) 4755 (2) 3502(2) 3753(2) 35(1)
C(34) 4981 (2) 2752 (2) 3744 (2) 35(1)
C(35) 4678 (1) 2160(2) 4077(2) 28(1)
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558(2) 2522 (2) 25(1)

197(2) 1783 (2) 23 (1)
120(2) 1640(2) 38(1)
-199(3) 952(2) 52(1)
-457(2) 412(2) 44 (1)
-388(2) 550(2) 31(1)
-58(2) 1228(2) 24 (1)
-515(2) 6635(2) 25(1)
-952(2) 7068(2) 20(1)
-1039(2) 7862 (2) 24 (1)
-1470(2) 8244 (2) 28(1)
-1814(2) 7841(2) 35(1)
-1715(2) 7060(2) 38(1)
-1286(2) 6674(2) 29(1)
-2814(2) 4938(2) 30(1)
-3654(2) 4733(2) 26(1)
-3875(2) 4061 (2) 27(1)
-4654(2) 3853 (2) 30(1)
-5221(2) 4335(2) 32(1)
-5014(2) 5008(2) 31(1)
-4238(2) 5201(2) 30(1)
-657(2) 7318(2) 27(1)
-772(2) 7806 (2) 24 (1)
-891(2) 7463 (2) 38(1)
-926(2) 7898 (3) 58(1)
-862(3) 8680(3) 66(2)
-763(2) 9042 (3) 58(1)
-720(2) 8596 (2) 35(1)
-1797(2) 2154 (2) 35(1)
-2129(2) 2491 (3) 82(2)
-1494 (3) 2283 (3) 79(2)
-1890(3) 2638(2) 79(2)
-2019(3) 1970(4) 80(2)
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Table 3. Bond lengths [A] and angles [°] for anion of 1.
1(1)-S(5) 2.3183(9) C(32)-C(33)
Ti(1l)-S(4) 2.3308(9) C(33)-C(34)
Ti(1l)-S(6) 2.3582(10) C(34)-C(35)
Ti(1l)-S(3) 2.5364(9) C(36)-C(37)
Ti(1l)-S(2) 2.5395(10) C(37)~-C(38)
Ti(1l)-S(1) 2.5609(9) C(37)-C(42)
)~-C(1) 1.847(3) C(38)-C(39)
S(1)-Ti(2) 2.5132(10) C(39)-C(40)
C(1l)-C(2) 1.508(4) C(40)-C(41)
Ti(2)-S(7) 2.3366(11) C(41)-C(42)
1(2)-5(9) 2.3484 (1 (43)-C(44)
Ti(2)-S(8) 2.4090(10) C(44)-C(49)
1(2)-S(2) 2.5249(9) C(44)-C(45)
Ti(2)—S(3) 2.5295(10) C(45)-C(46)
S(2)-C(8) 1.850(3) C(46)-C(47)
C(2)-C(7) 1.391(4) C(47)-C(48)
C(2)-C(3) 1.398(4) C(48)-C(49)
S(3)-C(15) 1.853(3) C(50)-C(51)
C(3)-C(4) 1.391(4) C(51)-C(52)
S(4)-C(22) 1.846(3) C(51)-C(56)
C(4)-C(5) 1.382(4) C(52)-C(53)
S(5)-C(29) 1.841(3) C(53)-C(54)
C(5)-Cc(6) 1.385(5) C(54)-C(55)
S(6)-C{(36) 1.839(3) C(55)-C(56)
c(e)-Cc(7) 1.397(4) C(57)-C(58)
S(7)-C(43) 1.838(3) C(58)-C(63)
S(8)-C(50) 1.848(3) C(58)-C(59)
C(8)-C(9) 1.503(4) C(59)-C(60)
S(9)-C(57) 1.827(3) C(60)-C(61)
C(9)-C(14) 1.384(4) C(61)-C(62)
C(9)-C(10) 1.398(4) C(62)-C(63)
C(10)-C(11) 1.385(4) C(3S)-C(28)
C(11)-C(12) 1.388(5) C(3S)-C(45S)
C(12)-C(13) 1.381(5) C(4S8)-C(58)
C(13)-C(14) 1.397(4) C(1s)-C(28)
C(15)-C(16) 1.504(4)
C(1l6)-C(17) 1.376(4) S(5)-Ti(1)-S(4)
C(l6)-C(21) 1.394(4) S(5)-Ti(1)-S(6)
C(17)-C(18) 1.396(5) S(4)-Ti(1)-S(6)
C(18)-C(19) 1.364(5) S(5)-Ti(1)-S(3)
C(19)-C(20) 1.373(5) S(4)-Ti(1)-5(3)
C(20)-C(21) 1.387(4) S(6)-Ti(1)-S(3)
C(22)-C(23) 1.503(4) S(5)-Ti(1)-S(2)
C(23)-C(24) 1.383(4) S(4)-Ti(1)-S(2)
C(23)-C(28) 1.385(5) S(6)-Ti(1)-S(2)
C(24)-C(25) 1.374(5) S(3)-Ti(1)-S(2)
C(25)-C(26) 1.380(6) S(5)-Ti(1)-S(1)
C(26)-C(27) 1.379(6) S(4)-Ti(1)-S(1)
C(27)-C(28) 1.395(5) S(6)-Ti(1)-S(1)
C(29)-C(30) 1.512(4) S(3)-Ti(1)-S(1)
C(30)-C(31) 1.382(4) S(2)-Ti(1)-S(1)
C(30)-C(35) 1.398(4) C(1)- S(l) -Ti(2)
C(31)-C(32) 1.396(5) C(l) (1)-Ti(1)
Ti( S(l) -Ti(
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.02(3)
.26(3)
.14 (4)
.44 (3)
.75(3)
.53(3)
.34(3)
.45(3)
.65(3)
.79(3)
.23(3)
.91(11)
112.91
.14(3)

(10)



C(2)-C(1)-S(1
S(7)-Ti(2)-
S(7)-Ti(2)-S{(
S(9)-Ti(2)-S¢(
S(7)-Ti(2)-S{(
S(9) T1(2)—S(
5(8)- 2)-5(
S(7) T1(2) -5
S(9)-Ti(2)-S(
S(8)-Ti(2)-S(
S(l)—Ti(Z)—S(
S(7)-Ti(2)-S(3
S(9)-Ti(2)-S(3)
S(8)-Ti(2)-S(3)
S(1)-Ti(2)-S(3)
S(2)-Ti(2)-S(3)
C(8)-S(2)-Ti(2)
C(8)-5(2)-Ti(1)
Ti(2)-S(2)-Ti(1)
C(7)-C(2)-C(3)
C(7)-C(2)-C(1)
C(3)~C(2)-C(1)
C(15)-S(3)-Ti(2)
C(15)-8(3)-Ti(1)
Ti(2)-8(3)-Ti(1)
C(4)-C(3)-C(2)
C(22)-S(4)-Ti(1)
C(5)-C(4)-C(3)
C(29)-S(5)-Ti(1)
C(4)-C(5)-C(6)
C(36)-S(6)-Ti(1)
C(5)-C(6)-C(7)
C(43)-S(7)-Ti(2)
C(2)-C(7)-C(6)
C(50)-5(8)-Ti(2)
C(9)-C(8)-S(2)

C(57)-S(9)-Ti(2)
C(14)-C(9)-C(10)
C(14)-C(9)-C(8)
C(10)-C(9)-C(8)
C(11)-C(10)-C(9)
C(10)-C(11)-C(12)
C(13)-C(12)-C(11)
C(12)-C(13)-C(14)
C(9)-C(14)-C(13)
c(1 ) C(15)-S(3)
C(17)-C(1l6)-C(21)
(17) -C(16)-C(15)
C(21)-C(16)-C(15)
C(16)-C(17)-C(18)
C(19)-C(18)-C(17)
C(18)-C(19)-C(20)
C(19)-C(20)-C(21)
C(20)-C(21)-C(le6)
C(23)-C(22)-S(4)
C(24)-C(23)-C(28)

112.
86.
98.
88.
91.

168.

102.
97.
92.

1l64.
77.

171.
98.
88.
82.
75.

107.

113.
86.

118.

120.

120.

108.

110.
86.

120.

110.

120.

112.

119.

109.

120.

119.

120.

111.

112.

.66(10)

119.

120.

120.

120.

109

120

111
118

41(18)

1(3)
5(3)
2(3)
3(3)

.2(3
120.0
119.8
120.6
111.
118.
121.
120.
120.
120.8
119.
120.
121.0

)
(3)
(3)
(3)

7(2)
0(3)
6(3)
3(3)
6(3)
(3)
5(3)
2(3)
(3)

.3(2)
-9(3)
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C(24)-C(23)-C(22)
C(28)-C(23)-C(22)
C(25)-C(24)-C(23)
C(24)-C(25)- C(26)
C(27)-C(26)-C(25)
C(26)-C(27) C(28)
C(23)-C(28) C(27)
C({30)-C(29)-S(5)
C(31)-C(30)~-C(35)
C(31)—C(30)—C(29)
C(35)-C(30)-C(29)
C(30)-C(31)-C(32)
C(33)-C(32)-C(31)
C(32)-C(33)-C(34)
C(33)-C(34)-C(35)
C(34)-C(35)-C(30)
C(37)-C(36)-S(6)
C(38)-C(37)-C(42)
C(38)-C(37)-C(36)
C(42)-C(37)-C(36)
C(37)-C(38)-C(39)
C(40)-C(39)-C(38)
C(41)-C(40)-C(39)
C(40)-C(41)-C(42)
C(41)-C(42)-C(37)
C(44)-C(43)-5(7)
C(49)-C(44)-C(45)
C(49)-C(44)-C(43)
C(45)-C(44)-C(43)
C(46)-C(45)-C(44)
C(45)-C(46)-C(47)
C(48)-C(47)-C(46)
C(47)-C(48)-C(49)
C(44)-C(49)-C(48)
C(51)-C(50)-5(8)
C(52)-C(51)-C(56)
C(52)-C(51)-C(50)
C(56)-C(51)~-C(50)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(55)-C(54)-C(53)
C(54)-C(55)-C(56)
C(55)-C(56)-C(51)
C(58)-C(57)-8(9)
C(63)-C(58)~-C(59)
C(63)-C(58)-C(57)
C(59)-C(58)-C(57)
C(60)-C(59)-C(58)
C(61)-C(60)-C(59)

C(60)-C(61)~C(62)
C(6l)-C(62)-C(63)
C(58)-C(63)-C(62)
C(28)-C(3s)-C(48)
C(58)-C(485)-C(3S)
C(3S8)-C(2S)-C(1s)

120
120

120

120

.9(3)
.2(3)
121.

1(3)

.2(4)
119.
120.2
.0(3)
108.
118.
121.
120.
120.
120.
119.
119.
121.
111.
118.
120.
121.
120.
120.
119.
119.
121.
110.
118.
119.
121.
120.
120.
1109.
120.
120.
112.
117.
121.
121.
121.
119.
120.
120.
121.
113.
1109.
120.
120.
120.
120.
120.
119.
119.
114.
111.
110.

6(3)
(4)



Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A2 x 103) for anion of

1. The anisotropic displacement factor exponent takes the form:

-2m2[ h2a*2yll + ... + 2 hka*b*Uul? ]

