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The work in this thesis describes the development of several new series of group 14 pnictine
complexes, focusing on the generation of new neutral and cationic complexes, in conjunction with
the development of new precursors for the electrodeposition of antimony chalcogenide
semiconductors. Chapter 1 details the relevant background literature for the material discussed in
the later chapters, with the introduction to each subsequent chapter detailing the most relevant
background literature for the work described therein. Chapter 2 describes the synthesis of a series
of tin(IV) halide pnictine complexes (halide = Cl, Br), as well as the halide abstraction chemistry of
these complexes with TMSOTf (Me3sSiOsSCFs), AlXs and Na[BArf] (BArf = B{3,5-(CFs),CsHz}s). The
effect of the halide abstractor on reaction outcome is explored. In Chapter 3 the chemistry of
GeF, with a range of mono-, bi- and multidentate phosphine ligands is explored. The reactions of
the monodentate and bidentate complexes with TMSOTf are described and the effect of
sequential fluoride extraction on spectroscopic and crystallographic properties investigated. The
complex [GeF;(PMejs),(OTf)] was found to be unstable in solution and formed the Ge(ll) complex
[Ge(PMes);][OTf], through reductive defluorination. This provided inspiration to investigate
homoleptic pnictine-stabilised dicationic Ge(ll) complexes, as detailed in Chapter 4. The
differences and similarities in the coordination chemistry of mono- and multi-dentate phosphine
and arsine ligands towards Ge(ll) was explored mainly through single crystal XRD and NMR
spectroscopic studies. Chapter 5 details the fluoride abstraction chemistry of [SnF4(PMes),] and
[SnF4(P'Prs3),] with TMSOTf, and the complexes were characterised mainly through multinuclear
NMR spectroscopy (H, PF{*H}, 3'P{*H} and '°Sn). Some of the triflate complexes were shown to
undergo redox chemistry in solution, including through reductive defluorination to form Sn(ll)
species. In Chapter 6 the chemistry of Si(IV) halides with phosphine ligands was explored and the
first Sils complexes with phosphine ligands are described. The halide abstraction chemistry of the
lighter halide phosphine complexes is investigated providing a series of novel cationic and neutral
Si(IV) complexes. The last experimental chapter describes the synthesis of new salts of [SbS4]*
with tetraalkylammonium counter cations. The electrochemistry of the anion [SbS4]* is then
investigated in aqueous and non-aqueous solutions. In aqueous solution it has been shown that
the electrodeposition of Sb,Ss thin films onto glassy carbon electrodes from the single source
[SbS4]* anion is possible.
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Chapter 1

Chapter1 Introduction

The work described in thesis is concerned with the development of the chemistry of
group 14 complexes with pnictine ligands, with the primary aim of generating cationic
complexes and exploring their properties and structures. It also describes the
development of single source precursors for the electrodeposition of Sb,S; and Sh,Ses
thin films. This introductory chapter sets out to provide a general background for the
chemistry described in the thesis. The introductions to each individual chapter will

provide the more detailed backgrounds directly relevant for the work therein.

1.1 Modern main group chemistry

Main group (group 13-18) chemistry has undergone a renaissance in the last 50 years.
One of the most important findings was the discovery of multiply bonded species
between heavier main group elements. Prior to this it was thought that elements past
row two could not form multiple bonds.? One of the earliest developments in this field
was the isolation of compound with a Sn=Sn double bond. The distannylene
[Sn{CH(SiMe3).}2]o was reported in 1976 (shown in Figure 1.1). It has a bent geometry,
which is in contrast to alkene double bonds which are planar.? This was followed by the

first disilylene, [Si{2,4,6-(Me)sCsH2}]2 which was reported in 1981 (with the structure

reported in 1983),3 the digermylene, [Ge{CH(SiMe3),},]> followed in 1984,* with the first

crystallographically authenticated diplumbylene, [Pb{Si(SiMe3s)3}{2,4,6-(CF3)3CsH2}]2

discovered in 1998.> Multiply-bonded main group species are of fundamental interest due

to their ability to act as transition metal mimics and have been shown to be able to

activate dihydrogen.®

CHISiMes),
£ SCH(SiMe,),
.Sn=—=5n
Rl
(Me,Si),HC™
(Me,Si),HC

Figure 1.1 — The structure of the distannylene [Sn{CH(SiMe3),},]».2
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One way of stabilising reactive main group species is through the use of bulky ligands.
Bulky amide ligands are a popular choice, and have been used to stabilise a variety of
unusual complexes. An important recent example was the isolation of pseudo-one
coordinate complexes of M(Il) (M = Ge — Pb), using the bulky carbazolyl ligand (L = 1,8-
bis(3,5-di-tert-butylphenyl)-3,6-di-tert-butyl-carbazole), the structure of the cation for M
= Ge is shown in Figure 1.2 below. Other related bulky amide ligands and their

applications to main group chemistry are covered in a recent review.’

Figure 1.2 — A pseudo-one coordinate germanium dication in [Ge(L)][Al(OC4Fs)4]. Redrawn

from Ref. 8.

Another way to stabilise reactive main group species is by using strong donor ligands. A
leap forward in this area was the discovery of N-heterocyclic carbenes (NHCs). The first
stable NHC was 1,3-di(1-adamantyl)imidazlin-2-ylidene discovered by Arduengo and co-
workers, (see Figure 1.3 below).° NHCs are good sigma-donors and therefore are very
useful ligands to stabilise main group species, especially those in low oxidation states or
highly charged species, with one of the earliest examples being the carbene adduct,
[(IMes)Gel,] (IMes = 1,3-di(mesityl)imidazlin-2-ylidene), where germanium in is the +2
oxidation state.’0 It has even been possible to isolate zero-valent species, including the
complex [LSi=SilL] (L = :C(N(2,6-"Pr,CeH3)CH),), which is an example of a Lewis base
stabilised silicon-silicon double bond.!! Carbenes can also be used to stabilise highly
charged cations, for example in the dication [Ge(NHC)3]?* (NHC = 1,3-diisopropyl-4-5-

dimethylimidazol-2-ylidene) as reported by Baines et al.*
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N N

Ad/ \/ \Ad

Figure 1.3 — Arduengo’s NHC (Ad = (C)(CH)3(CH,)s) .°

NHCs and phosphines can be compared as they are both neutral two-electron o-donors,
although NHC ligands are far more widely used for the stabilisation of reactive main
group species. In transition metal chemistry NHCs are often preferred over phosphines
due to the fact they are weaker nt-acceptors and hence lead to more electron rich metal
centres. However, back-donation from main group elements to the ligand is usually not
possible. Therefore, there should be no fundamental reason why phosphine should not in
principle be able to stabilise reactive main group centres. A recent computational study
suggests that M=M (M = Si — Pb) complexes stabilised by phosphines should be stable if
an appropriate route is found for their synthesis.'3 Recently some examples of main
group cations of group 13 stabilised by phosphine ligands have even been reported.'4*>
These facts demonstrate that there may be a wide range of reactive main group species

that can be stabilised by phosphines.

Highly reactive main group cations often require the use of weakly coordinating anions
(WCAs) such as halometallates ([AICl4], [SbFe])) and triflate ([OTf]’). These and other
WCAs are discussed in a recent review.'® Perhaps one of the most significant
developments in this area was the synthesis of Na[BAr] (the anion is shown in Figure 1.4
below) by the group of Kobayashi. This large, diffuse anion can be used to stabilise cations

with a variety of p-block elements from groups 13 to 15.17719

27



Chapter 1

F3C CF3
i CFy
B =
...mmlllll \
F3C— ; ?

CF3 F3C

Figure 1.4 — The structure of the [BArf] anion.

1.2 Hard/Soft Acid/Base theory

The hard/soft acid/base theory categorises chemical species into four broad groups; it is
based on the Lewis definition of acids and bases,?® where acids are electron-pair
acceptors and bases are electron-pair donors. Here 'hard' refers to species that are small,
highly charged and weakly polarisable; hard acids tend to be in high oxidation states. For
example, the alkali metals and AlCls are hard acids, while species such as F and OH" are
hard bases. 'Soft' species are highly polarisable, tend to be in lower oxidation states and
are large. For example, PR3 and | are soft Lewis bases and Ag*and CHsHg" are soft Lewis
acids. Within this system, hard-hard and soft-soft interactions lead to more stable
complexes.?! However, this is only a qualitative theory, and there are many examples
where this theory fails, for example, the formation of complex [Na([24]aneSg)][BArf]
([24)aneSs = 1,4,7,10,13,16,19,22-octathiacyclotetrcosane) (shown in Figure 1.5), Na* is a
hard Lewis acid and thioethers are soft Lewis bases, which suggest that the formation of
the complex would be unfavourable. It is clear that the complexes with mismatched
hard/soft pairs can form under specific conditions. In the case above, a weakly
coordinating solvent (CH,Cl,) was used, as well as the bulky, non-coordinating [BArf]-

anion, which allowed for the isolation of such an unusual complex.??
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Figure 1.5 — Structure of the unusual cation, [Na[24]aneSs]* Redrawn from Ref. 22.

Hard-Soft Acid-Base (HSAB) theory was first a qualitative theory. To turn it into a more

quantitative theory, the concept of chemical hardness () was introduced. Pearson and

Parr defined Absolute Hardness (ns) which is exactly equal to half the second derivative of

energy with respect to change in the number of electrons (equation 1.1); using the finite

difference formula, it can be estimated to be half the ionisation potential (/s) minus the
electron affinity (As) (equation 1.2). Species with high values of absolute hardness are

classified as ‘hard’ and those with a low values are classified as ‘soft’.?3
_ 1/0%E tion 1.1
Ne = ACTE ) equation 1.