Ull U22 U33 U23 013 U12
C(1) 22(1) 31(2) 18(2) -4(1) 3(1) -6(1)
C(2) 20(1) 25(2) 19(2) -7(1) 3(1) -7(1)
C(3) 24(2) 21(2) 36(2) -8(1) 9(1) 0(1)
c(4) 28(2) 22(2) 38(2) -5(1) 9(1) -5(1)
C(5) 20(1) 33(2) 26(2) -7(1) 6(1) -9(1)
Cc(6) 20(1) 34(2) 25(2) -2(1) -1(1) 2(1)
C(7) 28(2) 26(2) 22(2) 4(1) -3(1) -2(1)
c(8) 21(1) 18(1) 16 (1) -2(1) 8(1) 0(1)
Cc(9) 20(1) 15(1) 19(2) -6(1) 7(1) -1(1)
c(10) 24(2) 23(2) 29(2) -9(1) 0(1) 3(1)
C(11) 23(2) 33(2) 40(2) -16(2) -2(1) 2(1)
C(12) 33(2) 23(2) 47 (2) -12(2) 7(2) -7(1)
C(13) 45(2) 18(2) 34(2) -2(1) 5(2) 1(2)
C(14) 32(2) 21(2) 23(2) -5(1) 0(1) -2(1)
C(15) 20(1) 24(2) 22(2) -3(1) 1(1) 2(1)
c(l6) 17(1) 24 (2) 20(2) 3(1) 2(1) 2(1)
C(17) 30(2) 28(2) 57(2) 9(2) 20(2) 4(2)
C(18) 41(2) 46(2) 63(3) 20(2) 33(2) 7(2)
C(19) 27(2) 53(2) 32(2) 0(2) 12(1) 12(2)
C(20) 30(2) 31(2) 41(2) -11(2) 7(2) 2(2)
C(21) 29(2) 25(2) 38(2) 0(1) 14 (1) -2(1)
c(22) 21(1) 19(1) 41(2) 9(1) 8(1) 1(1)
C(23) 23(1) 14 (1) 30(2) 4(1) 5(1) -2(1)
C(24) 33(2) 26(2) 34(2) -4(1) 2(1) 2(1)
C(25) 43(2) 27(2) 69(3) -5(2) 7(2) 13(2)
C(26) 35(2) 27(2) 81(3) 19(2) -5(2) 8(2)
C(27) 47(2) 37(2) 37(2) 21(2) -11(2) -15(2)
C(28) 38(2) 24(2) 30(2) 5(1) 7(1) -7(1)
C(29) 28(2) 26(2) 21(2) 1(1) 3(1) -5(1)
C(30) 22(1) 22(2) 19(2) 2(1) -1(1) -1(1)
C(31) 27(2) 27(2) 34(2) -2(1) 8(1) -2(1)
C(32) 39(2) 22(2) 46(2) 1(2) 4(2) -5(2)
C(33) 42(2) 32(2) 33(2) 3(2) 7(2) -16(2)
C(34) 26(2) 45(2) 37(2) 4(2) 10(2) -6(2)
C(35) 23(2) 28(2) 34(2) 3(1) 5(1) -1(1)
C(36) 32(2) 21(2) 21(2) -3(1) -3(1) 9(1)
C(37) 31(2) 19(1) 18(2) 1(1) 0(1) 3(1)
C(38) 28(2) 56(2) 30(2) -4(2) 3(1) 3(2)
C(39) 27(2) 83(3) 44 (2) -8(2) -4(2) -6(2)
C(40) 47(2) 58(2) 25(2) -11(2) -7(2) -11(2)
C(41) 43(2) 28(2) 21(2) -3(1) 6(1) 1(2)
Cc(42) 30(2) 20(1) 22(2) 1(1) 4(1) -2(1)
C(43) 27(2) 21(2) 29(2) 6(1) 11(1) 6(1)
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C(44) 21(1) 19(1) 21(2) 1(1) 7(1) 4(1)
C(45) 26(2) 25(2) 23(2) -1(1) 5(1) -1(1)
C(46) 34(2) 33(2) 20(2) 4(1) 10(1) 2(2)
C(47) 31(2) 38(2) 38(2) 1(2) 14(2) -11(2)
Cc(48) 29(2) 46(2) 39(2) -4(2) 1(2) -14(2)
C(49) 31(2) 35(2) 20(2) -2(1) -1(1) 0(1)
C(50) 34(2) 19(2) 42 (2) -3(1) 19(2) 0(1)
C(51) 30(2) 18(2) 31(2) -3(1) 15(1) 0(1)
C(52) 31(2) 23(2) 29(2) 6(1) 10(1) 7(1)
C(53) 27(2) 35(2) 29(2) -7(1) 6(1) 2(2)
C(54) 29(2) 21(2) 48(2) -8(2) 7(2) 0(1)
C(55) 32(2) 20(2) 41(2) 9(1) 0(2) 6(1)
C(56) 34 (2) 28(2) 27(2) 1(1) 1(1) 3(1)
C(57) 27(2) 31(2) 21(2) -2(1) 1(1) 7(1)
C(58) 25(2) 20(1) 24(2) 3(1) -3(1) 0(1)
C(59) 28(2) 38(2) 49(2) 15(2) 8(2) 4(2)
C(60) 21(2) 46 (2) 105(4) 22(3) -2(2) -1(2)
C(61) 38(2) 48(3) 101(4) -6(3) -38(3) 3(2)
c(62) 73(3) 46 (2) 46(3) -12(2) -32(2) 14(2)
C(63) 40 (2) 28(2) 33(2) -6(2) -6(2) 8(2)
C(35) 82(3) 13(1) 12(2) -1(1) 11(2) 17(2)
C(4s) 196(7) 18(2) 44(3) -8(2) 68(4) -9(3)
C(18) 76 (3) 96 (4) 53(3) -40(3) -34(3) 59(3)
C(2S) 144(5) 67(3) 24(2) -12(2) 0(3) 70(4)
C(558) 121(5) 32(2) 105(5) -3(3) 79 (4) -16(3)
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement

parameters (A%x 103) for anion of 1.

X vy z Ul(eq)
H(1A) 1185 -783 3672 28
H(1B) 1557 -1500 4092 28
H(3) 1019 -2411 4794 32
H(4) 79 -2889 5131 35
H(5) -817 -2120 4985 32
H(6) -767 -850 4528 32
H(7) 166 -374 4157 31
H(8A) 1995 935 6018 22
H(8B) 2378 633 6801 22
H(10) 3316 1419 7380 30
H(11l) 3647 2680 7694 39
H(12) 3194 3733 6993 41
H(13) 2409 3524 5973 39
H(14) 2060 2259 5672 31
H(15A) 4056 -215 4972 26
H(15B) 4091 -1042 5391 26
H(17) 4696 -42 3988 44
H(18) 5367 -537 3163 57
H(19) 5448 -1861 2981 44
H(20) 4857 -2707 3628 40
H(21) 4211 -2226 4484 35
H(22A) 2519 2522 4378 32
H(22B) 2509 2140 3546 32
H(24) 1599 3323 4641 38
H(25) 849 4211 4147 56
H(26) 524 4257 2831 58
H(27) 1007 3464 2007 50
H(28) 1774 2574 2505 36
H(29A) 3489 1853 5076 30
H(29B) 4113 1338 5132 30
H(31) 3563 3168 4674 35
H(32) 4067 4167 4093 43
H(33) 4963 3911 3526 42
H(34) 5345 2644 3509 42
H(35) 4833 1645 4061 34
H(362) 1447 705 2836 30
H(36B) 2004 1035 2407 30
H(38) 587 285 2013 45
H(39) 126 -240 854 62
H(40) 740 -681 -54 53
H(41) 1822 -566 181 37
H(42) 2285 -4 1316 29
H(433) 1251 27 6823 30
H(43B) 1049 -502 6083 30
H(45) 1221 -798 8144 29
H(46) 547 -1530 8784 34
H(47) -330 -2117 8103 42
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H(48)
H(49)
H(50A)
H(50B)
H(52)
H(53)
H(54)
H(55)
H(56)
H(573)
H(57B)
H(59)
H(60)
H(61)
H(62)
H(63)
H(3S1)
H(352)
H(4S1)
H(4S2)
H(1s1)
H(1S2)
H(1S3)
H(2S1)

-537

147
3061
3414
2356
2232
2707
3316
3464
3614
3272
4734
5706
5786
4887
3901
2421
2321
1908
1804
3541
3899
3400
3097
2971
1184

902
1281

-1940
-1220
-2515
-2759
-3486
-4793
-5753
-5404
-4102

-159

-618

-949

-994

-886

-724

-655
-2051
-1237
-2691
-1873
-1730
-1548

-942
-2450
-1667
-1464
-2230
-2289

6782
6135
4466
5287
3733
3386
4202
5340
5661
7037
7657
6922
7656
8978
9584
8837
1653
2055
2589
2987
1784
2619
2213
2701
3151
1870
2209
1485

45
35
36
36
33
36
39
38
36
32
32
46
70
80
70
42
42
42
98
98
118
118
118
95
95
121
121
121
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Table 1.

Empirical formula
Formula weight
Temperature
Diffractometer Used
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal colour/morphology
Crystal size

Theta range for data collection

Limiting indices

Scan type

Reflections collected
Independent reflections
Observed reflections [F>4sigma (F)]
Absorption correction

Max. and min. transmission
Structure solution method
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [F>4sigma(F)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Mean and maximum shift/error

Crystal data and structure refinement for 2.

[C30 F25 S5 Ti][C6 F5S]2[Et2 NH2]3
1664.18

183(2) K

Siemens P4/RA

1.54178 A

Monoclinic

P21/c

9.9531(9) A a 90 ©°

a

b 31.429(2) A 91.577(8) ©°

1}
1l

21.014(2) A X
6571.2(10) A3

4

1.682 Mg/m?

4.475 mm™*

3320

90 °

C

Deep red platy needles
0.57 x 0.21 x 0.06 mm®
2.53 to 60.01 °

-8<=h<=11, -27<=k<=35,
-23<=1<=14

w-scans

10236

9610 (R(int) = 0.0313)
6536

Empirical

0.7312 and 0.2859
Direct

Full-matrix least-squares on F?

8670 / 0 / 902

1.041
R1 = 0.0536, wR2 = 0.1227
R1 = 0.0933, wR2 = 0.1477
0.00007(3)

0.557 and -0.320 eA”

0.000 and -0.001
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Table 2. Atomic coordinates [x 10*], equivalent isotropic
displacement parameters [A? x 10°] and site occupancy factors
for 2. U(eq) is defined as one third of the trace of the
orthogonalized U'¥ tensor.

x Y z U(eq) sof
Ti 2500(1) 7228 (1) 8523 (1) 35(1) 1
S(1) 2997 (1) 7220(1) 7419(1) 37(1) 1
S(2) 1721 (1) 7204 (1) 9596 (1) 45 (1) 1
S(3) 212 (1) 7174(1) 8229(1) 56(1) 1
S(4) 3620(1) 6577 (1) 8705(1) 45(1) 1
S(5) 3662(1) 7854 (1) 8817 (1) 50(1) 1
Cc(1) 1801 (5) 7908(2) 6817(2) 41(1) 1
F(1) 2756 (4) 8156(1) 7096 (2) 63 (1) 1
C(2) 904 (6) 8104 (2) 6394 (2) 53(2) 1
F(2) 1005(5) 8523 (1) 6273 (2) 80(1) 1
C(3) -74(6) 7868 (2) 6085(2) 53(2) 1
F(3) -933(4) 8056 (2) 5680(2) 78(1) 1
C(4) -131(6) 7446 (2) 6199 (2) 57(2) 1
F(4) -1074(4) 7206 (2) 5898 (2) 84 (1) 1
C(5) 781(5) 7251(2) 6617(2) 46 (1) 1
F(5) 692 (4) 6830 (1) 6697 (2) 70(1) 1
C(6) 1776 (5) 7482 (2) 6941 (2) 33(1) 1
C(7) 3907 (5) 7149 (2) 10427(2) 42 (1) 1
F(7) 4016 (4) 6740 (1) 10266(2) 74 (1) 1
C(8) 4829 (5) 7309(2) 10867 (2) 52(2) 1
F(8) 5803 (4) 7057 (2) 11115(2) 90 (1) 1
C(9) 4804 (6) 7722 (2) 11031(2) 61(2) 1
F(9) 5735(4) 7885 (2) 11435(2) 97(2) 1
C(10) 3830(8) 7981 (2) 10778(3) 63(2) 1
F(10) 3754 (7) 8391 (1) 10934 (2) 112 (2) 1
C(11) 2883 (6) 7817 (2) 10352(2) 46 (1) 1
F(11) 1892 (5) 8069 (1) 10133(2) 82 (1) 1
c(12) 2923 (5) 7403 (2) 10150(2) 35(1) 1
C(13) -722(6) 7939 (2) 8681 (3) 54 (1) 1
F(13) 143 (5) 8128(2) 8292 (2) 94 (1) 1
C(14) -1538(7) 8194 (2) 9030(3) 70(2) 1
F(14) -1475(6) 8619 (2) 8979 (3) 116 (2) 1
C(15) -2429(7) 8013 (3) 9433 (3) 71(2) 1
F(15) -3241(5) 8253 (2) 9779 (2) 122(2) 1
C(1l6) -2509(6) 7576 (3) 9477 (3) 61(2) 1
F(16) -3372(4) 7395 (2) 9862 (2) 106(2) 1
C(17) -1679(5) 7328 (2) 9110(2) 48 (1) 1
F(17) -1793(4) 6908 (1) 9167(2) 75(1) 1
C(18) -760(5) 7503 (2) 8712 (2) 41 (1) 1
C(19) 2946 (6) 6179 (2) 7575(3) 50(1) 1
F(19) 1665(3) 6220(1) 7746 (2) 57(1) 1
C(20) 3178(7) 5988 (2) 7004 (3) 59(2) 1
F(20) 2162(5) 5849 (1) 6632(2) 85(1) 1
C(21) 4453 (8) 5941 (2) 6805(3) 68(2) 1
F(21) 4725(6) 5764 (1) 6247(2) 102(2) 1
C(22) 5498 (7) 6088 (2) 7187 (3) 70(2) 1
F(22) 6776 (5) 6047 (2) 7000 (2) 108 (2) 1
C(23) 5259 (6) 6280 (2) 7763 (3) 54 (1) 1
F(23) 6306 (4) 6414 (2) 8126(2) 78 (1) 1
C(24) 3963 (5) 6337 (2) 7975 (2) 42 (1) 1
C(25) 5783 (5) 7722 (2) 7994 (2) 40 (1) 1
F(25) 5764 (3) 7307 (1) 8162 (1) 51(1) 1
C(26) 6754 (5) 7848 (2) 7582 (2) 45 (1) 1
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F(26)
C(27)
F(27)
C(28)
F(28)
C(29)
F(29)
C(30)
S(6)

Cc(41)
F(41)
C(42)
F(42)
C(43)
F(43)
C(44)
F(44)
C(45)
F(45)
C(46)
S(7)

C(51)
F(51)
C(52)
F(52)
C(53)
F(53)
C(54)
F(54)
C(55)
F(55)
C(56)
N(60)
Cc(61)
C(62)
C(63)
C(64)
N(70)
C(71)
C(72)
C(73)
C(74)
N(80)
c(81)
C(82)
C(83)
C(84)

—~

7606 (3)
6832 (6)
7784 (4)
5972 (7)
6059 (5)
4991 (6)
4146 (5)
4872 (5)
426 (1)
2942 (6)
2410(3)
4310(6)
5042 (4)
4897 (6)
6232 (4)
4149(7)
4727 (5)
2794 (7)
2092(4)
2144 (5)
549 (1)
3034 (5)
2402 (3)
4418 (5)
5094 (3)
5114 (5)
6471 (3)
4430(6)
5101 (4)
3058(5)
2440(3)
2297(5)
431 (4
1807 (
1849 (
-48(
-1294(7)
-602(4)
-1287(6)
-279(9)
-1495(5)
-664(7)
54(6)
1274 (9)
2390(9)
-1138(9)
-2314(9)

)
5)
7)
6)

7567 (1)
8271 (2)
8396 (1)
8556 (2)
8970(1)
8422(2)
8716(1)
8000(2)
4811(1)
5090(2)
5480(1)
5050(2
5387(1
4659 (2
4617 (2
4314 (2
3933(1)
4360(2)
4017(1)
4751 (2)
4856 (1)
4858 (2)
4958 (1)
4830(2)
4904 (1)
4725(2)
4709 (1)
4650 (2)
4551 (2)
4694 (2)
4638(1)
4798(2)
5726 (1)
5758 (2)
6048 (2)
6127(2)
6065 (2)
4804 (1)
4384 (2)
4035(2)
5184(2)
5576 (2)
5740(2)
6011(2)
5770(3)
5967 (2)
5681 (3)

)
)
)
)
)
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7346 (2)
7420(2)
7017 (2)
7674 (3)
7516 (2)
8072 (2)
8294 (2)
8260(2)
8989 (1)
8693 (2)
8609 (2)
8606 (2)
8440(2)
8675(3)
8570(2)
8836 (3)
8898 (2)
8929 (2)
9092(2)
8867(2)
6078 (1)
6697 (2)
7236 (1)
6737 (2)
7281 (1)
6204 (2)
6234 (2)
5644 (3)
5116 (2)
5616 (2)
5042(1)
6133(2)
5201(2)
4943 (3)
4377 (3)
5500(3)
5870(3)
7517(2)
7465 (3)
7452 (3)
7525 (3)
7621(3)
9715(2)
9805 (3)
10123 (4)
9439 (3)
9334 (4)

64 (1)
57(2)
77 (1)
58(2)
92 (1)
52 (1)
80 (1)
41(1)
43 (1)
46 (1)
57(1)
53(1)
71(1)
60(2)
85(1)
61(2)
87(1)
53(1)
64(1)
40(1)
39(1)
38(1)
55(1)
43 (1)
63(1)
46 (1)
70(1)
54 (1)
81(1)
48(1)
70(1)
36(1)
41 (1)
54 (1)
71(2)
51(1)
69(2)
41(1)
55(1)
77(2)
51(1)
65(2)
57(1)
85(3)
92(3)
83(3)
100(3)
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Table 3.