1
ns = E(IS —4s) equation 1.2

One of the themes of this thesis is the reaction of group 14 halides (Si-Sn) with pnictine
ligands and the halide abstraction chemistry of the resultant complexes. In these cases,
the group 14 halides would be considered hard acids with hardness increasing from

iodine to fluorine. Pnictine ligands in this scheme would be soft bases, becoming softer

down the group. Also, as the charge on the metal centre increases, so does the hardness

of that centre.
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13 Bonding in p-block pnictine complexes

For the phosphine complexes of transition metals, a o-bonding and m-acceptor model can
be used, with the phosphine lone pair donating into an empty metal d-orbital and a filled
d orbital back-donating into an empty P-R o* orbital.?* However, in the p-block, the filled
(n-1)d-orbitals are too low in energy to interact with the antibonding orbitals on the
ligand. Therefore, the bonding in most phosphine complexes of p-block elements is
dominated by o-donation from the phosphine ligand to a suitable empty orbital on the
metal centre.?> Within the pnictine ligands, ER3 (E = N-Bi), ns-np orbital separation
increases as the group is descended, meaning that there is less s-p mixing, which
increases the s-character of the lone pair, and as a consequence the lone pair is less
directional; the orbitals also become more diffuse.?”> These two effects together mean
that the o-donor power of ER; decreases as the series is descended, and hence arsines
are generally weaker g-donor ligands than phosphines. Electron donating substituents
can increase the o-donor power of pnictine ligands; an example of this is that alkyl

phosphines are much better donors than their aryl phosphine counterparts.?®

Most of the complexes discussed in this thesis are formally hypervalent, which means
they break the octet rule, i.e. more than 8 valence electrons around the central atom.?”
For a linear X-M-X unit, the bonding can be explained by a 3c-4e bonding model where a
p-orbital parallel to the X-M-X unit from both ligands interacts with a p-orbital on the
metal centre, forming a set of three molecular orbitals in which one is bonding, another is
non-bonding, and the last is antibonding, the four electrons from the ligands occupy the
bonding and non-bonding orbitals (see Figure 1.6). The non-bonding orbitals formally
reside on the ligands themselves, so the octet rule at the metal centre is restored.?® If the
substituents on the Lewis acid are different then the o-bonding orbital will be polarised

towards the more electronegative element.?®
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D D O<D —— antibonding
A O % non-bonding
CQ OO0 CO % bonding

X M X

Figure 1.6 — A 3c-4e model of a linear X-M-X unit.?®

While the d-block elements have an extensive chemistry with pnictine ligands, in recent
years pnictine complexes of p-block elements have received more attention, though still
to a lesser extent than the d-block. The recent developments in p-block pnictine
chemistry have been summarised in a recent review.3° The E-C bond gets weaker as group
15 is descended, because orbital overlap decreases, hence the bond can more easily
break. This in turn means complexes with stibine and bismuthine ligands are rarer than
those with phosphine or arsine ligands. Though there are main group complexes featuring
stibine and bismuthine ligands, in the case of stibine a set of group 13 halide complexes
of the form [MX3(SbRs3)] (M = B-In; X = Cl-I; R = Et, 'Pr) have been synthesised,3! and in the
case of bismuthine, only complexes with trialkyl-aluminium or -gallium acceptors are
known.32 Due to these facts, the studies in this thesis are mostly restricted to phosphine
and arsine complexes, though in some cases attempts to make stibine complexes have

been made.

Pnictine ligands can also act as m-acceptors through the E-C o* antibonding orbitals, these
interactions can be described by the Orpen-Connelly model (see Figure 1.7), previously it
was thought that the phosphorus 3d orbitals were involved in this interaction, but that
has been discredited.3? In most main group complexes pnictine ligands can only act as
sigma-donors, though in some cases for main group species with lone pairs back donation

can occur (see Chapter 4).
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Figure 1.7 — m-acceptor LUMOSs on the phosphorus ligand utilise for back-bonding in the Orpen-

Connolly model.

Phosphines are the most well studied of this ligand class and are important co-ligands for
many homogeneous transition metal catalysed processes, for example the first
generation Grubbs olefin metathesis catalyst, ([PhHCRuClz(PCys).]),3* Wilkinson’s catalyst,

([Rh(PPhs)sCl]) for alkene hydrogenation,3> among others.3®

The electronic and steric parameters of pnictine ligands can be tuned by altering the R
groups. If all the R groups are different then the phosphine can be stereochemically active
at phosphorus.3” One advantage of phosphines over amines is the higher inversion barrier
which prevents racemisation.3® Tolman's cone angle (0) is one of the most popular
metrical parameters for quantifying the steric requirements of phosphine ligands. The
Tolman cone angle is defined as the apex angle of a cylindrical cone centred 2.28 A from
the phosphorus atom and which touches the van der Waals radii of the outermost atoms
(see Figure 1.8).2° The restriction on the bond distance means that this cone angle has
some limitations in term of being quantitative. The larger the cone angle, the larger the
steric requirement of the ligand in question (e.g. for PMes 6 = 118° but for the bulkier
P'Pr3 ligand 6 = 160°). Tolman's cone angle is defined based on phosphine complexes of

nickel and is found to underestimate the steric demand of phosphine ligands.

Recently a lot of computational effort has gone into alleviating these problems, one
example being determination of the exact cone angles (8°) which do not depend on the
ligand being 2.28 A away from the coordination centre and also do not have requirements
for the nature of the metal centre. The exact cone angle is defined as the apex of a cone
that originates at the metal centre and contains all the atoms of the ligand, where each
atom is defined as a sphere with a radius that is the same size as the van der Waals radius
.39 Another computational approach uses calculated Tolman cones angles of complexes
with three different geometries. Cone angles are defined for three coordination

environments, which are: linear (0.), tetrahedral (81) and octahedral (8o). Each cone angle
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is determined by the lowest energy geometry of a prototypical complex for each
geometry, which are: [AuCl(L)] for linear, [Ni(CO)s(L)] for tetrahedral and [IrCl3(CO),(L)] for
octahedral, where L is the phosphine ligand. The computed cone angles are in general
larger than those calculated from crystal structures. For small ligands there is little change
between the three cone angles and usually as the congestion at the metal centre
increases the cone angle decreases. For larger ligands there can be a strong dependence
on coordination environment, in these cases the large change in cone angle is related to a
change in the ligands most stable configuration.*® As group 15 is descended, the cone
angle decreases slightly.*! There are also definitions for both asymmetrically substituted

ligands and polydentate ligands.2®
2.28A

Figure 1.8 — Definition of Tolman's cone angle.?
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Figure 1.9 — Walsh diagram of the deformation of a PXz unit from Ds to Cs,.*

The Walsh diagram in Figure 1.9 above shows the effect of planarisation on the relative
orbital energies for a PX3 unit, and this qualitative model can be used to rationalise the
alteration of the geometry of a phosphine ligand on coordination. o-donation from the
phosphine lone pair to a metal centre leads to a depopulation of the 2a; orbital, which
leads to a higher degree of planarity in the ligand (i.e increases the C-P-C bond angle);
allowing for better s-p mixing in the ligand, which leads to a shortening of the P-C
distance. m-back-donation fills the 2e type orbitals favouring a pyramidal geometry at the
ligand, and in the case of the early transition metals means that the coordinated ligand
has a shallower C-P-C angle (illustrated in Figure 1.10). However, most main group
complexes, especially those in the highest oxidation state, have no orbitals that can
participate in back-donation, so the sigma donation effect predominates and hence the C-
P-C angles increase. This means for similar complexes, the better a Lewis acceptor a metal

centre is, the more planar the ligand will be.*?
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Figure 1.10 — A schematic illustration of the mean C-P-C bond angle <B> against the mean C-P

distance <d> in MPPhs compounds reproduced from Ref. 42.

Amongst the pnictogens, only phosphorus has a spin-1/2 nucleus that is naturally
abundant, 31P. This means that NMR spectroscopy is an extremely useful probe in the
chemistry of phosphine ligands. Coordination of a phosphine to a Lewis acid causes the
chemical shift of the phosphorus to change, usually in the high-frequency direction,
although this is not always the case.*® For polydentate phosphines, the size of the chelate
ring is also an important contributing factor to the observed chemical shift, with a chelate

ring size of five causing a much greater positive shift than otherwise expected.*

The most widely used synthetic method for the generation of phosphines is the reaction
of halogenophosphines with organometallic reagents, most commonly Grignard
reagents.* For example, the reaction of PCl; with three equivalents of PhMgBr leads to
the formation of PPhs. Alkylphosphines can also be prepared from the reaction of
phosphides with alkylhalides.*® Reduction of phosphine oxides is another popular route to
synthesise phosphines, the most common methods using trichlorosilane (ClsSiH) as a

reducing agent, but other reducing agents have also been used (LiAlHs, AlH3, BH3, etc).%”

Many of the methods used for synthesising monodentate phosphines can be extended to
multidentate phosphines. For example, the tripodal phosphine, CH3C(CH,PPh;)s, can be
synthesised by the reaction of sodium diphenylphosphide with CH3C(CHCl)3 (Scheme
1.1). Similarly, many bidentate phosphines are obtained by the reaction of NaPPh; with

the appropriate dihaloalkanes.*® Phosphides synthesised through deprotonation can also
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be used to generate diphosphines, for example, the synthesis of DuPhos shown in

Scheme 1.2 below.