Ti-S(1)
Ti-S(2)
Ti-S(3)
Ti-S(4)
Ti-S(5)
S(1)-C(6)
S(2)-C(12)
S(3)-C(18)
S(4)-C(24)
s(5) -C(30)
1)-F(1)
( )-C(6)
C(1)-C(2)
C(2)-F(2)
C(2)-C(3)
C(3)-F(3)
C(3)-C(4)
C(4)-F(4)
C(4)-C(5)
C(5)-F(5)
C(5)-C(6)
C(7)-F(7)
C(7)-C(8)
C(7)-C(12)
C(8)-F(8)
C(8)—C(9)
C(9 (9)
9) c(lO)
10) - ( 0)
10) C 1)
1)

ll) (12)
13)-F(13)

C(13)-C(14)
C(13)-C(18)
C(14)-F(14)
C(14)-C(15)
C(15)-F(15)
C(15)-C(16)
C(1l6)-F(16)
C(l6)-C(17)
C(17)-F(17)
C(17)-C(18)
C(19)-F(19)
C(19)-C(20)
C(19)-C(24)
C(20)-F(20)
C(20)-C(21)
C(21)-F(21)
C(21)-C(22)
C(22)-F(22)
C(22)-C(23)
C(23)-F(23)
C(23)-C(24)
C(25)-F(25)
C(25)-C(26)
C(25)-C(30)
C(26)-F(26)
C(26)-C(27)

C
c
C
c
c

—~ o~~~

Bond lengths

.341
.367
.391¢(
.333(8)
.355(10)
.333(7)
.375(11)
.348(7)
.379(10)
.343(7)
.389(8)
.352(6)
.374(7)
.388(
.330(6)
.375(9

PR PRPRPRPRRPRPRPRPRPRPRRPRPRPEPREPRERPPEPRPRPPPEPRRPRPPRPRPRPRRPRPPEPRRPRPRRPEPRRPRRRERERRPPRPRRRPRRPPRPRRRNONNNDNDN

[A] and angles [°] for 2.

.3860(13)
.4058(13)
.350(2)
.356(2)
.357(2)

.334(6)
.380(8)
.381(7)
.345(7)
.344(10)
.341(7)
.363(10)
.332(8)
.381(9)
.336(6)
.369(8)
.343(7)
.368(10)
.371(8)
.344(9)
.368(11)
.337(7)
.378(11)
.325(7 )
.386(9
.329(
.373(

(

(

7)
7)
7)
8)
8)

8)

)
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C(27)-F(27)
C(27)-C(28)
C(28)-F(28)
Cc(28)-C(29)
C(29)-F(29)
C(29)-C(30)
S(6)-C(46)

C(41)-F(41)
C(41)-C(42)
C(41)-C(46)
C(42)-F(42)
C(42)-C(43)
C(43)-F(43)
C(43)-C(44)
C(44)-F(44)
C(44)-C(45)
C(45) -F(45)
C(45)-C(46)
S(7)-C(56)

C(51)-F(51)
C(51)-C(52)
C(51)-C(56)
C(52)-F(52)
C(52)-C(53)
C(53)-F(53)
C(53)-C(54)
C(54)-F(54)
C(54)-C(55)
C(55) -F(55)
C(55)-C(56)
N(60)-C(61)
N(60)-C(63)
C(61)-C(62)
C(63)-C(64)
N(70)-C(71)
N(70)-C(73)
C(71)-C(72)
C(73)-C(74)
N(80)-C(83)
N(80)-C(81)
C(81)-C(82)
C(83)-C(84)

S(3)-Ti-S(4)
S(3)-Ti-S(5)
S(4)-Ti-S(5)
S(3)-Ti-S(1)
S(4)-Ti-sS(1)
S(5)-Ti-s(1)
S(3)-Ti-S(2)
S(4)-Ti-S(2)

5)-Ti-S(2)

1)-Ti-58(2)

6)-S(1)-Ti

24)-5S(4)-

S
C
c
c
C
C(30)-5(5)-
F

S
(
(
(12)-S(2)-Ti
(18)-S(3) Tl
(
(
(1

)-C(1) C(6)

PR RPRPRPRPRPRPRRPPRPRRRPRERRRRPRRERRRERPRERRERREPRERPRPRRPEREREPERPERRER

11
12
11
88
92

98.

84

89.
87.

17
11
11
11
10
11
11

.345(6)
.359(9)
.344(7)
.370(8)
.344(7)
.388(8)
.746(6)
.344(6)
.385(8)
.385(8)
.337(7)
.366(9)
.359(7)
.362(10)
.333(7)
.375(9)
.334(7)
.394(8)
.751(5)
.348(5)
.380(7)
.389(7)
.331(6)
.373(7)
.352(6)
.363(8)
.347(6)
.373(8)
.350(6)
.381(7)
.491(6)
.491(7)
.4599(9)
.495(8)
.487(7)
.488(7)
.489(9)
.496(9)
.489(9)
.492(9)
.487(12)
.488(13)

5.52(7)
6.47(7)
7.14(6)
.22 (5)
.24 (5)
65 (5)
.76 (5)
10(5)
07(5)
2.73(6)
3.05(14)
2.21(14)
0.5(2)
9.6(2)
2.5(2)
9.9(4)



F(1)-C(1)-C(2

C(6)-C(1)-C(2

F(2)-C(2)-C(3)
F(2)-C(2)-C(1)
C(3)-C(2)-C(1

F(3)-C(3)-C(4)
F(3)-C(3)-C(2)
C(4)-C(3)-C(2)
C(3)-C(4)-F(4)
C(3)-C(4)-C(5)
F(4)-C(4)-C(5)
F(5)-C(5)-C(4)
F(5)-C(5)-C(6)
C(4)-C(5)-C(6)
C(1)-C(6)-C(5)

C(1)-C(6)-sS(1)
C(5)-C(6)-S(1)
F(7)-C(7)-C(8)
F(7)-C(7)-C(12)
C(8)-C(7)-C(12)
F(8)-C(8)-C(9)
F(8)-C(8)-C(7)
C(9)-C(8)-C(7)
F(9)-C(9)-C(8)
F(9)-C(9)-C(10)
C(8)-C(9)-C(10)
F(10)-C(10)-C(9)

10)-C(10)-C(11)
9)-C(10)-C(11)
)-C(11)-C(12)
11)-C(11)-C(10)
)-C(11)-C(10
11)-C(12)-C(7)
11)-C(12)-5(2)
C(7)-C(12)-5(2)
mAHuvnoﬁwwvroAH»v

A
A
F{
C(
F(1
F(
(o}
C(
(

F(13)-C(13)-C(18)

C(14)-C(1 v -C(18)
F(14)-C(14)-C(13)
F(14)-C(14)-C(15)
C(13)-C(14)-C(15)
F(15)-C(15)-C(14)
F(15)-C(15)-C(16)
C(14)-C(15)-C(16)
F(1l6)-C(16)-C(15)

F(16)-C(16)-C(17)
C(15)-C(1l6)-C(17)
F(17)-C(17)-C(18)

F(17)-C(17)-C(16)
C(18)-C(17)-C(1l6)
C(13)-C(18)-C(17)
C(13)-C(18)-S(3)

C(17)-C(18)-5(3)

F(19)-C(19)-C(20)
F(19)-C(19)-C(24)
C(20)-C(19)-C(24)
F(20)-C(20)-C(21)
F(20)-C(20)-C(19)
C(21)-C(20)-C(19)
F(21)-C(21)-C(20)
F(21)-C(21)-C(22)

117.2(5)
122.9(5)
119.7(5)
120.3(6)
119.9(5)
121.4(6)
119.9(6)
118.7(5)
120.0(5)
121.1(6)
118.9(6)
118.2(5)
120.3(4)
121.6(6)
115.8(4)
123.6(4)
120.4(4)
117.7(5)
120.9(5)

122.0

116.5

121.2

122.2¢(
117.8(6
119.3(6)
122.9(6)
120.7(7)
119.8(7)
119.5(7)
121.0(8)
119.3(8)
119.7(6)
120.6(6)
120.2(7)
119.1(6)
120.9(5)
117.1(5)
122.0(6)
116.7(5)
123.0(4)
120.2(5)
117.6(6)
119.0(5)
123.4(6)
119.1(6)
120.9(6)
120.0(7)
122.1(8)
118.9(7)
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C(20)-C(21)-C(22)
F(22)-C(22)-C(21)
F(22)-C(22)-C(23)
C(21)-C(22)-C(23)
F(23)-C(23)-C(22)
F(23)-C(23)-C(24)
C(22)-C(23)-C(24)
C(23)-C(24)-C(19)
C(23)-C(24)-s(4)

C(19)-C(24)-5(4)

F(25)-C(25)-C(26)
F(25)-C(25)-C(30)
C(26)-C(25)-C(30)
F(26)-C(26)-C(25)
F(26)-C(26)-C(27)
C(25)-C(26)-C(27)
F(27)-C(27)-C(28)
F(27)-C(27)-C(26)
C(28)-C(27)-C(26)
F(28)-C(28)-C(27)
F(28)-C(28)-C(29)
C(27)~-C(28)-C(29)
F(29)-C(29)-C(28)
F(29)-C(29)-C(30)
C(28)-C(29)-C(30)
C(29)-C(30)-C(25)
C(29)-C(30)-5(5)

C(25)-C(30)-S(5)

F(41)-C(41)-C(42)
F(41)-C(41)-C(46)
C(42)-C(41)-C(46)
F(42)-C(42)-C(43)
F(42)-C(42)-C(41)
C(43)-C(42)-C(41)
F(43)-C(43)-C(44)
F(43)-C(43)-C(42)
C(44)-C(43)-C(42)
F(44)-C(44)-C(43)
F(44)-C(44)~-C(45)
C(43)-C(44)-C(45)
F(45)-C(45)-C(44)
F(45)-C(45)-C(46)
C(44)-C(45)-C(46)
C(41)-C(46)-C(45)
C(41)-C(46)-S(6)

C(45)-C(46)-5(6)

F(51)-C(51)-C(52)
F(51)-C(51)-C(56)
C(52)-C(51)-C(56)
F(52)-C(52)-C(53)
F(52)-C(52)-C(51)
C(53)-C(52)-C(51)
F(53)~C(53)-C(54)
F(53)-C(53)-C(52)
C(54)-C(53)-C(52)
F(54)-C(54)-C(53)
F(54)-C(54)-C(55)
C(53)-C(54)-C(55)
F(55)~C(55)-C(54)
F(55)-C(55)-C(56)
C(54)-C(55)-C(56)

119.0(6)
120.2(7)
118.9(8)
120.8(6)
119.2(6)
119.3(5)
121.6(6)
115.2(5)
122.9(4)
121.9(4)
117.2(5)
119.3(4)
123.4(5)
120.7(5)
120.6(5)
118.7(5)
121.1(6)
118.9(6)
120.0(5)
119.7(5)
120.0(6)
120.3(6)
117.6(5)
120.0(5)
122.4(6)
115.1(5)
120.2(4)
124.7(4)
116.8(5)
120.6(5)
122.5(5)
120.4(5)
120.4(5)
119.2(6)
120.5(6)
119.1(6)
120.4(6)
120.1(6)
120.1(6)
119.8(6)
118.4(5)
119.4(5)
122.2(6)
115.8(5)
121.7(4)
122.4(4)
116.9(4)
120.0(4)
123.1(4)
119.3(5)
121.4(4)
119.4(4)
120.6(4)
119.8(5)
119.6(5)
120.2(5)
120.2(5)
119.5(5)
117.0(4)
119.2(5)
123.8(5)



C(55)-C(56)-C(51) 114.6(4) C(71)-N(70)-C(73 116.1(4)
C(55)-C(56)-S(7) 122.5(4) N(70)-C(7 ) -C(72 ) 110.4(5)
C(51)-C(56)-S(7) 122.9(4) N(70)-C(73)-C(74) 109.6(5)
C(61)-N(60)-C(63) 113.9(4) C(83)-N(80)-C(81) 114.3(6)
N(60)-C(61)-C(62) 112.0(5) C(82)-C(81)-N(80) 111.2(6)
N(60)-C(63)-C(64) 112.8¢(5) C(84)-C(83)-N(80) 112.6(6)
Table 4. Anisotropic displacement parameters [A? x 10°]
for 2. The anisotropic displacement factor exponent takes the form:
-2m® [ (ha*)2?Ull + ... + 2hka*b*Ul2 ]