1/3 CH4C(CH,Cl,)
PPh, + Na » NaPPh, »  CH,C(CH,PPh,),
NH;(1) THF (reflux)

Scheme 1.1 — Synthesis of the tripodal phosphine CH3C(CH2PPh;)3.*®

R
PH, i) n-Buli (2 eq) P
ii) X (2 eq)
iii) n-BuLi (2.3 eq) :
THF R ,R
PH, P

>
1
(@] [[{[[ITTEY

~.
A

Scheme 1.2 — Synthesis of the chiral ligand DuPhos.

Multidentate phosphine and arsine ligands are important because they can confer extra
stability to their resultant complexes through the chelate effect. This means that
coordination environments not accessible for monodentate ligands may be accessible for

multidentate ligands.

Most of the phosphines used in this thesis can be purchased commercially, but o-
CeHa(PMe;)2 is not commercially available, so it had to be made in house (either by me or
Dr Wenjian Zhang) from a commercially available 0-CsH4{P(O)(OMe),} precursor. First, the
precursor is reduced to 1,2-bis(phosphino)benzene, and through sequential
deprotonation and methylation steps, the ligand can be synthesised as illustrated in the

reaction scheme below (Scheme 1.3) .*°
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Scheme 1.3 — The synthesis of the ligand 0-C¢Hi(PMe,)s.

Similarly, the arsine ligands 0-CsHa(AsMez), (synthesised by Dr Danielle Smith) and
CH3C(CH2AsMe;)s (made previously in the group) were prepared in-house. Both of them
are formed by reaction of a suitable organohalides with an arsenide anion generated in
situ from the reaction of IAsMe; with sodium in THF (see Scheme 1.4).>° These methyl
substituted pnictine ligands were synthesised because they are stronger donors than

their commercial phenyl analogues.

Me AsMe,
0.33 CH3C(CH,Br); 0.5 eq. CgH,Cl,

- IAsMe, + Na

THF 0°C THF 0°C

Y

AsMe
Me,As AsMe, 2

AsMe,

Scheme 1.4 — Synthesis of polydentate arsines.
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1.4 Group 14 coordination chemistry

The group 14 elements (C-Pb) have an ns?np? ground state configuration, which means
that +4 and +2 are the most common oxidation state for these elements, although
examples of these elements in formal +1 and +3 oxidation states are known.>*™3 Due to
the inert pair effect, as the group is descended the +2 oxidation state becomes favoured.
This explains why silicon chemistry is dominated by Si(IV) complexes and lead chemistry is
dominated by Pb(ll). The elements in this group are very diverse in their properties and
chemistry. Carbon is classed as a non-metal, silicon and germanium as semi-metals, and
tin and lead as metals; they are much less electropositive than s-block metals and tend to
form covalent complexes. The increase s-p separation down the group means that the +2
oxidation state becomes more stable with respect to the +4 oxidation state; this can be
demonstrated by the instability of Pb(IV) compounds, PbFs behaving as a strong
fluorinating agent.* Whereas tin(ll) chloride and derivatives are widely used as reducing
agents in organic chemistry.” Though for silicon, germanium and tin, there are known

complexes in both oxidation states.”®™>%

The strongest M-X bond in group 14 (where M = C-Pb and X = F-1) is the Si-F bond with a
bond energy of 697 kJ/mol. In general, the bond energies decrease as you go down the
halogens and as you go down the series from silicon to lead, with only carbon not
following this trend (see Table 1.1 below). As group 14 is descended, there is a monotonic
increase in the covalent radius of the element, whereas the van der Waals radii all fall

within a small range for Si-Pb (see Table 1.2).
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Table 1.1 — Bond energies of M-X group 14 halide bonds (based on MX,).>® (kJ/mol)

F Cl Br I
C 547 297 242 192
Si 697 462 369 284
Ge 464 352 285 213
Sn 456 305 277 218
Pb 389 297 242 192

Table 1.2 — Covalent and van der Waals radii of group 14 elements.

Covalent Radius®/A Van der Waals Radius®l/A
C 0.73 1.70
Si 1.11 2.10
Ge 1.20 2.11
Sn 1.39 2.17
Pb 1.49 2.02

The group 14 tetrahalides (Si-Sn) can act as Lewis acids forming stable complexes with
both neutral and anionic donor atom ligands. This Lewis acidic behaviour means that they
have been exploited as catalysts for a variety of organic transformations.®? The most
common ligand types include nitrogen and oxygen donor atoms, though complexes with
softer donor atoms (S, P, As) are known.?37%® Reactions of the group 14 tetrahalides with
neutral ligands can lead to neutral octahedral complexes of the form [MXa(L)2] (with L =
monodentate ligand) or [MX4(L)] (L = bidentate ligand). There are two predominant
geometries, trans-octahedral and cis-octahedral. For complexes with bidentate ligands
only the cis conformation is observed. In monodentate ligand systems both isomers can
co-exist, for example in the complex [SnF4(OPMes);] solution state data indicate both
isomers are present (see Chapter 5).%” Displacement or abstraction of one halide from a

metal centre can lead to formation of complexes that have three neutral donor ligands
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coordinated. This can lead to two different six-coordinate geometries, facial (fac) and
meridional (mer) coordination (see Figure 1.1). The reaction of Mestacn with SnCl, leads
to the formation of fac-[SnCls(Mestacn)]2[SnCle].%8 The reaction of SiCls with pmdta (N-[2-
dimethylamino)ethyl]-N*,N3,N3-trimethylethane-1,2-diamine) and Na[BAr] leads to the

formation of the complex mer-[SiCls(pmdta)][BArf].%°

X L
L /Il,"lh, ‘\\‘\\\\\ X X l,,,,"h, “\\\‘\\\\\
| L X L
X X
mer fac

Figure 1.11 — Diagram showing fac and mer geometries of an octahedral complex.

In systems where the monodentate ligand is bulky or a weak o-donor, five-coordinate
complexes are sometimes seen, for example the reaction of GeCls or SnCls with the NHC
HCNDipp).C (Dipp = 2,6-Pr,CeHs) leads to the formation of trigonal bipyramidal
complexes of the form [MCls(NHC)].”° The weak o-donor AsPhs reacts with SnBrs to form
the complex [SnBra(AsPhs)]-AsPhs in contrast, AsPhs reacts with SnCls to form trans-
[SnCls(AsPhs),].”! Five-coordinate complexes are also common when a bidentate mono-
anionic ligand is used, one example being the reaction of LIOCH,CH2Me; with SiCls, which
leads to the formation of [SiCls(OCH,CH,NMe3)].”2 Halide abstraction can also be used to
generate trigonal bipyramidal complexes, for example [SnCl3(PMes)2][AlICl4] (see Chapter
2).72 Only a few complexes with square-based pyramidal geometries are known for the
group 14 halides.”* Four-coordinate M(IV) halide (M = Si — Pb) complexes stabilised by
neutral ligands are much rarer, but some are known such as the phosphine complexes

[SnC|z(PMe3)z] [A|C|4]2 and [(PMe3)2|Pb|Pb|(PME3)2][|].73'75

For the M(ll) halides there is the question of lone pair participation, whether it is
stereochemically active or not. For low-coordinate complexes the lone pair tends to be
stereochemically active. For three-coordinate complexes the most common geometry is

pyramidal, with examples known with nitrogen,’® oxygen,”” phosphorus (see Chapter 4),”8
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sulfur’ and carbene® donor ligands. For four-coordinate M(ll) halide complexes with
neutral ligands the disphenoidal structure is the most common, e.g. [PbBry(DMS0),],3*
[SnCl2{Me2P(CH,),PPMe3}].”8 In all the cases described above the lone pair is
stereochemically active. However, when the coordination number is greater than six the
lone pair is usually stereochemically inactive, for example, in the eight-coordinate
complex, [Ge(12-crown-4),][GeBrs],%? and the 10-coordinate complex [Sn(15-crown-

5),][OTf],.83

1.5 Cationic main group compounds

1.5.1 Routes to cationic main group compounds

This section describes the synthetic routes to form cationic main group complexes (here
defined as the p-block). Cationic main group species are of fundamental interest due to
their unusual structures and reactivity. The development in the applications of cationic
main group species is another impetus to investigate this area further. Cationic main
group species can be used to perform a variety of different reactions, for example
[SiCp*][BArf] can be used to catalyse hydrosilylation of alkenes by alkylsilanes,3*
[Sb(CeFs)a][B(CeFs)a] can be used to activate C-F bonds,?> while the fluorostibocenium salt,
[Cp*SbF][B(CsHs)a], was found to perform a fluorodechlorination of both CH,Cl, and
PPhCCl5.8¢ As well as being catalysts, low-valent main group compounds can also act
ligands, for example both SnCl; and GeCl, can act as ligands to transition metal centres.?’
Recently it has been shown that even dicationic complexes can act as ligands to transition
metal centres.®8 These factors demonstrate that investigations into the synthesis and
reactivity of cationic main group complexes are important to discover new chemistry and

maybe replace toxic transition metal catalysts with more benign main group catalysts.

There are many routes to access cationic main group complexes, which have been
summarised in a recent review.® Oxidation reactions can also lead to the formation of
cationic main group complexes, and this can be exemplified by the oxidation of Ga metal
with Ag[AI{OC(CF3)}4] in toluene to form [Ga(tol)2][A{OC(CF3)}4], the reaction of this salt
with three equivalents of PPhs in 0-CsHaF; leads to the formation of the complex
[Ga(PPhs)3][A{OC(CF3)}4] through a ligand exchange process, featuring an unusual

homoleptic group 13 cation.'® The heterolysis of element-halogen bonds by Lewis acids
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can also be used to generate main group cations. Silyl, silylium or carbenium reagents are
commonly used for this type of chemistry. For example, [Et3Si][HCB11Cl11] can react with
Mes;BF to form the complex [Mes;B][HCB11Cl11], in which the boronium cation is
stabilised by two sterically bulky aryl ligands.?° Cationic complexes of various p-block
elements have been made through this method, including Sb,2 Al,°° P,%1 Si,%° and Ge.®°
Neutral group 13 Lewis acids can be used to generate main group cations, for example,
the generation of Sn(IV) phosphine cations and dications (see chapter 2), or the reaction
of equimolar amounts of AlCl; and MeSe(CH3),SeMe, which leads to the formation of

[AICI,{MeSe(CH,)SeMe},][AICl4] as shown in Figure 1.12 below.®?

Figure 1.12 — Structure of the cation in [AICl,{MeS(CH;)SMe},][AICls] redrawn from Ref. 92.

Salt elimination reactions are another widely used class of reactions to generate main
group cations. The reaction of [BCI3(NHC)] (NHC = 1,3-ditertbutylimidazol-2-ylidene) with
Na[BAr%,] ([BArt, = B(3,5-Cl,-CsHs)4) leads to the formation of [BClo(NHC)][BAr®,] with
precipitation of NaCl.*3 This method can be extended to other systems.5%°4%> Alkyl or
hydride metathesis reactions can also lead to the generation of cationic main group
complexes; here, Lewis acids are used to abstract an alkyl group or a hydride from a metal
centre. Carbenium cations, such as [CPhs]* can be used to abstract hydrides, for example,
the reaction of [SiArMe;H] with [CPh3][B(CsFs)4] leads to the formation of
[SiArMe3][B(CsFs)]%8. Electron deficient boranes can act as alkyl group abstractors. For
example, the reaction of AIMes with B(CsFs)s in Et,0 leads to the formation of the ionic

complex [Me,Al(OEty),][MeB(CeFs)3].%”
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Insertion of a main group species into a cation has also been used to generate cationic
compounds, the reaction of [NO][A{OC(CFs)s3}s] with P4 leads to the insertion of the NO*
moiety into one of the P-P bonds of the P4 species leading to the formation of the cation
[P4NO]*.°® Protonation can also lead to the isolation of cationic complexes. Here
Brookhart-like ethereal acids of the form [H(OEt,),][WCA] are commonly used, one
example being the protonation of AlCps with [H(OEt,)2][AlI(ORF)4] (RF = C(CFs)3) in diethyl
ether leading to the complex [AICp,-2Et20][Al(ORF)4] and CpH.*® lon-like weakly associated
complexes can also undergo an ionisation process to generate cations, the reaction of
'Pr3Si(HCB11Cl11) (in which the carborane is weakly associated with the silicon through a
hydrogen bridge) with 0-CsH4Cl, leads to the formation of [Pr3Si-0-CsH4Cl2][HCB11Cl11]
where there is a weak association between one of the chlorines in 0-C¢H4Cl; and the

silicon centre.10

1.5.2 Group 14 cations

The first known example of a group 14 cation was the trityl cation ([Ph3C]*), which was
synthesised in 1887 by Henderson.'! Fifteen years later, Bayer and Villiger proposed that
a solution of triphenylmethane in concentrated sulfuric acid was yellow due to the
presence of a carbocation.?? Even though it was discovered in the 1800's it took until the
mid-1900s until it was structurally authenticated. Mesgita determined the structure of
the perchlorate salt of the trityl cation, which is approximately trigonal planar at the
central carbon.!®®> Now many examples of the cation with other anions are known in the
literature.1%%10> Similar cations are known for the heavier homologues, with silylium
cations being the most explored due to their potent Lewis acidity; bulky counter anions
are needed to isolate them as true cations. The first free silylium cation structurally
authenticated was in the salt [Mes3Si][HCB11MesBre].% Similar salts are known for tin0”
and germanium?°®, Most silicon cations are organosilicon compounds, with examples with

purely inorganic silicon centres being rarer (this is covered in the introduction to chapter

6).

There are few cationic complexes of the heavier group 14 elements for which the group
14 element is in the +4 oxidation state. Although there are examples known with hard
donor ligands, an interesting example being the series of DMAP (4-

dimethylaminopyridine) complexes [Me;M(DMAP),(OTf)2] (M = Si, Ge, Sn). In the Si
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complex, the anions are not coordinated to Si, in the Ge complex there are weak contacts
between the anions and the germanium, and in the Sn complex the anions are
coordinated to the tin centre. The complexes demonstrate a systematic change in
behaviour as the group is decended!®® Another example important for this work is the
series of tin complexes [SnCls-n(PMes)2][AICl4]n (n =0, 1, 2). Here AlCls is used as a halide

abstraction agent to generate mono- and dications. This is explored more in chapter 2.

More cations and dications are known for Ge and Sn when the metal is in the +2 oxidation
state; there are many examples where hard oxygen or nitrogen donor ligands are used.
One of the first examples is the complex [Sn(15-crown-5),][SnCls]2, which is synthesised
by the reaction of SnCl, with half an equivalent of the crown ether in hot methanol, with
the complex crystallising out upon cooling.'*® Complexes of germanium(ll)*** and
lead(11)1** are also known with crown ether ligands with the resultant geometry strongly
dependant on the size of the crown ether and metal in question. Examples are also
known with mixed oxa-thia macrocycles.''> There is only one example of a crown ether

stabilised cation of silicon, and that is in the complex [Cp*Si(12-crown-4)][B(CeFs)4].1*3

1.5.3 Cationic main group complexes stabilised by pnictine ligands

The chemistry of the main group elements with pnictine ligands has been summarised in
a recent review.?> The main group element halides usually form neutral complexes,
however, there are examples of cationic complexes and even di-, tri- and tetra-cationic
examples known, although they are much rarer. This section will focus on cationic
inorganic complexes (i.e. those that do not contain an M-C bond where M is Lewis acid)
with pnictine ligand coordination. The reaction of [BX3(SMe3)2] (X=F, Cl) or BX3 (X =Br, I)
with 0-CsHa(PMe3); leads to the formation of cationic complexes of the form [BXy{o-
CeHa(PMe3)2}[BXa] (X =F, Cl, Br) or [Bl2{0-CeHa(PMe3)2}][l3], the crystal structures of X = CI-
| (e.g. Figure 1.13) confirm the ionic nature of these complexes and the tetrahedral
geometry around the boron. Analogous cationic complexes can also form with o-
CeHa(AsMey),, demonstrating that changing the donor atom has little effect on the
complexes, although the arsine complexes are less stable. The reaction of excess BF3 with
0-CgHa(AsMe;y), leads to the formation of [BF2{o-CsHa(AsMe;)2}][B2F7], the counter anion
results from the reaction of [BF4]  with another BFs molecule. BFs gas is used in this case

because the ligand is not basic enough to displace SMe; from the [BF3(SMe3)]. The other
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complexes are synthesised directly by the reaction of the ligand with the parent boron

trihalide.114

Figure 1.13 — Structure of the cation [BCl,{o-C¢Ha(PMe3)2}]* in [BCl2{o-CeHa(PMe3)2}][BCls] redrawn

from Ref. 114.

The heavier group 13 halides also form cationic complexes with bidentate pnictine
ligands. The reaction of GaCls with the preorganised 0-CsHa(PMe3); ligand forms [GaCl,{o-
CeHa(PMe3)2}2][GaCls], which contains a six-coordinate cation, using bulkier ligands can
result in the formation of a four-coordinate cations. For example, the reaction of o-
CsHa(PPh3), with GaCls leads to the formation of [GaCl,{o-CsH4(PPh2)2}][GaCls], which
contains a four-coordinate cation.!!> The reaction of the PNP pincer ligand (shown in
Figure 1.14) with GaCl; and GaBrs leads to the displacement of one of the halides to form
five-coordinate cationic complexes of the form [GaX2(PNP)][GaXa] (X = Cl, Br).1%® There are

no known cations of TI(lll) stabilised by phosphine ligands.
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Me

PPh,

NH

PPh,

Me

Figure 1.14 — Structure of the PNP ligand.1%®

The reaction of the triarsine ligand CH3C(CH;AsMe3)s with GaXs leads to a variety of
products depending on the ratio of GaXs used. The reaction of CH3C(CH;AsMe3)s with
three equivalents of GaXs (X = Cl or 1) leads to the formation of the neutral complex
[{CH3C(CH2AsMe;)s3}(GaXs)s], whereas the reaction of one or two equivalents of GaCls with
CH3C(CH,AsMe,); leads to isolation of crystals of the cationic complexes [k?-
{CH3C(CH2AsMe>)3}GaCl,][GaCls] and [k?,k*-{CH3C(CH>AsMe3)3}(GaCly)(GaCls)][GaCls]. The
formation of cations in this system was unexpected due to other non-preorganised arsine

ligands only forming neutral complexes under similar conditions.!’