Ull U22 U33 U23 Ul3 Ul2
Ti 33 (1) 40(1) 33(1) 3(1) 1(1) -3(1)
S(1) 38(1) 41 (1) 33(1) 2(1) -1(1) 4(1)
S(2) 37(1) 63(1) 34 (1) 3(1) 1(1) -8(1)
S(3) 35(1) 85(1) 47 (1) -15(1) -3(1) 3(1)
S(4) 51(1) 39(1) 44 (1) 7(1) -1(1) 2(1)
S(5) 59 (1) 50(1) 41 (1) -9(1) 11(1) -15(1)
C(1) 46 (3) 40(3) 35(2) 0(2) -6(2) 2(2)
F(1) 81(2) 42 (2) 66(2) 6(1) -18(2) -13(2)
C(2) 73 (4) 48 (3) 39(2) 10(2) 7(3) 22(3)
F(2) 119(3) 50(2) 71(2) 14(2) -8(2) 21(2)
C(3) 51(3) 68(4) 40(2) 3(2) -1(2) 27(3)
F(3) 71(2) 106 (3) 57(2) 10(2) -13(2) 41(2)
C(4) 4(3) 78(5) 48 (3) -8(3) -9(2) 3(3)
F(4) 5(2) 107(3) 78 (2) 0(2) -36(2) -14(2)
C(5) 44 (3) 49(3) 43 (2) 0(2) -4(2) 0(3)
F(5) 81(2) 48(2) 78(2) 3(2) -29(2) -14(2)
C(6) 33(2) 36(3) 30(2) -1(2) -1(2) 2(2)
C(7) 47 (3) 39(3) 42 (2) 2(2) 1(2) 1(2)
F(7) 109(3) 43 (2) 69(2) 2(2) -20(2) 23(2)
c(8) 40(3) 77(5) 38(2) 6(3) -2(2) 9(3)
F(8) 70(2) 133(4) 66(2) 9(2) -20(2) 38(3)
c(9) 55(3) 91(5) 36(2) -13(3) 3(2) -23(4)
F(9) 77 (3) 155(5) 58(2) -29(2) -6(2) -52(3)
C(10) 103 (5) 42(3) 45 (3) -13(2) 12 (3) -10(4)
F(10) 200(6) 59(3) 76(2) -31(2) 3(3) -17(3)
C(11) 63(3) 39(3) 37(2) 4(2) 0(2) 18(3)
F(11) 122(3) 64(2) 61(2) -5(2) -3(2) 50(3)
c(12) 35(2) 43 (3) 28(2) 6(2) 3(2) 5(2)
C(13) 50(3) 55(4) 57(3) 10(3) -3(3) -10(3)
F(13) 88(3) 84 (3) 109(3) 29(2) 14 (2) -31(3)
C(14) 69 (4) 52 (4) 86 (4) -13(3) -24(4) -2(3)
F(14) 126 (4) 55(3) 166(5) -20(3) -30(4) 5(3)
C(15) 49 (4) 94 (6) 68(4) -34(4) -13(3) 22(4)
F(15) 81(3) 164 (6) 119(4) -76(4) -9(3) 48 (3)
C(16) 39(3) 96 (6) 48 (3) 2(3) 10(2) 0(3)
F(l6) 64 (2) 171(5) 84 (3) 24 (3) 37(2) -2(3)
C(17) 38(3) 56(4) 48 (3) 11(2) -4(2) 0(3)
F(17) 65(2) 61(2) 98 (3) 29(2) 4(2) -7(2)
c(18) 29(2) 53(3) 40(2) 3(2) -2(2) -4(2)
C(19) 62 (4) 30(3) 57(3) 5(2) 6(3) 2(3)
F(19) 48(2) 49(2) 74(2) -3(2) 2(2) -9(2)
C(20) 1(5) 30(3) 55(3) -1(2) -2(3) 4(3)
F(20) 132( ) 52(2) 70(2) -10(2) -15(2) -12(2)
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C(21)
F(21)
C(22)
F(22)
C(23)
F(23)
C(24)

C(71)
C(72)
C(73)
C(74)
N(80)
C(81)
C(82)
C(83)
C(84)

(
133(7)
(

104 (e6)
181(5)

70(4)
87(3)
41(3)
45(2)
45(3)
39(3)
50(2)
34(3)
42 (2)
56(3)
76(2)
82 (4)

147 (4)

111(6)

40(3)
72 (4)
92(4)

136(7)

95(6)

94 (6)

103 (3

58(3)
67(2)
80 (4)

117(3)

63 (3

50(2
42 (2
61(2
42 (2
67(2)
44 (3)
64 (2)
53(3)

)

)

)
)
)
)
)
)

83 (2
46 (3
80(2)
39(2)
39(1)
41(2)
71(2)
49(3)
87(2)
60(3)
98(3)
61(3)

112(3)

50(3)
74(2)
33(2)
39(1)
39(2)
37(1)
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13(3)

1(2)

30(3)
39(3)
24(3)
25(2)
10(2)

3(2)
8(1)

-3(2)
~-7(2)
-1(3)
-2(2)
-4(2)

6(2)

-6(2)
-6(2)
-2(2)

4(1)
4(2)

10(1)
10(2)
17(2)

9(3)

24 (2)
12(3)
20(2)

1(2)
7(1)
5(2)
0(1)
1(2)

-5(1)

2(2)

-5(2)
-2(2)
-9(2)
-17(3)
-30(2)
-11(2)
-28(2)
-1(2)

0(2)

-10(3)
-14(3)

~7(2)
-14(3)

1(2)

-5(2)

1(3)

-7(3)

2(3)
6(2)

-11(3)
-13(4)
15(3)
-7(5)

22 (4)
37(3)
38(4)
55(3)
11(3)
13(2)
5(2)
-9(2)
0(1)
-3(3)
6(2)
-29(3)
-38(2)
-20(3)
-30(2)
-7(3)
9(2)
-14(2)
-2(1)
4(3)
2(2)
-2(3)
-16(2)
10(3)
21(2)
29(3)
32(2)
4(3)
-1(2)
2(2)
-4(1)
2(2)
3(2)
-1(2)
2(2)
8(2)
9(2)
1(3)
9(2)
1(3)
-2(2)
-1(2)
-5(2)
-8(3)
-21(4)
-3(3)
-2(3)
2(2)
-8(3)
6(4)
6(3)
0(3)
0(3)
-43(5)
-50(6)
46 (5)
48(6)



Table 5. Hydrogen coordinates (x 10%), isotropic displacement
parameters (A? x 10%) and site occupancy factors for 2.

X Yy z Ul(eq)
H(60A) 423 (4) 5517 (1) 5493 (2) 49 1
H(60B) ~-148(4) 5654 (1) 4883 (2) 49 1
H(61A) 2113(5) 5470(2) 4818 (3) 65 1
H(61B) 2434(5) 5865(2) 5280 (3) 65 1
H(624) 2767(7) 6060 (2) 4222 (3) 106 1
H(62B) 1563 (7) 6334 (2) 4501 (3) 106 1
H(62C) 1243 (7) 5939 (2) 4039 (3) 106 1
H(63A) -226(6) 6341 (2) 5163 (3) 61 1
H(63B) 671(6) 6240 (2) 5788 (3) 61 1
H(64R) -1565(7) 6336(2) 6055 (3) 103 1
H(64B) -1119(7) 5857 (2) 6211 (3) 103 1
H(64C) -2017(7) 5959 (2) 5586 (3) 103 1
H(70A) -49(4) 4830(1) 7187 (2) 49 1
H(70B) -88(4) 4805(1) 7876(2) 49 1
H(71A) -1856(6) 4376 (2) 7071(3) 66 1
H(71B) -1876(6) 4345 (2) 7833 (3) 66 1
H(723) -744(9) 3760(2) 7418(3) 115 1
H(72B) 276 (9) 4041 (2) 7845 (3) 115 1
H(72C) 296 (9) 4072 (2) 7085(3) 115 1
H(73A) -2139(5) 5156 (2) 7873 (3) 62 1
H(73B) -2014 (5) 5203(2) 7117(3) 62 1
H(74A) -1253(7) 5826 (2) 7626 (3) 97 1
H(74B) -35(7) 5603 (2) 7272 (3) 97 1
H(74C) ~160(7) 5557 (2) 8027(3) 97 1
H(80A) 255(6) 5521 (2) 9458 (2) 69 1
H(80B) -163(6) 5630(2) 10094 (2) 69 1
H(81A) 1565(9) 6115(2) 9386 (3) 101 1
H(81B) 1050¢(9) 6262 (2) 10067 (3) 101 1
H(82A) 3177(9) 5956 (3) 10176 (4) 137 1
H(82B) 2622(9) 5525(3) 9860 (4) 137 1
H(82C) 2108(9) 5672 (3) 10541 (4) 137 1
H(83A) -1390(9) 6200(2) 9730(3) 99 1
H(83B) -897(9) 6096 (2) 9028 (3) 99 1
H(84A) -3071(9) 5844 (3) 9153 (4) 150 1
H(84B) -2570(9) 5556 (3) 9741 (4) 150 1
H(84C) -2077(9) 5453 (3) 9039 (4) 150 1
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Table 1.

Empirical formula
Formula weight
Temperature
Diffractometer Used
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal colour/morphology

Crystal size

Theta range for data collection

Limiting indices

Scan type
Reflections collected

Independent reflections

Observed reflections [F>4sigma(F)]

Absorption correction
Max. and min. transmission
Structure solution method
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices

(all data)

[F>4sigma (F) ]
R indices
Extinction coefficient

Largest diff. peak and hole

Mean and maximum shift/error

Crystal data and structure refinement for 3.

[C28 H10 N F20 S4 Ti] [C4 H12 NI]

990.66

193(2) K
Siemens P4/RA
1.54178 A
Monoclinic

C2/c
15.2002(12) A

a

b 17.6154(12) A

14.117(2) A
3779.1(7) A3

4

1.741 Mg/m’
5.184 mm™?

1976

it

C

Deep red blocks

a =90 °
B = 91.179(12)
X = 90 °

0.43 x 0.37 x 0.23 mx®

3.84 to 63.59 °
-14<=h<=17,
-12<=1<=16
w-scans
3219
3093
2598
Ellipsoidal
0.2352 and 0.084

(R(int) =

Direct

4

-15<=k<=20,

0.0494)

Full-matrix least-squares on F?

2979 / 6 / 291
1.061

Rl = 0.0552, wR2
Rl = 0.0684, wR2
0.00018(11)

0.598 and -0.378

0.000 and 0.004
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Table 2. Atomic coordinates [x 10%), equivalent isotropic
displacement parameters [A? x 10°] and site occupancy factors
is defined as one third of the trace of the

for 3. Ul(eq)

orthogonalized U™ tensor.

X y Z Ul(eq) sof
Ti 0 2665(1) 7500 40(1) 1
S(1) 677 (1) 3348(1) 8808 (1) 50(1) 1
S(2) 1318(1) 3042 (1) 6680(1) 48 (1) 1
N 0 1615(2) 7500 54 (1) 1
C(1) 1836(2) 3362(2) 8813(2) 48(1) 1
C(2) 2282 (2) 4047 (2) 8845 (3) 53 (1) 1
F(2) 1826(2) 4703 (2) 8793 (2) 71(1) 1
C(3) 3187(2) 4092 (3) 8909 (3) 58(1) 1
F(3) 3596 (2) 4767 (2) 8901(2) 82(1) 1
Cc(4) 3675(2) 3437(3) 8937 (3) 59(1) 1
F(4) 4554 (2) 3480(2) 8990(2) 85(1) 1
C(5) 3264 (3) 2746 (3) 8905(3) 57 (1) 1
F(5) 3736(2) 2108(2) 8926 (2) 77(1) 1
C(6) 2359(3) 2713(2) 8849 (3) 52(1) 1
F(6) 1980(2) 2032(1) 8822 (2) 67(1) 1
C(7) 1378 (2) 2511 (2) 5630(3) 48 (1) 1
c(8) 1754 (2) 1784 (2) 5616(3) 49 (1) 1
F(8) 2061 (2) 1475(1) 6418 (2) 62 (1) 1
C(9) 1831(2) 1374 (2) 4781 (3) 56 (1) 1
F(9) 2212(2) 690 (2) 4795 (2) 77(1) 1
C(10) 1537 (2) 1676(3) 3947 (3) 58 (1) 1
F(10) 1585(2) 1272(2) 3145(2) 77 (1) 1
C(11) 1194 (2) 2398(3) 3924 (3) 58(1) 1
F(11) 916 (2) 2703 (2) 3101¢(2) 78(1) 1
Cc(12) 1127(2) 2806(2) 4753 (3) 52 (1) 1
F(12) 819(2) 3519(2) 4686 (2) 68 (1) 1
C(13) 166(3) 1183 (2) 8371(3) 57 (1) 1
C(14) 900(3) 600 (3) 8295 (4) 74 (1) 1
N(20) -80(17) 4920(5) 7684 (16) 99(6) 0.50
Cc(21) -579(12) 5198(18) 8488 (14) 166 (15) 0.50
Cc(22) -1529(10) 5347(9) 8333 (13) 113 (5) 0.50
C(23) 334(14) 5506 (6) 7101(11) 138(8) 0.50
C(24) 863(13) 5184 (11) 6301(13) 99 (5) 0.50
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Table 3.