There is less known about the sub-valent chemistry of group 13 elements due to their
inherent instability, with disproportion to the M(0) and M(lll) oxidation states being
commonly observed for the lighter elements, whereas for thallium, the +1 oxidation state
is by far the most common. There are, however, examples of M(l) complexes stabilised by
phosphines, including the pyramidal cations [M(PPhs)s3]* (M = Ga or In), as well as the
carbene-analogous, [M(P'Bus),]*.}#1> There are many examples of TI(l) complexes
stabilised by tripodal phosphine ligands, although in these cases, the ligands are anionic

and have the form RBP5 with an anionic borate bridgehead.118-120

There are fewer examples of cationic group 14 complexes stabilised by pnictine ligands.
For silicon there is only one example, [SiCl3(PMes)2][ClO4], reported in the 1960s;

however, it was only characterised by partial elemental analysis (Cl content) and IR
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spectroscopy, although the spectroscopic data were not reported.'?! For germanium,
there are a few cationic phosphine complexes known, although all of these are with
Ge(ll). This is due to redox chemistry preventing the isolation of Ge(IV) halides complexes
with pnictines for halides other than fluoride. The reaction of [GeCly(dioxane)] or GeX; (X
= Br, 1) with 0-CeHa(PMe;)2 in CH,Cl; leads to the formation of the neutral complexes
[GeXa{o0-CeHa(PMe3)2}], however with the related ligand 0-CsHs(AsMe;), the complex
[GeCl{o-CsHa(AsMe3),}][GeCls] forms, featuring a three-coordinate cation. For X = Br, |, the
neutral [GeX,{o-CsHai(AsMe3),}] complexes form instead, demonstrating that a subtle
change in ligand properties can lead to unpredictable reactivity.'?? Solvent is also
important; the reaction of Ph,P(CH3)3PPh; with two equivalents of [GeCl;(dioxane)] in
THF leads to the formation of [GeCI{Ph,P(CH2)3PPh,}][GeCl3].1?3 There are also a number
of cationic complexes featuring mixed PNNP donor ligands (Figure 1.15), the reaction of
these ligands with two equivalents of [GeCl,(dioxane)] and two equivalents of TMSOTf
leads to the formation of the dicationic complexes [PNNP(GeCl);][OTf],, with each pair of
PN donor atoms bonding to one GeCl* unit.1?* There are no reported examples of Ge(IV)

halide cations stabilised by phosphine ligands.

PPh,
PPh,

NR

Ph,P
Ph,P

Figure 1.15 — The structure of the PNNP ligands (R = H, Me).
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Phosphine stabilised cationic complexes are known for Sn(IV). In 2013 Macdonald et al.
described the formation of the cationic and dicationic complexes, [SnCl3(PMes)2][AICl4]
and [SnCly(PMes)2][AICl4l,, the first featuring a trigonal bipyramidal cation in the solid
state and the second featuring pseudo-tetrahedral dication with two long cation-anion
contacts in the solid state.”® A few pnictine stabilised Sn(ll) cations are also known. Like
for Ge(ll), the reaction of bidentate phosphine ligands with [SnClx(dioxane)] leads to the
formation of neutral complexes [SnCly(diphosphine)] (diphosphine = 0-CsHa(PMe3)2, o-
CsHa(PPh3)2, MezP(CH3)2PMe;) or [(SnCl2){Ph2P(CH.).PPh3}], but like Ge(ll), the reaction of
[SnCly(dioxane)] with 0-CsHa(AsMe3); leads to the formation of the ionic complex, [SnCl{o-

CsHa(AsMe3)>21[SnCls], shown in Figure 1.16 below.'?®

Figure 1.16 — Crystal structure of [SnCl{o-CsH4(AsMe;),}]* redrawn from Ref. 125

For lead, only one cationic pnictine complex has been reported,
[(PMes)2IPbIPbl(PMes)2][l], it features a dimeric iodide bridged core [IPb-I-Pbl] with two

trans coordinated phosphines on each lead centre (see Figure 1.17).7°
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Figure 1.17 — Crystal structure of the [(PMe3),IPbIPbl(PMes),]* monocation, redrawn from Ref. 75.

There are many phosphine complexes of antimony(lll) chlorides known, with a series of
PMes complexes reported by Burford et al. featuring neutral, anionic, cationic, and
dicationic complexes. The cationic and dicationic complexes were isolated as their triflate

salts (Figure 1.18).126:127

Cl
Sb Sb P
P P P e—oc
P
Cl Cl &Cl

Figure 1.18 — A series of cationic or dicationic Sb(lll) halide PMe3 complexes redrawn from Ref 126

and 127.

There are also examples known with antimony fluoride, the reaction of [SbF,(OTf)] with
one equivalent of TMSOTf and two equivalents of PR3 leads to the isolation of the
complexes [SbF(PR3),][OTf]; (R = Me, Et). The reaction of SbF; with two equivalents of
TMSOTf and slightly more than 2 equivalents of PMes leads to the formation of
[(PMe3Sb)4][OTf]4, featuring a tetracationic Sha square with four coordinated PMes
ligands.'?® From a 1:3:3 mixture of SbF3:TMSOTf:PMejs the complex [Sb(PMes)3][OTf]s can
be co-crystallised with [Me3PPMes][OTf],, the former featuring a [Sb(PMe3s)s]3* trication.
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However, this complex could not be isolated in bulk and decomposes to the tetracation
described before. The reaction of [SbF,(OTf)] with one equivalent of TMSOTf and
Me,P(CH,).PMe; leads to the formation of [SbF(OTf){Me,P(CH,).PMe3}][OTf] (shown in
Figure 1.19), which is an unusual example of a main group cation containing a metal-

fluorine bond.1%8

Figure 1.19 — Structure of the cation [SbF(OTf){Me,P(CH,),PMe,}]* redrawn from Ref. 128.

The reaction of the E(OTf)s (generated from the reaction of PnCl; with Ag(OTf)) salt (E =
As — Bi) with I-triphos (PhP(Ph,PCH,CH.),) leads to a variety of reaction products; for E =
Bi, Sb, simple adducts are observed with the ligand acting in a tridentate manner the
crystal structure of [Sb(l-triphos)(OTf)s3] reveals that the triflates are bound in a fac
arrangement. For E = P, only two chlorides could be removed even with excess Ag(OTf)
forming PCI(OTf),. The reaction of PCI(OTf), with I-triphos leads to the formation of the
salt [P{k2-Ph,P(CH,),PPh(CH,),PPh,CI}][OTf],, here the phosphorus from PCI(OTf); is
reduced to P(l) and one of the terminal phosphorus atom is oxidised to P(V). The non-
oxidised arm and centre phosphorus from the I-triphos ligand coordinate to the P(l)
centre. If the halide-free [tbbipy{P(OTf)s}] (tbbipy = 4,4’-di-tertbutyl-2,2’-bipyridine) is
used as a source of 'P(OTf)s' then the salt [P{k>-Ph,P(CH>)>PPh(CH,),PPh,}][OTf]. can be

isolated instead. E = As leads to a mixture of undefined products.'?°
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Some cationic E(l) salts are also known; the reaction of Asls with Ph,P(CH;).PPh; leads to
the formation of the salt [As{Ph2P(CH.),PPh2}][As2l7{Ph2P(CH,),PPh,}] featuring an As(l)
monocation and an As(lll) monoanion, with the release of 15.23° A phosphorus(l) analogue,
[P{Ph;P(CH2)2PPh3}][l], is also known, formed by the reaction of Pl with
Ph2P(CH2)2PPh,. 13

There are only a few cationic group 16 complexes stabilised by pnictine ligands known.
Complexes of the form [Ch{Ph,P(CH2),PPh;}][OTf]. (Ch = Se or Te), which feature two-
coordinate Ch(ll) dications, can be synthesised by reacting diimide chalcogen triflate
precursors (shown in Figure 1.20a) with one equivalent of Ph,P(CH2)2PPh; in CH,Cl,.
Analogous arsine complexes can be prepared from a similar route, with one example

shown in Figure 1.20b below.!3?

(a) (b)

Figure 1.20 — (a) The structure of the diimide chalcogen triflate precursors (Ch = Se, Te) (b)

Crystal structure of the dication [Te{Ph,As(CH,),AsPh,}]?* redrawn from Ref. 132.

This work demonstrates the existence of a wide range of cationic p-block complexes
stabilised by pnictine ligands. However, there are no known complexes of this type
stabilised by either stibine or bismuthine ligands and relatively few stabilised by arsine
ligands. Apart from antimony and phosphorus (vide infra), there are no examples

containing fluoride as a co-ligand.
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1.6 Main group fluoride chemistry

In the past 15 years there has been a growing interest in the coordination chemistry of
main group fluorides driven by two reasons. Firstly, the realisation that the coordination
chemistry of fluoride complexes is fundamentally different from that of the other halides,
and secondly, the potential to use such compounds as *8F PET (positron emission

tomography) tracers.®3

The coordination chemistry of GeFs4 and SnF4 towards neutral ligands is reviewed in
Chapters 3 and 5, respectively, including rare examples of cationic fluoride complexes.
Main group fluorides can be classified into a number of groups depending on their
properties. Some are not Lewis acidic, so do not form complexes (e.g. NF3 or CF4). Certain
fluorides are strongly oxidising and will react with ligands rather than form stable adducts
(for example PbF4). Some main group fluorides exist as monomers and can directly react
with ligands (with or without solvent), for example GeF4 or SiF4, although complexes of
GeF, are often synthesised from the reaction of an adduct of GeFs with the ligand of
choice (here [GeF4(MeCN);] is commonly used). Weakly polymeric fluorides like SbFs can
react with neutral ligands in solution, whereas others like SnFs are strongly polymeric,
requiring use of a suitable molecular synthon instead, typically, [SnF4(MeCN);]. For
elements that form inert polymers with fluoride, substitution of a heavier halide for
fluoride can be used for example reacting [ScCl3;(BnMeatacn)] with [NMeg]F to form
[ScF3(BnMestacn)].*3* For indium and gallium the anhydrous trifluorides are inert
polymers, but their corresponding hydrates can be used to generate complexes with
neutral ligands through hydrothermal synthesis, although the harsh reaction conditions
means that ligand scope is limited. For some elements, the chemistry is entirely

intractable and no complexes with neutral ligands are known (e.g. BiFs and PbF;).13°

Cationic main group fluoride complexes (those that do not contain M-C bonds) are even
rarer than those of the other halides. In group 15, although there are many examples

128,136-139 axamples for the other group 15 acceptors are sparse,

known for antimony,
although there are examples known arsenic and for phosphorus where the complex
[PF4{o-CeHa(PMe2)2}][PFs] is known 242141 For group 14, there are examples for silicon
([SiF3(Mestacn)]),**? germanium (discussed in chapter 3) and tin (discussed in chapter 5),

although there are no examples with pnictine ligands. For group 13, boron has the most
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known examples,43-14¢ with a few known for aluminium,4”-14° and one example for
gallium, which is the fluoride bridged dication [{Ga(terpy)F}>-(u-F)2][PFs]2-4H20.%°° For
most of the examples above, neutral nitrogen donor ligands are used to stabilise the
metal centre, and only two cases use phosphine ligands,
[SbF(OTf){Me,P(CH2).PMe,}][OTf] (shown in Figure 1.19) and the phosphine system
described above. [SbF(OTf){Me,P(CH,).PMe;}][OTf] is synthesised by the reaction of
[SbF,(OTf)] with one equivalent of TMSOTf and Me,P(CH,),PMe,.1?8

Both phosphines and high valent main group centres can be redox active, and increasing

the charge on the metal centre may lead to unusual reactivity, this is therefore an

interesting area to study.

1.7 Semiconductors

Semiconductors are technologically very important materials which can be used for a

151

wide variety of electronic applications ranging from thermoelectric materials,** phase

152

change memory,'>? and transistors.'>3 For semiconductors the valence band is near in

energy to the conduction band and the separation between these is termed the band gap

(Eg). In intrinsic semiconductors the conduction band is partially filled by thermally excited

electrons allowing the material to become conductive. Intrinsic semiconductors become

more conductive as the temperature is increased, when the temperature approaches

absolute zero they behave like insulators.

Deliberate introduction of small amounts of dopants into an intrinsic semiconductor

increases the charge carrier concentration in the material. When the dopant causes an

excess of electrons, this is termed n-type doping, for example silicon can be doped with

phosphorus atoms to form an n- type semiconductor. When the dopant causes an excess

of holes, the semiconductor is said to be p-type.
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1.7.1 Antimony(lll) chalcogenides

Antimony(lll) sulfide, SbsSs, is a direct band gap semiconductor with a band gap of 1.7
eV®™* and can be either n-type or p-type depending on how it is prepared. The structure
is formed of infinite ribbon-like chains with the formula [Sb4Se].. These ribbons consist
two trigonal pyramids and two square pyramids. The ribbons are connected through
longer Sb-S contacts (see Figure 1.21).2°>%6 The overall one-dimensional structure can
give rise to anisotropic optical and electronic properties. Antimony(lll) selenide is

isostructural with a band gap of 1.2 eV.*>’

Figure 1.21 — The ribbon-like structures in the crystal structure of Sb,S3 (purple = antimony, yellow

= sulfur).t5®

Chapter 7 summarises the prior work using various deposition methods for the
preparation of antimony chalcogenide thin films and details the development of [SbS4]*
salts as single source precursors for the electrodeposition of Sb,S3 thin films conducted as

part of this project.
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1.8 Analytical techniques

A variety of analytical techniques have been used to characterise the compounds that
have been synthesised in these studies. X-ray crystallography and infrared spectroscopy
have been the main techniques used to explore properties in the solid state. Multinuclear
NMR spectroscopy is the main technique for characterising the complexes in the solution
state and, in some cases, Raman spectroscopy. Elemental analysis (C, H, N) has been used
to determine the purity of new compounds, as contaminants can be spectroscopically

silent.

1.8.1 Infrared spectroscopy and Raman spectroscopy

All polyatomic molecules vibrate, the vibrational structure of a molecule can be probed by
vibrational spectroscopy; infrared spectroscopy is one such technique. Group theory can
be used to determine the normal vibrational modes of a molecule. If a vibrational mode
has the same symmetry as the coordinate axes, then the mode is IR active as there is a
change in the electric dipole moment during the vibration. To be Raman active, there
needs to be a change in the anisotropic polarisability of the molecule during the vibration,
and this means that Raman spectroscopy is a complementary technique to infrared
spectroscopy. In the special case that a molecule is centrosymmetric (i.e. has a centre of
inversion), IR and Raman bands cannot be coincident (the rule of mutual exclusion).

Table 1.3 below shows the normal vibrational modes of some common structure types

seen in this thesis, showing which modes are IR active.

The position of bands in vibrational spectroscopy depends on two main factors, the
masses of the atoms involved and the bond strength between the atoms. If the bond is
modelled as a spring, then Hooke's law can provide a relation between the bond strength
(k), reduced mass () and the wavenumber (V) (Equation 1.3). For example, for a series of
halide compounds, as you descend the series, the relation predicts that the wavenumber

of the band will decrease, this is a useful technique for comparing similar complexes.

B 1 |k
V=0 |—

2mc |u
Equation 1.3
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Table 1.3 — Normal stretching modes of common complex geometries found in this study?

Point group v(M-X) v(M-L)
cis-MXal, Co 2A;:+ B;+B; A1+ B
trans-MXal, Dan A+ B+ Ey A + Ay
MXsL, D3an Ay +F Ay + A
MXsL,T Cov 2A; + B; A1+ By
Tetrahedral-MX,4 Tq AL+ T, -
Tetrahedral-MX;L, Cu A; + B; A1+ By

2 Infrared-active modes are italicised

1.8.2 Multinuclear NMR spectroscopy

The main technique for investigating solution state behaviour of the complexes prepared
in this thesis is NMR spectroscopy, and a variety of nuclei have been used (see Table 1.4),
with chemical shifts and coupling constants reported where appropriate. By studying
related systems, the magnitudes of these parameters can give valuable information about
bonding and trends in these complexes. Most of the NMR spectroscopy in this thesis
deals with nuclei that are spin-1/2, which are usually easy to observe. However, in the
cases of 2°Si and 11°Sn, the large negative magnetogyric ratios mean that if the spectra are
run 'H-decoupled, then a negative NOE (Nuclear Overhauser Effect) is observed, which
diminishes the signal observed, even to the extent of completely nulling the signal. For

this reason, these NMR experiments were run without decoupling.'>®

As parts of the work in this thesis, the quadrupolar nuclei Al and 21Sb were also used. In
these systems, the main relaxation pathway is via quadrupolar relaxation, which is often
very fast. Relaxation here is determined by the electric field gradient (efg). In the example
of 121Sb NMR spectroscopy, because of the large quadrupole moment, only highly
symmetrical species can be observed (e.g. [SbS4]* or [SbCls]’) because they have an efg
near zero, which eliminates this relaxation mechanism.'> A species with symmetry much
lower than this, for example, SbRs, will have lines so broad that they are typically

unobservable. 73Ge is a low abundance NMR active nucleus with | = 9/2, therefore in low
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symmetry environments the lines are too broad to observe and hence this technique was

not used in this thesis.

Dynamic behaviour of complexes in the solution state can also cause line broadening and

prevent couplings from being seen. In these cases variable temperature NMR

spectroscopy can be used to study dynamic processes that occur on the NMR time-scale.

Table 1.4 — NMR parameters of nuclei used in this thesis!®°

Nucleus |Spin Natural Receptivity Quadrupole Magnetogyric
Abundance (%) |Relative to 3C Moment (102 | ratio (10°

m?) rad/Ts)

H 1/2 99.9 5.67 x 10° - 267.5

3¢ 1/2 1.1 1.00 - 67.28

B 1/2 100 4.73 x 103 - 251.8

277l 5/2 100 1.17 x 103 0.14 69.76

295 1/2 4.7 2.1 - -53.19

31p 1/2 100 3.77 x 10? - 168.3

1195n 1/2 8.6 25.7 - -100.1

121gh 5/2 57.25 -0.28 64.35

J-coupling (or spin-spin coupling) is mediated through the Fermi contact mechanism,

which requires interactions between the spin of the nucleus to the spin of the electrons in

a chemical bond.2! This requires there to be a non-zero probability of finding an electron

at the position of the nucleus, which only holds for s-orbitals, meaning that this

interaction can only be mediated through the s-orbital electrons. Thus, the magnitude of

the J-coupling depends on the s-character of bonds between the atoms.®2 The magnitude

of a J-coupling also depends on the magnetogyric ratio of the nuclei in question. Coupled

nuclei will share a J-coupling constant, so these can be used to establish connectivity

between atoms in a molecule.
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Nearby heavy atoms also affect the chemical shift of atoms; this is termed the 'heavy

atom effect’.163 This effect can help explain why the chemical shifts of group 14

tetraiodides have a much more negative chemical shifts than for the lighter tetrahalide

analogues (see Table 1.5 below).