Ti-N
Ti-S(1)
Ti-S(1)#1
Ti-S(2)#1
Ti-S(2)
S(1)-C(1)
S(2)-C(7)
N-C(13) #1
N-C(13)
C(1)-C(2)
C(1)-C(6)
C(2)-F(2)
C(2)-C(3)
C(3)-F(3)
C(3)-C(4)
C(4)-F(4)
C(4)-C(5)
C(5)-F(5)
C(5)-C(6)
C(6)-F(6)
C(7)-C(12)
C(7)-C(8)
C(8)-F(8)
C(8)-C(9)
C(9)-F(9)
C(9)-C(10)

Bond lengths

C(10)-F(10)
C(10)-C(11)
C(11)-F(11)

C(11
C(13

N-Ti-S(1)

N-Ti-S(1)#1
S(1)-Ti-S(1)#1
N-Ti-S(2)#1

S(1)-Ti-S(2)#1
S(1)#1-Ti-S(2

N-Ti-S(2)

S(1)-Ti-S(2)
S(1)#1-Ti-S(2)
S(2)#1-Ti-S(2)

Symmetry transformations used to generate eguivalent atoms:

)-C(12)
C(12)-F(12)
)-C(14)

.849(4)
.4166(9)
.4166(9)
.4273(8)
.4273(8)
.761(3)
.758(4)
.463(5)
.463(5)
.384(5
.392(5
.349(5
.380(5
.342 (5
.372(6
.338(

PR RPRPPRPRPRPRPRPRPPRPRRPRPRPRERRPPRPRERRERRPRREPERERODNODNONDR

)
)
)
)
)
)
)
6)
)
)
)
)
)
)
)
)
)
)
)
5)
)
)
)

119.86(3)
119.86(3)
120.27(6)
105.90(3)
80.92(3)
83.39(3)
105.90(3)
83.39(3)
80.92(3)

148.20(5)
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[A] and angles [°] for 3.

C(1)-s(1)-Ti
C(7)-8(2)~-T1
C(13)#1-N-C(13)
C(13)#1-N-Ti
C(13)-N-Ti
C(2)-C(1)-C(s)
C(2)-C(1)-s(1)
C(6)-C(1)-S(1)
F(2)-C(2)-C(3)
F(2)-C(2)-C(1)
C(3)-C(2)-C(1)
F(3)-C(3)-C(4)
F(3)-C(3)-C(2)
C(4)-C(3)-C(2)
F(4)-C(4)-C(5)
F(4)-C(4)-C(3)
C(5)-C(4)-C(3)
F(5)-C(5)-C(4)
F(5)-C(5)-C(6)
C(4)-C(5)-C(6)
F(6)-C(6)-C(5)
F(6)-C(6)-C(1)
C(5)-C(6)-C(1)
C(12)-C(7)-C(8)
C(12)-C(7)-5(2)
C(8)-C(7)-5(2)

F(8)-C(8)
F(8)-C(8)
Cc(9)-C(8)

-C(9)
-C(7)
-C(7)

F(9)-C(9)-C(10)
F(9)-C(9)-C(8)
C(10)-C(9)-C(8)
F(10)-C(10)-C(9)
F(lO)-C(IO)—C(ll)
(9)-C(10)-C(11)
F(11)-C(11)-C(10)
ll) -C(11)-C(12)
0)-C(1 ) C(12)
12) -C(12)-C(11)
12) C(12) c(7
11)-C(12)-C(7
N-C(13)-C(14)

P Py

F
C
F
F
C

)
)

114.83
108.
.3(4)
.3(2)
.3(2)
.8(3)
.1(3)
124.
117.7
.7(3)
.7(4)
119.
120.
119.

117
121
121
115
120

119
122

120
119
120
120

122

119

120

114

(12)
31(11)

0(3)
(4)

7(3)
8(4)
4(4)

.5(4)
.4(4)
.1(3)
.3(4)
120.
119.
118.
119.
122.
115.

2(4)
5(4)
0(4)
5(3)
5(4)
7(3)

.3(3)
121.
118.

7(3)
3(4)

.8(3)
121.
120.

9(4)
0(4)

.1(4)
120.
120.
119.
120.
120.
120.
119.
117.3
120.
122.6
.0(3)

0(4)
1(4)
9(4)
0(4)
2(4)
0(4)
8(4)
(4)
1(3)
(4)



Table 4. Anisotropic displacement parameters [A? x 10°]
for 3. The anisotropic displacement factor exponent takes the form:

-27% [ (ha*)?Ull + ... + 2hka*b*Ul2 ]
Ul1l U22 U33 U23 Ul3 Ul2
Ti 30(1) 43 (1) 47 (1) 0 7(1) 0
S(1) 34 (1) 64 (1) 53(1) -9(1) 7(1) -1(1)
S(2) 34 (1) 59(1) 51 (1) -2(1) 11(1) -7(1)
N 40(2) 44 (2) 77(3) 0 18(2) 0
C(1) 34(2) 60(2) 48 (2) -6(1) 5(1) 3(1)
C(2) 40(2) 58(2) 62(2) -7(2) 11(1) 3(1)
F(2) 50(1) 59 (1) 105(2) -9 (1) 9(1) 5(1)
C(3) 42(2) 70(2) 63(2) -8(2) 10(2) -11(2)
F(3) 54(1) 77(2) 115(2) -16(2) 21 (1) -19(1)
C(4) 32(2) 86(3) 58(2) -3(2) 6(1) 3(2)
F(4) 33(1) 118(2) 103(2) -8(2) 8(1) 2(1)
C(5) 45(2) 73(2) 52(2) 4(2) 7(1) 14 (2)
F(5) 63(2) 86(2) 82(2) 12 (1) 5(1) 29(1)
C(6) 48 (2) 61(2) 48(2) 0(1) 5(1) 1(2)
F(6) 64 (1) 55(1) 81(2) 2(1) 7(1) -1(1)
C(7) 31(1) 61(2) 53(2) 1(1) 12(1) -9(1)
C(8) 37(2) 60(2) 51(2) 2(1) 12(1) -7(1)
F(8) 59(1) 67 (1) 60(1) 6(1) 11(1) 5(1)
C(9) 46 (2) 57(2) 65(2) -5(2) 20(2) -11(2)
F(9) 84 (2) 60(1) 87(2) -7(1) 27(1) 1(1)
C(10) 46 (2) 7(2) 52(2) -13(2) 15(1) -20(2)
F(10) 75(2) 7(2) 61(1) -24 (1) 18(1) -26(1)
C(11) 40(2) 3(3) 50(2) 4(2) 5(1) -16(2)
F(11) 2) 113( ) 51(1) 9(1) 2(1) -2(1)
Cc(12) 36(2) 8(2) 53(2) 4(2) 9(1) -4(1)
F(12) 61(1) 6(2) 67(1) 15(1) 13(1) 8(1)
C(13) 50(2) 53(2) 70(2) 2(2) 15(2) 3(2)
C(1l4) 69(3) 64(2) 88(3) 7(2) 5(2) 14 (2)
(20) 95(10) 83(5) 120(19) 2(6) -24(10) 20(7)
c(21) 109 (14) 91(14) 301(43) -40(20) 63(19) 3(12)
C(22) 120(12) 87(8) 132(12) -5(8) 26(10) -9(8)
C(23) 223(25) 38(5) 154 (16) 7(6) -30(14) 18(8)
Cc(24) 127(15) 58(7) 112(10) -11(7) 0(10) -4(9)
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Table 5. Hydrogen coordinates (x 10%), isotropic displacement
parameters (A% x 10%) and site occupancy factors for 3.

ble 2% z U(eq) sof
H(13a) -382(3) 919(2) 8545 (3) 69 1
H(13B) 319(3) 1542 (2) 8888 (3) 69 1
H(14a) 974 (3) 334(3) 8901 (4) 110 1
H(14B) 1450(3) 857(3) 8140 (4) 110 1
H(14C) 748 (3) 233(3) 7796 (4) 110 1
H(20A) -452(17) 4638 (5) 7300(16) 119 0.50
H(20B) 354 (17) 4599 (5) 7910 (16) 119 0.50
H(21Aa) -300(12) 5674 (18) 8713 (14) 199 0.50
H(21B) -516(12) 4822 (18) 9007 (14) 199 0.50
H(22A) ~-1784(10) 5530(9) 8923 (13) 169 0.50
H(22B) -1825(10) 4877 (9) 8135(13) 169 0.50
H(22C) -1609(10) 5732 (9) 7838(13) 169 0.50
H(23A) 725(14) 5820(6) 7511(11) 166 0.50
H(23B) -130(14) 5842 (6) 6833 (11) 166 0.50
H(24A) 1121(13) 5601 (11) 5940(13) 148 0.50
H(24B) 477 (13) 4883 (11) 5882 (1 148 0.50
H(24C) 1333 (13) 4861 (11) 6561 (1 ) 148 0.50
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Table 1.

Empirical formula
Formula weight
Temperature
Diffractometer Used
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z
Density (calculated)

Absorption coefficient

F(000)

Crystal colour/morphology
Crystal size

Theta range for data collection

Limiting indices

Scan type

Reflections collected

Independent reflections

Observed reflections [F>4sigma(F)]
Absorption correction

Max. and min. transmission
Structure solution method
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [F>4sigma(F)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Mean and maximum shift/error

Crystal data and structure refinement for 5.

Cl6 H37 N S3 Ti
387.55

183(2) K
Siemens P4/RA
1.54178 A
Orthorhombic

Pbca

10.1445(8) A o 90 °

a

b 90 °

15.861(4) A B

28.332(2) A x =290°
4558.6(12) A%,

8

1.129 Mg/m®

5.694 mm™*

1680

Red blocks

0.50 x 0.47 x 0.33 mm’

3.12 to 60.00 °

C

O<=h<=11, 0<=k<=17,
-31<=1<=0

w-scans

3351

3351 (R{int) = 0.0000)
2199

Semi-empirical from psi-scans
0.7677 and 0.3474

Direct

Full-matrix least-squares on F2

2984 / 0 / 191

1.039

Rl = 0.0566, wR2 = 0.1368
Rl = 0.1062, wR2 = 0.1979
0.00017(8)

0.296 and -0.364 e.A™3
0.000 and 0.000
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Table 2.

for 5. U(eq)

Atomic coordinates [x 10%], equivalent isotropic
displacement parameters [A? x 10°] and site occupancy factors

is defined as one third of the trace of the
orthogonalized U7 tensor.

X Y z Ul(eq) sof
Ti 1854 (1) 5873 (1) 1307 (1) 35(1) 1
S(1) 353(1) 5777(1) 703(1) 43 (1) 1
S(2) 1392(1) 6960(1) 1819(1) 45(1) 1
S(3) 3904 (2) 6246 (1) 1049(1) 55(1) 1
N 1752 (5) 4847 (3) 1620(1) 40(1) 1
C(1) 613(6) 6594 (4) 238(2) 49(1) 1
C(2) 1041 (8) 7420 (4) 449 (2) 60(2) 1
C(3) 1646(7) 6256 (5) -106(2) 62(2) 1
C(4) -702(7) 6671(6) -14(3) 71(2) 1
C(5) -362(6) 7028 (4) 2004 (2) 48(1) 1
C(6) -1090(8) 7564 (7) 1656(4) 101(4) 1
C(7) -1009(6) 6161(5) 2030(3) 65(2) 1
C(8) -328(8) 7421 (6) 2495(3) 87(3) 1
C(9) 5267 (6) 5462 (5) 1022(2) 53(2) 1
C(10) 5748 (11) 5315(9) 1518(3) 117(4) 1
C(11) 6365(9) 5906(7) 751 (4) 115(4) 1
C(12) 4802 (11) 4657 (7) 799 (5) 119(4) 1
C(13) 1557(7) 4066 (4) 1344 (2) 55(2) 1
Cc(14) 152(9) 3737(5) 1369(2) 72(2) 1
C(15) 1707 (6) 4713 (4) 2134 (2) 45(1) 1
C(16) 2871 (6) 4236 (4) 2326(2) 54(2) 1
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Table 3. Bond lengths [A] and angles [°] for 5.