Table 1.5 — Chemical shift of the tetrahalides of group 14 ¢

6(%°Si)/ppm? 6(*Ge)/ppm® 6(%Sn)/ppm¢
MF4 -109 ] ]
MCl, -20 31 -150
MBrs -94 -311 -623
Mls -346 -1081 -1701

aRelative to SiMes? Relative to GeMes € Relative to SnMes

1.83 X-ray crystallography

Single crystal X-ray diffraction is a very powerful technique for determining the structures
of compounds in the solid state. Developments in the equipment used for X-ray
diffraction means that data acquisition is relativity quick in the modern age and as a
consequence, it has become a central technique for the study of molecular species in the
solid state. This technique requires the growth of single crystals, which must be of a
suitable size and quality. Many different methods have been developed to allow the
formation of single crystals. However, in this thesis, either slow evaporation or layering
techniques were used. Crystals are periodic structures; the smallest unit that can be used
to generate the crystals through the use of symmetry operations (listed in Table 1.6) of
the space group is called the asymmetric unit.'%* The space groups can be classified into
groups depending on the geometry of the unit cell (see Table 1.7), the symmetry of the
crystal system determines whether there will be systematic absences. The crystal
structure of a compound gives information on chemical identity and geometric

parameters.
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Table 1.6 — Symmetry operations and their definitions!*

Translation All points of the object undergo an equal
displacement in a direction
Rotations A rotation of 360/n about an axis

Rototranslation (screw axis)

The product of a rotation around an axis and a

translation along the axial direction

Inversion

Inversion through a particular point

Reflection

Reflection by a mirror plane

Rotoinversion

The product of a rotation around an axis and an

inversion with respect to a point on that axis

Glide plane

The product of a reflection and a translation parallel

to the reflection plane

Rotoreflection

The product of a rotation and a reflection with

respect to a plane perpendicular to the rotation axis

Table 1.7 — Summary of the possible crystal systems and their Laue groups.'®*

Crystal system Unit cell parameters Symmetry
Cubic a=b=ca==y=90 2/m3,m3m
Hexagonal a=b#*ca=8=90y =120 |6/m,6/mmm
Trigonal (Rhombohedral) a=b=ca=p=y+90 3,3m
(Hexagonal) a=b+*ca=p=90y =120 (3 3m
Tetragonal a=b#ca=8=y =90 4/m,4/mmm
Orthorhombic a#xb*cga=p=y =90 mmm

Monoclinic

a#*b#*ca=y=90pF+90 |2/m

Triclinic

a+b+*ca+p+y + 90 1
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1.8.4 Cyclic voltammetry and electrodeposition

As part of this work, the design of single source precursors for the electrodeposition of
antimony chalcogenide materials was investigated. The electrochemical behaviour of the
precursors was studied by cyclic voltammetry (CV) using the experimental set up shown in
Figure 1.22. The set-up is comprised of three electrodes. For this work glassy carbon
electrodes were used as the working electrode (both button and plate types). The
reference electrode was the SCE (saturated calomel electrode) (E = +0.241 V vs the
standard hydrogen electrode), and a platinum rod was used as the counter electrode. The
three electrodes are submerged into the electrolyte solution which contains the

precursor and the supporting electrolyte.

potentiosat

\ Electrolyte solution

Working electrode Counter electrode
Reference electrode
Figure 1.22 — Schematic of the standard three-electrode electrochemical cell showing the

working electrode (WE), reference electrode (RE) and counter electrode (CE) immersed in

the electrochemical solution.

In a typical cyclic voltammetry (CV) experiment the potential is swept either positively or
negatively from one potential (E1) to another (E;). The rate at which the potential is swept
is called the scan rate. When the second potential is reached, the direction in which the

potential is swept is reversed, either back to E; or to a third potential (Es3) (see Figure
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1.23). In a given electrolyte system there is a limit to how far the potential can be swept

before the solvent or the electrolyte break down, this is termed the potential window.

Electrodeposition is the process of depositing a material electrochemically. The substrate
chosen for electrodeposition must be electrically conducting. One advantage of
electrodeposition is that there are many parameters that are controllable, including:
substrate, potential, electrolyte, solvent, and precursor. Also, since electrodeposition is
not a line-of-sight technique, it is possible to deposit into complex substrate
architectures.’>? Potentiostatic electrodeposition is a common way of depositing
materials onto an electrode’s surface. Here the potential is kept constant as a current is
passed, the current passed can be monitored as a function of time, this can be plotted as
a chronoamperogram, which usually has a characteristic shape and can give information
about the total charged passed and therefore can be used to predict film thicknesses.
Films can also be deposited galvanostatically, where the current is kept constant.'®> The
cyclic voltammetry process itself can also be used to electrodeposit materials onto

electrodes.1%®
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potiential

time

Figure 1.23 — A graph showing the change in potential as a function of time during a cyclic

voltammetry experiment

1.9 Density functional theory

Density functional theory (DFT) is a computational modelling method that can be used to
investigate the electronic structure of molecules. It can be used to predict the ground-
state structure of a molecule and various properties like normal vibrational frequencies
and hence IR and Raman spectra, electron density and orbital energies. Here the
properties of the molecule are derived from the spatial electron density using functionals
which only depend on the three spatial coordinates, rather than dealing with each of the

electrons separately, where for N electrons, there would be 3N spatial coordinates.®’

For DFT, a basis set has to be chosen; here, the molecular orbitals are calculated as the
sum of a basis functions multiplied by some coefficient determined by the calculation. In
practice, Gaussian basis functions are usually chosen over Slater type functions because
they are easier to compute, even though Slater type functions have a more physically

correct shape. The exact type of basis set functions used is called the basis set, of which
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there are many types. Different types of functions can be added into the basis set to
improve the accuracy of the calculation, including polarisation functions and diffuse
functions. There is a payoff between accuracy and computational intensity, which means
a certain basis set may be sufficient for some systems but not others, hence

benchmarking against experimental data is very important.

NBO (natural bond orbital) theory can be used to calculate a set of localised orbitals that
describe the electron density on atoms and the bonds between them; NBO's describe the
optimal calculated Lewis structure of the molecule (one that has the maximum amount of

charge in Lewis type orbitals.1%8

In the present study DFT calculations were performed for several of the systems,

specifically those described in Chapters 2, 4, and 6.

1.10 Aims

The primary aim of the work in this thesis was to expand the known coordination
chemistry of Group 14 elements (Si-Sn), especially towards pnictine ligands. A specific
target was to attempt to generate cationic complexes, which are much rarer than neutral
complexes in the p-block and even rarer among neutral pnictine complex of p-block
elements. To this end, a halide abstraction methodology was used to try to generate

cationic pnictine complexes of Si(IV), Ge(IV), Sn(IV) and Ge(ll).

The secondary aim of this thesis was to develop a single-source precursor suitable for use
in the electrodeposition of Sbh,Ss3 either from an aqueous or non-aqueous solvent to
compliment the suite of electrochemical precursors developed previously within the
EPSRC ADEPT programme grant and mostly based on halometallate salts to deposit p-
block materials. The lack of any suitable sulfur-based haloanions necessitated using an
alternative precursor type in order to access p-block sulfide materials, in this case,
tetrathio-metallates. Recent work has shown that salts of the tetrathiomoybdate dianion
have proven utility for the electrodeposition of MoS; thin films,16%170 providing an

important precedent for this work.
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Chapter 2

Chapter 2  Synthesis of neutral, cationic and anionic

complexes of tin(IV) halides

2.1 Introduction

2.1.1 Tin(IV) halide pnictine complexes

Both phosphine and arsine ligands can form complexes with main group Lewis acids, and
these are covered extensively in a recent review! and the main trends detailed in Chapter
1. Such complexes also include adducts of the tin tetrahalides. For phosphines, the
complexes are most commonly synthesised by the reaction of the corresponding tin
tetrahalide (halide = Cl, Br or I) or, for X = F, a soluble molecular adduct, such as
[SnF4(MeCN);], with an appropriate ratio of ligand in a non-coordinating solvent, for
instance CH,Cl,. This method can be used to synthesise a variety of neutral tetrahalide
complexes, including trans-[SnF4(PCyz)2],? trans-[SnCla(PEts3);],3 and
[SnCl4{Et,P(CH,),PEt2}].? However, some complexes cannot be accessed through this
route, in which case an alternative route utilising the reaction of I;P"Pr3 with unactivated
tin powder in Et;0 has been used to yield the complex trans-[Snla(P"Prs);] - a rare

example of a tin(IV) complex containing both phosphine and iodide ligands.*

For arsines, a range of complexes have been isolated, including [SnCls(AsPhs),] and
[SnBr4(AsPhs)]-AsPhs, which can both be synthesised by the reaction of the appropriate
tin tetrahalide with two equivalents of the ligand in CH,Cl; for the former and hexane for
the latter.”> Interestingly, in this case, the structures (shown in Figure 2.1) are completely
different. For the chloride derivative, both arsine ligands are bound to tin forming a trans-
octahedral complex; this is analogous to the monodentate phosphine complexes above.
However, in the case of the bromide complex, only one of the arsines is bound to the tin
centre, and the complex has a pseudo-trigonal bipyramidal geometry with the arsine in an
axial position. The non-coordinated arsine is 3.568 A away from the closest bromide; this
is probably due to crystal packing effects rather than a significant bonding interaction as
the distance is well above Zreov(As-Br) = 2.39 A, but it is within Zrvaw(As-Br) = 3.68 A.” A
variety of multidentate arsine complexes are also known, including [Snls{o-CsHa(AsMe3),}]

and [SnBr4(k?>-CH3C(CH,AsMe,)3); in both cases, the ligand binds in a cis-bidentate fashion,

75



Chapter 2

for the ligand CH3C(CH,AsMe3)s there is a possibility for the pendant arm to coordinate,

but in this case, the third arm is un-coordinated. %2

(a) (b)

Figure 2.1 — Crystal structures of (a) [SnCl4(AsPhs);] and (b) [SnBra(AsPhs)]-AsPhs redrawn from
Ref. 5.