Ti-N 1.856(5)
Ti-S(3) 2.283(2)
Ti-S(1) 2.295(2)
Ti-S(2) 2.302(2)
S(1)-C(1) 1.866(6)
S(2)-C(5) 1.858(6)
S(3)-C(9) 1.861(7)
N-C(15) 1.472(6)
N-C(13) 1.480(7)
C(1)-C(2) 1.504(10)
C(1l)-C(4) 1.518(9)
C(1)-C(3) 1.528(9)
C(5)-C(s6) 1.496(10)
C(5)-C(7) 1.525(9)
C(5)-C(8) 1.526(10)
C(9)-C(12) 1.502(12)
C(9)~-C(10) 1.507(11)
C(9)-C(11) 1.524(10)
C(13)-C(14) 1.519(10)
C(15)-C(16) 1.504(8)
N-Ti-S(3) 115.5(2)
N-Ti-S(1) 105.2(2)
S(3)-Ti-S(1) 112.52(7)
N-Ti-S(2) 110.06(14)
S(3)-Ti-S(2) 101.16(7)
S(1)-Ti-S(2) 112.62(7)
C(l)-S(1)-Ti 112.7(2)
C(5)-s(2)-Ti 114.6(2)
C(9)-S(3)-Ti 121.2(2)
C(15)-N-C(13) 113.5(4)
C(15)-N-T1i 127.0(4)
C(13)-N-Ti 119.2(3)
C(2)-C(1)-C(4) 111.7(6)
C(2)-C(1)-C(3) 111.2(6)
C(4)-C(1)-C(3) 109.3(5)
C(2)-C(1)-s(1) 111.5(4)
C(4)-C(1)-s(1) 105.3(4)
C(3)-C(1)-S(1) 107.7(5)
C(6)-C(5)-C(7) 109.4(7)
C(6)-C(5)-C(8) 112.3(8)
C(7)-C(5)-C(8) 109.4(6)
C(6)-C(5)-5(2) 108.7(5)
C(7)-C(5)-5(2) 111.9(4)
C(8)-C(5)-5(2) 105.0(5)
C(12)-C(9)-C(10) 111.2(9)
C(12)-C(9)-C(11) 114.3(8)
C(10)-C(9)-C(11) 107.7(8)
C(12)-C(9)-S(3) 110.6(6)
C(10)-C(9)-S(3) 107.8(6)
C(11)-C(9)-s(3) 104.8¢(5)
N-C(13)-C(14) 112.8(5)
N-C(15)-C(16) 113.9(5)
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Table 4. Anisotropic displacement parameters [A? x 10°] for 5.
The anisotropic displacement factor exponent takes the form:

-21*[ (ha*)2Ull + ... + 2hka*b*Ul2 ]

Ull U22 U33 U23 Ul3 Ul2
Ti 36(1) 36(1) 33(1) -1(1) -1(1) 0(1)
S(1) 48 (1) 45(1) 37(1) 6(1) -7(1) -6 (1)
S(2) 42 (1) 42 (1) 50(1) -11(1) 5(1) -3(1)
S(3) 40(1) 52 (1) 72(1) 5(1) 9(1) -2(1)
N 47 (2) 46(3) 28(2) 2(2) -1(2) 5(2)
Cc(1) 58(3) 53(3) 35(3) 10(3) 4(3) -2(3)
C(2) 82 (4) 52(4) 46 (3) 12(3) 9(3) 0(4)
Cc(3) 64 (4) 83(5) 40(3) 9(3) 11(3) 0(4)
C(4) 64 (4) 95(6) 54 (4) 28(4) -8(3) 4(4)
Cc(5) 41 (3) 47 (3) 55(3) 3(3) 7(3) 1(3)
Cc(6) 58(4) 114(8) 131(8) 63(7) 33(5) 41 (5)
Cc(7) 44 (3) 63(4) 87(5) -4(4) 10(3) -9(3)
c(8) 83(5) 100(6) 78(5) -36(5) 40(5) -29(5)
Cc(9) 43(3) 61(4) 57(3) 7(3) 6(3) 7(3)
c(10) 87(6) 180(13) 86(6) 31(8) -17(6) 23(8)
Cc(11) 71(5) 110(8) 164(10) 68(8) 65(6) 25(6)
C(12) 98(7) 86(7) 174(12) -43(8) 17(8) 18(6)
C(13) 85(4) 44 (3) 36(3) -4(3) -8(3) 9(3)
Cc(14) 116(7) 55(4) 46(3) 3(3) -8(4) -26(5)
C(15) 66(4) 43(3) 28(2) 0(2) -1(3) 8(3)
c(le) 64 (4) 56(4) 43(3) 3(3) -16(3) 3(3)
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Table 5. Hydrogen coordinates (x 10%), isotropic displacement
parameters (A? x 10°) and site occupancy factors for 5.

X Y Z Ul(eq) sof
H(2A) 1891 (8) 7346 (4) 609 (2) 90 1
H(2B) 380(8) 7610(4) 678(2) 90 1
H(2C) 1131(8) 7841 (4) 198(2) 90 1
H(3a) 1343(7) 5719 (5) -238(2) 93 1
H(3B) 2481(7) 6169 (5) 62(2) 93 1
H(3C) 1777(7) 6663 (5) -362(2) 93 1
H(43) -949(7) 6122 (6) -146(3) 107 1
H(4B) -628(7) 7086 (6) -269(3) 107 1
H(4C) -1378(7) 6854 (6) 211 (3) 107 1
H(6A) -675(8) 8121 (7) 1639(4) 151 1
H(6B) -2009(8) 7625(7) 1757 (4) 151 1
H(6C) -1063(8) 7297 (7) 1345(4) 151 1
H(73a) -533(6) 5810(5) 2258(3) 97 1
H(7B) -982(6) 5894 (5) 1718(3) 97 1
H(7C) -1928(6) 6223 (5) 2131(3) 97 1
H(8A) 157 (8) 7049 (6) 2710(3) 131 1
H(8B) -1231(8) 7495 (6) 2611 (3) 131 1
H(8C) 111¢(8) 7970(6) 2480 (3) 131 1
H(10Aa) 6045(11) 5850(9) 1654 (3) 176 1
H(10B) 6483 (11) 4914 (9) 1513(3) 176 1
H(10C) 5028(11) 5085(9) 1709(3) 176 1
H(11A) 6614(9) 6424 (7) 917 (4) 173 1
H(11B) 6055(9) 6047 (7) 433 (4) 173 1
H(11C) 7132(9) 5532 (7) 729 (4) 173 1
H(12a) 4496 (11) 4771 (7) 477 (5) 179 1
H(12B) 4076 (11) 4422 (7) 985 (5) 179 1
H(12C) 5531 (11) 4251 (7) 789 (5) 179 1
H(13A) 2163 (7) 3626(4) 1463 (2) 66 1
H(13B) 1786 (7) 4176 (4) 1010(2) 66 1
H(14a) 77(9) 3222(5) 1180(2) 109 1
H(14B) -453(9) 4165 (5) 1245(2) 109 1
H(14C) -75(9) 3614 (5) 1698(2) 109 1
H(15A) 891 (6) 4400 (4) 2213 (2) 55 1
H(15B) 1659 (6) 5268 (4) 2293 (2) 55 1
H(16A) 2776 (6) 4170 (4) 2668(2) 81l 1
H(16B) 3682(6) 4548 (4) 2257(2) 81 1
H(16C) 2913 (6) 3678(4) 2177(2) 81 1
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Table 1. Crystal data and structure refinement for 7.

Empirical formula

Formula weight

Temperature

Diffractometer Used Siemens
Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal colour/morphology
Crystal size

Theta range for data collection

Limiting indices

Scan type
Reflections collected

Independent reflections

Observed reflections [F>4sigma(F) ]

Absorption correction

Max. and min. transmission
Structure solution method
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [F>4sigma(F)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

Mean and maximum shift/error

C34 H42 N S4 Ta

773.88
203(2) K

P4/PC

0.71073 A

Tetragonal

I41/a

a =32.088(7) A a=290°
b =32.088(7) A P =90°
c =13.126(3) A yx =190°
13515(6) A’

16

1.521 Mg/m?

3.524 mm™

6240

Orange/red blocks

0.80 x 0.67 x 0.60 mm’
1.80 to 25.00 °
0<=h<=38, 0<=k<=38,
0<=1<=15

wW-scans

6188

5949 (R(int) = 0.0330)
4529

Ellipsoidal

0.2165 and 0.1883
Patterson

Full-matrix least-squares on F?

5561 / 0 / 362

1.013

Rl1 = 0.0373, wR2 = 0.0694
Rl = 0.0605, wR2 = 0.0800
0.000046(8)

0.537 and -0.498 eA™
0.000 and 0.008
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Table 2. Atomic coordinates [x 10%], equivalent isotropic
displacement parameters [A? x 10°] and site occupancy factors
is defined as one third of the trace of the

for 7. U(eq)

orthogonalized U tensor.

X Y z U(eq) sof
Ta 11042 (1) 5936 (1) 7297 (1) 26(1) 1
S(1) 11339(1) 5816 (1) 8972 (1) 36(1) 1
S(2) 10586 (1) 5956 (1) 5823 (1) 39(1) 1
S(3) 10415(1) 6178 (1) 8094 (1) 33(1) 1
S(4) 11160(1) 5203 (1) 7158 (1) 36(1) 1
N 11454 (2) 6317 (2) 6786 (4) 33(1) 1
C(1) 11846 (2) 6174 (3) 6344 (6) 51(2) 1
C(2) 11413 (2) 6767 (2) 6735(6) 49(2) 1
C(3) 11863 (2) 6007(2) 8938 (5) 32(1) 1
C(4) 12189 (2) 5732(2) 8766 (5) 36(1) 1
C(5) 12594 (2) 5891 (2) 8769 (6) 47 (2) 1
c(6) 12665 (2) 6309 (3) 8963 (6) 53(2) 1
C(7) 12336 (2) 6575(2) 9151 (6) 46 (2) 1
C(8) 11928(2) 6430 (2) 9147 (5) 36(1) 1
C(9) 12123 (2) 5277(2) 8578 (6) 48(2) 1
C(10) 11581(2) 6726 (2) 9392 (6) 46 (2) 1
C(11) 10759(2) 6362 (2) 4968 (5) 34 (1) 1
C(12) 11044 (2) 6269 (2) 4214 (6) 49 (2) 1
C(13) 11169(3) 6584 (3) 3565(7) 62(2) 1
C(14) 11016 (3) 6981 (3) 3663 (7) 67(2) 1
C(15) 10718(3) 7064 (2) 4393 (6) 53(2) 1
Cc(16) 10583 (2) 6761(2) 5058 (6) 44 (2) 1
c(17) 11217 (3) 5832 (3) 4057 (7) 72(3) 1
c(18) 10267 (3) 6865 (3) 5868 (7) 57(2) 1
C(19) 10422 (2) 6191 (2) 9458 (5) 34 (1) 1
C(20) 10446 (2) 6574 (2) 9961 (5) 42 (2) 1
C(21) 10416 (3) 6574 (3) 11010¢(6) 57(2) 1
C(22) 10367 (3) 6211(3) 11574 (6) 61(2) 1
C(23) 10338 (2) 5841(3) 11064 (6) 49 (2) 1
C(24) 10368 (2) 5817(2) 10010 (5) 39(2) 1
c(25) 10487 (2) 6981 (2) 9409 (6) 51(2) 1
C(26) 10339 (2) 5408 (2) 9487 (6) 50(2) 1
C(27) 10953 (2) 4956 (2) 6046 (5) 35(1) 1
c(28) 10529(2) 4842 (2) 6031(6) 41 (2) 1
C(29) 10384 (3) 4631 (2) 5182 (7) 53(2) 1
C(30) 10647 (3) 4534 (3) 4384 (7) 65(2) 1
C(31) 11056 (3) 4636 (3) 4423 (7) 66(2) 1
C(32) 11228(2) 4848(2) 5259 (6) 49(2) 1
C(33) 10243 (2) 4932 (2) 6898 (6) 47(2) 1
C(34) 11689 (3) 4935(3) 5282 (9) 73(3) 1
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Table 3. Bond lengths

Ta-N
Ta-S(4)
Ta-S(3)
Ta-S(1)
Ta-S(2)
S(1)-C(3)
S(2)-C(11)
S(3)-C(19)
S(4)-C(27)
N-C(2)
N-C(1)
C(3)-C(4)
C(3)-C(8)
C(4)-C(5)
C(4)-C(9)
C(5)-C(6)
C(6)-C(7)
C(7)-C(8)
C(8)-C(10)
C(11)-C(12)
C(11)-C(16)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)
C(16)-C(18)
C(19)-C(20)
C(19)-C(24)
C(20)-C(21)
C(20)-C(25)
C(21)-C(22)
C(22)-C(23)
C(23)-C(24)
C(24)-C(26)
C(27)-C(32)
C(27)-C(28)
C(28)-C(29)
C(28)-C(33)
C(29)-C(30)
C(30)-C(31)
C(31)-C(32)
C(32)-C(34)

N-Ta-S(4)
N-Ta-S(3)
S(4)-Ta-5(3)
N-Ta-S (1)
S(4)-Ta-S (1)
S(3)-Ta-S(1)
N-Ta-S(2)
S(4)-Ta-S(2)
S(3)-Ta-S(2)
S(1)-Ta-S(2)
C(3)-S(1)-Ta

PR PR RPRPRPRPRPPRPRRPRPRRPRPRRPRPRERRPRPRPRRERPRPEPRLRRLRPRPRRPRPERNNNNRE

[A] and angles [°] for 7.

.921(5)
.389(2)
.398(2)
.427(2)
.428(2)
.788(6)
.807(6)
.791(7)
.789(6)
.450(8)
.458(8)
.387(9)
.400(9)
.397(9)
.496(9)
.384(11)
.378(11)
.389(9)
.499(9)
.380(10)
.403(9)
.380(11)
.521(11)
.372(13)
.378(13)
.377(10)
.507(11)
.397(9)
.412(9)
.379(11)
.500(10)
.389(13)
.364(13)
.389(10)
.483(11)
.402(11)
.408(9)
.384(10)
.492(10)
.383(13)
.353(14)
.404(12)
.506(11)

119.4(2)
121.6(2)
119.04(6)
98.5(2)
81.40(6)
89.17(6)
96.9(2)
93.49(6)
80.37(6)
164.37(5)
106.9(2)
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C(11)-S(2)-Ta
C(19)-S(3)-Ta
C(27)-S(4)-Ta
C(2)-N-C (1)
C(2)-N-Ta
C(1l)-N-Ta
C(4)-C(3)-C(8)
C(4)-C(3)-S(1)
C(8)-C(3)-S(1)
C(3)-C(4)-C(5)
C(3)-C(4)-C(9)
C(5)-C(4)-C(9)
C(6)-C(5)-C(4)
C(7)-C(6)-C(5)
C(6)-C(7)-C(8)
C(7)-C(8)-C(3)
C(7)-C(8)-C(10)
C(3)-C(8)-C(10)
C(1l2)-C(11)-C(1l6)
C(12)-C(11)-S(2)
C(16)-C(11)-5(2)
C(11)-C(12)-C(13)
C(1l1l)-C(12)-C(17)
C(13)-C(12)-C(17)
C(14)-C(13)-C(12)
C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(15)-C(16)-C(11)
C(15)-C(16)-C(18)
C(11)-C(16)-C(18)
C(20)-C(19)-C(24)
C(20)-C(19)-S(3)
C(24)-C(19)-S(3)
C(21)-C(20)-C(19)
C(21)-C(20)-C(25)
C(19)-C(20)-C(25)
C(20)-C(21)-C(22)
C(23)-C(22)-C(21)
C(22)-C(23)-C(24)
C(23)-C(24)-C(19)
C(23)-C(24)-C(26)
C(19)-C(24)-C(26)
C(32)-C(27)-C(28)
C(32)-C(27)-S(4)
C(28)-C(27)-5(4)
C(29)-C(28)~-C(27)
C(29)-C(28)-C(33)
C(27)-C(28)-C(33)
C(30)-C(29)-C(28)
C(31)-C(30)-C(29)
C(30)-C(31)-C(32)
C(27)-C(32)-C(31)
C(27)-C(32)-C(34)
C(31)-C(32)-C(34)

109
115
116
125
122
122
119
118
122
120
117
119
122
121

118

118

117

122

122
122

122
118
122

119
117

122

121

.2(2)
.7(2)
.1(2)
111.
.9(5)
-1(5)
.3(6)
.6(5)
.0(5)
118.

9(6)

0(6)

.7(6)
119.

3(6)

.5(7)
120.
121.

4(7)
0(7)

.8(6)
.3(6)
.9(6)
.6(6)
119.

5(5)

.8(5)
118.
122.

4(7)
6(7)

.9(8)
121.
119.
121.

2(8)
5(8)
5(8)

L7(7)
120.
.2(7)
120.
119.
119.
117.
119.
.8(6)
.7(8)
118.

2(7)

8(6)
5(5)
5(5)
95(7)
2(7)

3(8)

.2(7)
L1(7)
120.
121.

4(7)
4(6)

.2(6)
118.

5(5)

.0(5)
L7(7)
120.

0(7)

.3(6)
120.
120.
.8(9)
116.
123,
119.

9(8)
7(8)

6(7)
9(7)
4(8)



Table 4.

-2m® [ (ha*)%Ull + ...

Anisotropic displacement parameters
for 7.The anisotropic displacement factor exponent takes the form:

+ 2hka*b*Ul2 ]

[A? x 10%)]

c

Ull U22 U33 u23 Ul3 Ul2
Ta 25(1) 25(1) 28(1) 1(1) -1(1) -4 (1)
S(1) 29(1) 49 (1) 31(1) 5(1) -5(1) -9(1)
S(2) 43(1) 38(1) 36 (1) 5(1) -10(1) -12(1)
S(3) 27(1) 38(1) 32(1) 4(1) -1(1) 1(1)
S(4) 38(1) 27 (1) 44 (1) -1(1) -10(1) 0(1)
N 29(2) 39(3) 32(3) 2(2) -4(2) -8(2)
Cc(1) 35(4) 59 (5) 58(5) 3(4) 12(3) -1(3)
C(2) 57(4) 30(3) 60(5) 10(3) -6(4) -11(3)
C(3) 30(3) 40(3) 25(3) ~-1(2) -5(2) -4(2)
C(4) 37(3) 35(3) 36(3) 4(3) -8(3) -1(3)
C(5) 35(3) 58(4) 48 (4) 10(3) -3(3) 5(3)
Cc(6) 36(4) 66 (5) 55(5) 9(4) -4(3) -18(3)
C(7) 45 (4) 44 (4) 48(4) -3(3) ~-8(3) -13(3)
c(8) 36(3) 44 (4) 29(3) 2(3) -5(3) -6(3)
C(9) 47 (4) 38(4) 58(5) 0(3) -11(3) 3(3)
C(10) 49 (4) 42 (4) 48(4) -15(3) -15(3) 8(3)
Cc(11) 41(3) 31(3) 29(3) 5(2) -13(3) -8(2)
C(12) 53(4) 53 (4) 41(4) 1(3) 3(3) -2(3)
C(13) 58(5) 82(6) 47 (5) 15(4) 10(4) 0(4)
C(14) 90 (7) 59(5) 52(5) 24 (4) -10(5) -9(5)
C(15) 68(5) 36(4) 54 (5) 11(3) -13(4) -7(3)
C(16) 44 (4) 46 (4) 42 (4) 7(3) -11(3) 2(3)
C(17) 89(7) 78(6) 49 (5) -4(5) 10(5) 29(5)
Cc(18) 57(5) 54(4) 60(5) ~-7(4) -4(4) 14(4)
C(19) 28(3) 38(3) 34(3) 1(3) 2(2) -1(2)
C(20) 35(3) 52(4) 39(4) -5(3) 0(3) 3(3)
Cc(21) 59(5) 63(5) 49 (5) -14(4) -5(4) 16(4)
C(22) 56(5) 91(7) 37(4) 5(4) 9(4) 26(4)
Cc(23) 37(4) 67(5) 43 (4) 20(4) 11(3) 12(3)
c(24) 22(3) 53 (4) 43(4) 9(3) 3(3) 1(2)
C(25) 54 (4) 42 (4) 57(5) -5(3) -1(4) 0(3)
C(26) 49 (4) 50(4) 52(5) 18(3) -2(3) -11(3)
C(27) 41(3) 27(3) 37(3) -4(3) -8(3) 0(3)
c(28) 50(4) 28(3) 46 (4) -2(3) -10(3) -2(3)
C(29) 64 (5) 39(4) 55(4) -7(4) -21(4) 4(3)
C(30) 94 (7) 48 (4) 53(5) -20(4) -29(5) 13(4)
C(31) 81(6) 60 (5) 58(5) -19(4) 0(5) 19(5)
C(32) 58(4) 33(3) 55(4) -5(3) -7(4) 10(3)
C(33) 43 (4) 48 (4) 49 (4) 0(3) -9(3) -10(3)
C(34) 51(5) 76(6) 91(7) -17(6) 18(5) 7(4)
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Table 5. Hydrogen coordinates (x 10?), isotropic displacement
parameters (A% x 10%) and site occupancy factors for 7.

X Yy z Ul(eq) sof
H(1lA) 11856 (2) 6251 (3) 5630(6) 76 1
H(1B) 11864 (2) 5873 (3) 6406 (6) 76 1
H(1C) 12077 (2) 6302 (3) 6702 (6) 76 1
H(22) 11146 (2) 6849 (2) 7014 (6) 73 1
H(2B) 11432(2) 6856 (2) 6031 (6) 73 1
H(2C) 11635(2) 6896 (2) 7126 (6) 73 1
H(5A) 12820(2) 5713 (2) 8637 (6) 56 1
H(62) 12939(2) 6412 (3) 8968 (6) 63 1
H(7A) 12389 (2) 6858 (2) 9284 (6) 55 1
H(9A) 11896 (2) 5178 (2) 9003 (6) 72 1
H(9B) 12375(2) 5126 (2) 8744 (6) 72 1
H(9C) 12053 (2) 5233 (2) 7867 (6) 72 1
H(10A) 11382 (2) 6728 (2) 8836 (6) 70 1
H(10B) 11693 (2) 7004 (2) 9486 (6) 70 1
H(10C) 11443 (2) 6637 (2) 10012 (6) 70 1
H(13a) 11362 (3) 6525 (3) 3046(7) 75 1
H(14a) 11113(3) 7195(3) 3235(7) 81 1
H(15a) 10605 (3) 7333 (2) 4438 (6) 63 1
H(17a) 11388(3) 5756 (3) 4638(7) 108 1
H(17B) 11385(3) 5827 (3) 3443 (7) 108 1
H(17C) 10989 (3) 5636 (3) 3991 (7) 108 1
H(18a) 10404 (3) 6878 (3) 6526 (7) 85 1
H(18B) 10053 (3) 6651 (3) 5882 (7) 85 1
H(18C) 10141 (3) 7132 (3) 5716(7) 85 1
H(21A) 10428 (3) 6830 (3) 11356 (6) 68 1
H(223) 10354 (3) 6219 (3) 12289 (6) 74 1
H(23A) 10296 (2) 5595 (3) 11438 (6) 59 1
H(25A) 10555 (2) 6929 (2) 8701 (6) 76 1
H(25B) 10705 (2) 7145 (2) 9721 (6) 76 1
H(25C) 10225(2) 7131(2) 9448 (6) 76 1
H(26A) 10610(2) 5334 (2) 9212 (6) 75 1
H(26B) 10138(2) 5427 (2) 8936 (6) 75 1
H(26C) 10250(2) 5197 (2) 9969 (6) 75 1
H(29A) 10102 (3) 4553 (2) 5149 (7) 63 1
H(30A) 10542 (3) 4396 (3) 3808 (7) 78 1
H(31A) 11230(3) 4563 (3) 3875(7) 79 1
H(333) 10208(2) 5231(2) 6966 (6) 70 1
H(33B) 10360(2) 4820(2) 7522 (6) 70 1
H(33C) 9974 (2) 4804 (2) 6770(6) 70 1
H(34A) 11821 (3) 4803 (3) 4701 (9) 109 1
H(34B) 11808 (3) 4824 (3) 5906 (9) 109 1
H(34C) 11736(3) 5234 (3) 5254 (9) 109 1
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Table 1. Crystal data and structure refinement for 8.

Empirical formula
Formula weight
Temperature
Diffractometer Used
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal colour/morphology
Crystal size

Theta range for data collection

Limiting indices

Scan type

Reflections collected
Independent reflections
Observed reflections[F>4sigma(F)]
Absorption correction

Max. and min. transmission
Structure solution method
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [F>4sigma(F)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Mean and maximum shift/error

C40 H45 S5 Nb
778.97

203(2) K
Siemens P4/RA
1.54178 A
Triclinic

P-Bl

a

b

10.7974(4) A B

19.0869(11) A g
1905.8(2) A3

2

1.357 Mg/m’

5.329 mm™

812

C

Very dark red platy needles
0.57 x 0.40 x 0.10 mm’
2.34 to 59.99°
~11<=h<=0, -12<=k<=10,
-21<=1<=21

o-scans

5998

5644 (R(int) = 0.0369)
5206

Empirical

6686 and 1999

Direct

Full-matrix least-squares on F2

5565 / 0 / 416

1.050

R1 = 0.0368, wR2 = 0.0905
R1 = 0.0401, wR2 = 0.0965
0.00068(11)

0.742 and -0.685 eA™
0.000 and 0.000
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10.6085(4) A o = 81.733(4)
82.984 (4)°
61.955(3)°
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Table 2. Atomic coordinates [x 10%], equivalent isotropic
displacement parameters [A? x 10°] and site occupancy factors
for 8. U(eq) is defined as one third of the trace of the
orthogonalized U9 tensor.

x Y z U(eq)
Nb 6051 (1) 6506 (1) 2514 (1) 21(1) 1
S(1) 3827 (1) 7188(1) 2011(1) 28(1) 1
S(2) 8309 (1) 6433 (1) 2557 (1) 32(1) 1
S(3) 6169 (1) 8013 (1) 1459(1) 33(1) 1
S(4) 5249 (1) 7237 (1) 3663 (1) 33(1) 1
S(5) 6676 (1) 4077 (1) 2585(1) 31(1) 1
c(1) 2978(3) 6265 (4) 2545(2) 26(1) 1
C(2) 2033 (4) 6878 (4) 3122(2) 31(1) 1
Cc(3) 1368(4) 6129 (5) 3522(2) 43 (1) 1
Cc(4) 1586 (4) 4856 (5) 3344(2) 48 (1) 1
C(5) 2443 (4) 4309 (4) 2745 (2) 43 (1) 1
C(6) 3132(4) 5006 (4) 2331(2) 31(1) 1
c(7) 1665(4) 8321 (4) 3298(2) 42 (1) 1
C(8) 3968(4) 4411 (5) 1661(2) 46 (1) 1
c(9) 9155(4) 7200 (4) 1907(2) 37(1) 1
C(10) 9940 (4) 6478 (5) 1326(2) 46 (1) 1
C(11) 10684 (5) 7084 (6) 863 (3) 66(2) 1
C(12) 10657 (5) 8314(7) 987 (3) 71(2) 1
C(13) 9855 (5) 9019(6) 1563 (3) 62 (1) 1
C(14) 9069 (5) 8490 (5) 2033(2) 48 (1) 1
C(15) 10033 (5) 5109(5) 1186 (2) 61(1) 1
c(16) 8159 (5) 9301 (5) 2627 (3) 59 (1) 1
c(17) 4827 (4) 8613 (4) 844 (2) 35(1) 1
Cc(18) 4991 (4) 7762 (5) 314 (2) 44 (1) 1
C(19) 3995(5) 8316(6) -203(2) 59 (1) 1
C(20) 2897 (5) 9661 (7) -201(3) 65(2) 1
C(21) 2731 (5) 10483 (5) 320(3) 57 (1) 1
C(22) 3678 (4) 9985 (4) 852 (2) 44 (1) 1
C(23) 6210(6) 6286 (6) 297(3) 69(2) 1
C(24) 3473 (5) 10881 (5) 1428 (3) 62 (1) 1
C(25) 6125 (4) 8043 (4) 4022 (2) 29 (1) 1
C(26) 5522 (4) 9511 (4) 3944 (2) 42 (1) 1
c(27) 6174 (5) 10123 (4) 4271(3) 56 (1) 1
C(28) 7341 (5) 9313 (4) 4661 (3) 54 (1) 1
C(29) 7902 (4) 7872 (4) 4737 (2) 39(1) 1
C(30) 7310 (4) 7204 (4) 4420(2) 29 (1) 1
C(31) 4245 (6) 10424 (5) 3521 (3) 66 (1) 1
C(32) 7967 (4) 5627 (4) 4516 (2) 34(1) 1
C(33) 7570(4) 3268(3) 3388(2) 27 (1) 1
C(34) 9068 (4) 2541 (3) 3361(2) 29 (1) 1
C(35) 9731 (4) 1874 (4) 3992 (2) 35(1) 1
C(36) 8950 (4) 1906 (4) 4625 (2) 39(1) 1
C(37) 7473 (4) 2579 (4) 4638 (2) 38(1) 1
C(38) 6753 (4) 3258(3) 4027 (2) 30(1) 1
C(39) 9961 (4) 2457 (4) 2683 (2) 45(1) 1
C(40) 5146 (4) 3949 (4) 4075(2) 47 (1) 1
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Table 3.

Nb-S(4)
Nb-S(5)
Nb-S(2)
Nb-S (1)
Nb-S(3)
S(1)-C(1)
S(2)-C(9)
S(3)-C(17)
S(4)-C(25)
S(5)-C(33)
C(1)-C(6)
C(l)-C(2)
C(2)-C(3)
C(2)-C(7)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(6)-C(8)
C(9)-C(10)
C(9)-C(14)
C(10)-C(11)
C(10)-C(15)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(14)-C(1le)
C(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(18)-C(23)
C(19)-C(20)
C(20)-C(21)
C(21)-C(22)
C(22) C(24)
C(25)-C(30)
C(25) -C(26)
C(26)-C(27)
C(26)-C(31)
C(27)-C(28)
C(28)-C(29)
C(29)-C(30)
C(30)-C(32)
C(33)-C(34)
C(33)-C(38)
C(34)-C(35)
C(34)-C(39)
C(35)-C(36)
C(36)-C(37)
C(37)-C(38)
C(38)-C(40)

S(4)-Nb-S(5)
S(4)-Nb-S(2)
S(5)-Nb-5(2)
S5(4)-Nb-S(1)
S(5)-Nb-S(1)
S(2)-Nb-S(1)
S(4)~Nb-5(3)
S(5)-Nb-S(3)

Bond lengths

PR RRPRRPRRPRPPRPERRERPPEPRRPERPBERPBPRREPRERPRERPRERPPERPRERERLRPEPRRPREPRLERERDNNDNDDN

[A]l and angles [(°] for 8.

.3609(9)
.3707(8)
.3708(9)
.3961(8)
.4289(8)
.780(3)
.778(3)
.773(4)
.782(3)
.790(3)
.405(5)
.405(5)
.401(5)
.496(5)
.369(6)
.385(6)

.495(7)
.369(8)
.384(8)
.394(6)
.486(7)
.405(6)
.408(6)
.392(6)
.510(7)
.370(8)
.367(8)
.383(6)
.498(7)
.395(5)
.395(5)
.399(6)
.498(6)
.368(6)
.372(6)
.387(5)
.498(5)
.402(5)
.409(5)
.395(5)
.495(5)
.373(6)
.382(6)
.387(5)
.502(5)

107.57(3)
93.91(3)
101.87(3)
101.16(3)
92. 31(3)
155.18(3)
125.32(3)
127.11(3)
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S(2)-Nb-S(3)
S(1)-Nb-S(3)
C(1)-S(1)-Nb
C(9)-5(2)-Nb
C(17)-S(3)-Nb
C(25)-5(4)-Nb
C(33)-S(5)-Nb
C(6)-C(1)-C(2)
C(6)-C(1)-5(1)
C(2) C(l) -S(1)
C(3)-C(2)-C(1)
C(3) C(2) -C(7)
C(l)-C(2)-C(7)
C(4)-C(3)-C(2)
)-C(4)-C(5)
C(4)-C(5)-C(6)
C(5)-C(6)-C(1)
C(5)-C(6)-C(8)
c(1l)- (6) C (8)
C(10)-C(9)-C(14)
C(10) C(9 -5(2)
C(14)-C(9)-S(2)
C(9)-C(10)-C(11)
C(9)-C(10)-C(15)
C(11)-C(10)-C(15)
C(12)-C(11)-Cc(10)
C(11)-C(12)-C(13)
C(12)-C(13)-C(14)
C(13)-C(14)-C(9)
C(13)-C(14)-Cc(16)
C(9)-C(14)-C(16)
C(18)-C(17)-C(22)
C(18)-C(17)-S(3)
C(22)-C(17)-s(3)
C(19)-C(18)-C(17)
C(19)-C(18)-C(23)
C(17)-C(18)-C(23)
C(20)-C(19)-C(18)
C(21)-C(20)-C(19)
C(20)-C(21)-C(22)
C(21)-C(22)-C(17)
C(21)-C(22)-C(24)
C(17)-C(22)-C(24)
C(30)-C(25)-C(26)
C(30)-C(25)-s(4)
C(26)-C(25)-S(4)
C(25)-C(26)-C(27)
C(25)-C(26)-C(31)
C(27)-C(26)-C(31)
C(28)-C(27)-C(26)
C(27)-C(28)-C(29)
C(28)-C(29)-C(30)
C(29)-C(30)-C(25)
C(29)-C(30)-C(32)
C(25)-C(30)-C(32)
C(34)-C(33)-C(38)
C(34)-C(33)-5(5)
C(38)-C(33)-S(5)
C(35)-C(34)-C(33)

77.
78.
.28(11)
.27(12)
118.

107
127

117

120

118

122

118

122.
122.8
.7(3)
.3(3)
.0(5)
.2(4)
119.8
.3(5)
.5(4)
121.
.4(5)
120.0
122.6
120.6
119.4
119.7
118.2
.3(4)
.5(4)
.9(5)
120.8

119
117
117
123

121
120

117

120
121
120

120

120
120
122
119
118
117
122
120

120
121
117
119
123
120
119
119
118

08(3)
12(3)

53(11)

.20(11)
106.88

(10)

.6(3)
119.
119.
.2(4)
119.
.3(3)
121.
119.
121.2
118.5
.7(4)

1(3)
9(3)

4(3)
3(4)
8(4)
(4)
(4)

8(3)
(4)

(4)

0(5)

(5)
4)

3)
3)
(4)

(
6(4
(
(

(4)

.9(5)
118.
.6(4)
.8(4)
-0(3)
.3(3)
.4(3)
.3(4)
.6(4)
-1(4)
121.

6(4)

2(4)

-3(4)
.1(4)
-9(3)
.1(3)
-0(3)
.9(3)
.5(3)
-3(3)
-2(3)



C(35)-C(34)-C(3 119.7(3) C(37)-C(38)-C(33) 118.2(3)
C(33)-C(34)-C(3 122.2(3) C(37)-C(38)-C(40) 118.8(3)

C(36)-C(35) C(34) 121.5(3) C(33)-C(38)-C(40) 123.0(3)

C(35)-C(36)-C(37) 119.6(4)

C(36)-C(37)-C(38) 121.5(4)

Table 4. Anisotropic displacement parameters [A? x 10°]
for 8.The anisotropic displacement factor exponent takes the form:

-2m% [ (ha*)?Ull + ... + 2hka*b*Ul2 ]

Ull U22 U33 U23 Ul3 Ul2
Nb 22(1) 21 (1) 19(1) 0(1) -1(1) -10(1)
S(1) 27(1) 32(1) 26 (1) 4(1) -5(1) -17(1)
S(2) 28(1) 41 (1) 29(1) 8(1) -5(1) -19(1)
S(3) 30(1) 41(1) 26(1) 11(1) -6(1) -19(1)
S(4) 34(1) 48(1) 26(1) -12(1) 4(1) -25(1)
S(5) 37(1) 24 (1) 34(1) -1(1) -11(1) -13(1)
C(1) 23(2) 30(2) 24 (2) 4(1) -4(1) -11(1)
Cc(2) 22(2) 39(2) 28(2) 2(2) -3(1) -10(2)
C(3) 28(2) 57(3) 32(2) 10(2) 1(2) -15(2)
C(4) 36(2) 54 (3) 53(3) 20(2) -8(2) -26(2)
Cc(5) 38(2) 35(2) 60(3) 8(2) -17(2) -23(2)
Cc(6) 27(2) 31(2) 35(2) 1(2) -9(1) -13(2)
c(7) 34(2) 46(2) 43 (2) -14(2) 3(2) -13(2)
Cc(8) 46(2) 51(2) 48(2) -22(2) -4(2) -24(2)
C(9) 25(2) 48(2) 35(2) 16(2) -8(2) -20(2)
C(10) 9(2) 58(3) 36(2) 16(2) -2(2) -13(2)
C(11) 33(2) 91(4) 49(3) 25(3) 2(2) -18(2)
Cc(12) 48(3) 93 (4) 70(4) 43(3) -14(3) -44(3)
C(13) 53(3) 74 (3) 69(3) 33(3) -25(3) -44 (3)
Cc(14) 42 (2) 62(3) 48(2) 23(2) -20(2) -35(2)
C(15) 51(3) 67(3) 44 (3) -8(2) 13(2) -13(2)
Cc(16) 66(3) 54(3) 68(3) 1(2) -15(2) -37(2)
Cc(17) 33(2) 50(2) 23(2) 13(2) -3(1) -24(2)
C(18) 41(2) 70(3) 24(2) 1(2) 3(2) -31(2)
C(19) 64(3) 107 (4) 26(2) 0(2) 0(2) -57(3)
C(20) 48(3) 106 (4) 45 (3) 34(3) -17(2) -47 (3)
Cc(21) 37(2) 62 (3) 63(3) 31(2) -11(2) -23(2)
C(22) 35(2) 43(2) 48(2) 21(2) -7(2) -21(2)
C(23) 69(3) 84 (4) 44 (3) -29(3) 4(2) -23(3)
C(24) 58(3) 41(2) 76(3) -1(2) -3(2) -17(2)
C(25) 33(2) 26(2) 27(2) -9(1) 0(1) -13(2)
C(26) 46 (2) 27(2) 44 (2) -7(2) -12(2) -8(2)
c(27) 70(3) 23(2) 77 (3) -11(2) -19(3) -17(2)
Cc(28) 65(3) 38(2) 67(3) -15(2) -21(2) -24(2)
Cc(29) 41(2) 37(2) 42 (2) -8(2) -13(2) -17(2)
C(30) 28(2) 27(2) 28(2 -4(1) 1(1) -11(1)
C(31) 63(3) 38(2) 7(4) -5(2) -28(3) -2(2)
C(32) 41(2) 28(2) 30(2) 0(1) -7(2) -12(2)
C(33) 29(2) 16(2) 6(2) 0(1) -6(1) -9(1)
C(34) 29(2) 19(2) 38(2) -5(1) -2(2) -9(1)
C(35) 31(2) 23(2) 48(2) -3(2) -11(2) -9(1)
C(36) 48(2) 27(2) 39(2) 5(2) -16(2) -15(2)
C(37) 51(2) 28(2) 34(2) 2(2) -2(2) -18(2)
C(38) 29(2) 22(2) 39(2) 0(1) -3(2) -12(1)
C(39) 39(2) 37(2) 46(2) -3(2) 6(2) -8(2)
C(40) 34(2) 38(2) 61(3) 6(2) 4(2) -15(2)
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Table 5. Hydrogen coordinates (x 10%), isotropic displacement
parameters (A%? x 10°) and site occupancy factors for 8.

X Y z U(eq) sof
H(3a) 760(4) 6507 (5) 3921(2) 51 1
H(4A) 1154 (4) 4355(5) 3628(2) 57 1
H(5A) 2561 (4) 3450(4) 2617(2) 51 1
H(73) 850(4) 8633 (4) 3641(2) 64 1
H(7B) 1430(4) 8970 (4) 2870(2) 64 1
H(7C) 2477 (4) 8294 (4) 3497(2) 64 1
H(8a) 4977 (4) 3879 (5) 1748(2) 68 1
H(8B) 3825(4) 5176 (5) 1293(2) 68 1
H(8C) 3641(4) 3795 (5) 1511 (2) 68 1
H(11Aa) 11210¢(5) 6634 (6) 461(3) 79 1
H(12A) 11187(5) 8682 (7) 678(3) 85 1
H(13A) 9840(5) 9868 (6) 1638(3) 74 1
H(15A) 10604 (5) 4368 (5) 1535(2) 91 1
H(15B) 10475(5) 4883 (5) 715(2) 91 1
H(15C) 9078(5) 5188 (5) 1218(2) 91 1
H(16A) 8447 (5) 8722 (5) 3073(3) 88 1
H(16B) 7165(5) 9568 (5) 2569 (3) 88 1
H(16C) 8271 (5) 10143 (5) 2626 (3) 88 1
H(19Aa) 4077 (5) 7759 (6) -558(2) 71 1
H(20A) 2251(5) 10024 (7) -562(3) 78 1
H(21Aa) 1963 (5) 11398 (5) 316(3) 69 1
H(23A) 7113 (6) 6324 (6) 234 (3) 104 1
H(23B) 6122 (6) 5854 (6) -94(3) 104 1
H(23C) 6179 (6) 5731 (6) 740(3) 104 1
H(24A) 4321 (5) 11004 (5) 1434 (3) 92 1
H(24B) 3315(5) 10426 (5) 1882 (3) 92 1
H(24C) 2651 (5) 11795 (5) 1341 (3) 92 1
H(27A) 5804 (5) 11109 (4) 4221 (3) 68 1
H(284) 7760(5) 9746 (4) 4877(3) 64 1
H(29A) 8701 (4) 7328 (4) 5009 (2) 46 1
H(31A) 3976 (6) 11408(5) 3550(3) 98 1
H(31B) 3454 (6) 10236 (5) 3709 (3) 98 1
H(31C) 4477 (6) 10221 (5) 3029(3) 98 1
H(32A) 8337 (4) 5259 (4) 4060(2) 52 1
H(32B) 7247 (4) 5343 (4) 4719 (2) 52 1
H(32C) 8741 (4) 5258 (4) 4832 (2) 52 1
H(35A) 10736 (4) 1392 (4) 3985(2) 42 1
H(36A) 9417 (4) 1473 (4) 5046 (2) 46 1
H(373) 6944 (4) 2577 (4) 5070(2) 45 1
H(394) 10939 (4) 1743 (4) 2754 (2) 68 1
H(39B) 9943 (4) 3363 (4) 2536 (2) 68 1
H(39C) 9582 (4) 2209(4) 2319(2) 68 1
H(40A) 4817 (4) 3760(4) 3670(2) 70 1
H(40B) 4772 (4) 4959 (4) 4078 (2) 70 1
H(40C) 4811 (4) 3574 (4) 4508 (2) 70 1
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