The chemistry of ionic tin(IV) halide pnictine complexes is much more sparse compared to
that of neutral complexes. Macdonald et al reported the synthesis of a set of complexes
of the form [SnCls-n(PMes);][AICI4]n (n =0, 1, 2). These were generated by the reaction of
the neutral complex with n equivalents of AICIs (chloride abstractor) in CH2Cl2.° The
structures of the complexes are shown in Figure 2.2 below. The neutral complex has a
pseudo-octahedral structure, the monocationic complex has a trigonal bipyramidal
structure with axial phosphines, and the dicationic complex has a distorted octahedral
structure with close contacts to both [AICl4] anions. In the solid state, there is a
contraction of both the d(Sn-P) and d(Sn-Cl) distances as the charge on the complex
increases. In the solution state, both 19Sn and 3!P{*H} NMR spectroscopy show stepwise
high-frequency shifts with an increase in charge.’ There are no reports to our knowledge

of cationic tin(IV) bromide complexes stabilised by pnictine ligands or any cationic tin(IV)
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halide complexes stabilised by pnictine ligands where the pnictogen is heavier than

phosphorus.

(a) (b) (c)

Figure 2.2 — Crystal structures of (a) [SnCls(PMes),], the cation (b) [SnCl3(PMes),]* and the dication
(c) [SnCly(PMe;),]** showing the close contacts to the counter anions by the dashed lines; only the

coordinated Cl of the AICl; anions are shown) redrawn from Ref. 9.°

More extensive work has been done on anionic tin(IV) halide complexes. This mainly
focused on in situ NMR spectroscopic work. It was found that for the series, [SnCls.
nBra(P"Bus)] (n = 0-5), both the '°Sn and 3!P{*H} NMR resonances shift to low frequency
in a stepwise manner as more bromides are incorporated.l® There is also one report of a
zwitterionic complex with a diphosphine ligand bound to a [SnCls]” anion, shown in Figure
2.3 below. One phosphorus atom from the ligand is bound to the anion, and the other has
been protonated.! To our knowledge, there are no known complexes of this type with

pnictine ligands heavier than phosphorus.
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Figure 2.3 — Crystal structure of the zwitterion [SnCls{PPh,CH,P(H)Ph,}] redrawn from Ref. 11.

2.2 Aims

The aim of this chapter is to further develop the coordination chemistry of SnCls and
SnBrs with pnictine ligands, with a focus on the generation of cationic complexes through
halide abstraction. With a goal to investigate how the choice of ligand and abstraction

agent affects the reaction outcome.
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2.3 Results and discussion

23.1 Neutral tin(lV) halide complexes with phosphine and arsine ligands
oKX

Ea, el 0-CH,(EMe,) 2 ER | &

4, o - S

"""'s o e 22 snX, 3 X sn X
E Cl X

Cl ER;

E=Por As E=P; R=Me, Et

E=As; R=Me, Et
Scheme 2.1 — Synthesis of neutral pnictine complexes of tin tetrahalides.

The reaction of tin(IV) chloride with ER3 (E = P, R = Me, Et; E = As, R=Et)ina 1:2 ratioin
CH,Cl; leads to the formation of the complexes trans-[SnCl4(ER3);] as white air and
moisture sensitive solids (see Scheme 2.1 above). The reaction of SnBrs with two
equivalents of AsEts in CH,Cl; leads to the isolation of trans-[SnBra(AsEts);] as a yellow
solid; this can be contrasted with AlBrs;, which undergoes halide exchange with the
solvent under similar conditions.'? Small crystals of [SnCl4(PEts).] deposited from the
reaction filtrate, which were amenable to single-crystal X-ray analysis; the structure is
shown below in Figure 2.4. The structure of this complex had been reported previously,
but only from data collected at room temperature, resulting in a relatively high R factor of
9.9% (c.f. 3.1% for the present structure). The phosphines are trans to each other, typical
for bis-monodentate phosphine complexes of main group halides. The space group of
both structures match, but the literature data overestimates d(Sn-Cl) and underestimates

d(Sn-P) slightly, though this could be due to the different collection temperatures.?
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Figure 2.4 — The crystal structure of [SnCl4(PEts3),;] showing the atom labelling scheme. The
ellipsoids are drawn at the 50% probability level, and H atoms are omitted for clarity. Selected
bond lengths (A) and angles (°) are: Sn1-P1 = 2.5996(4), Sn1—CI1 = 2.4533(5), Sn1-CI2= 2.4588(4),
Cl1-Sn1-Cl2 = 90.202(17), 89.798(17). Symmetry operation: (-X,-Y,-Z).

From CH,Cl; solutions of [SnXa(AsEts3),] (X = Cl, Br), suitable crystals were also grown, and
their X-ray structures were determined. [SnCla(AsEt3)2] is isomorphous with the
phosphine analogue, belonging to the P21/n space group. However, the bromide
analogue belongs to the higher symmetry Pbca space group. Both structures are shown

below in Figure 2.5.
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As1 Ast

Br1
Cl2

Sn1 Sn1
Cl1 y Br2

(a) (b)

Figure 2.5 — (a) structure of [SnCl4(AsEts),] showing the atom labelling scheme. The ellipsoids
drawn at the 50% probability level and H atoms omitted for clarity. Selected bond lengths (A) and
angles (°) are: Sn1—Cl1 = 2.4498(4), Sn1-CI2 = 2.4544(4), Sn1-As1 = 2.65964(16), Cl1-Sn1-CI2 =
90.367(15). Symmetry operation: (-X,-Y,-Z) ; (b) structure of [SnBra(AsEts),] showing the atom
labelling scheme. The ellipsoids drawn at the 50% probability level and H atoms omitted for
clarity. Selected bond lengths (A) and angles (°) are: Sn1-Brl = 2.6286(3), Sn1-Br2 = 2.6173(3),
Sn1-Asl = 2.6773(3), Brl-Sn1-Br2 = 89.298(11). Symmetry operation: (-X, -Y, -Z).

Table 2.1 — Comparison of key structural parameters in the monodentate pnictine complexes.

[SnCl4(PEts3),] | [SNCla(AsEts)2] | [SnBra(AsEts),]

Sn-E (A) 2.5996(4) 2.65962(16) [2.6773(3)

Sn-Hal (A) 2.4588(4)  |2.4544(4) 2.6286(3)
2.4533(5)  [2.4498(4) 2.6173(3)

Hal-Sn-Hal cis (°) |89.798(17) |89.633(15) [89.298(11)
90.202(17) [90.367(15) |90.702(11)
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Interestingly, both tin halides form bis-arsine complexes with AsEts. This can be
contrasted with the complexes formed with AsPhs (which is poorer o-donor than AsEts),
where the bromide only forms a (five-coordinate) mono-arsine complex. Various
structural parameters are included in Table 2.1. Comparing the tin chloride complexes,
the phosphine complex has a smaller d(Sn-E) distance than the arsine analogue, by 0.06
A, and this could be due to a number of factors, including the greater o-donor strength of
phosphine compared to arsine, as well as the larger covalent radius of As vs P. However,
the difference is smaller than the difference in re(0.12 A). In the bromide complex, d(Sn-
E) is longer than the chloride analogue by 0.018 A, presumably mainly due to the poorer
Lewis acidity of SnBr4 vs SnCls.'3 Previous reports of the arsine complexes did not include
119Sn NMR data, so this experiment was performed on these complexes. For
[SnCls(AsEts)z] in CD,Cl,, the 11°Sn resonance comes at & = -657, which can be compared
to 6 =-1173 for the bromide analogue, consistent with the heavy atom effect on the tin-
119 NMR shifts. The phosphine analogue, however, has a more positive shift of § =-572.
The complexes, [SnCls(0-CeHa(EMe3);)] (E = P, As), have been synthesised and
characterised previously.? The reaction of SnCls with SbEtsin CH2Cl; leads to the
precipitation of SnCl, and the formation of SbEtsCl,, identified by *H NMR spectroscopy,
but with no evidence of complex formation. This is consistent with reported literature
where the reaction of the weaker donor SbPhs with SnCls lead to the formation of the

analogous SbPhsCly, with the concomitant precipitation of SnCl,.*
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2.3.2 Reactions of pnictine tin(IV) halide complexes with aluminium halides
EEt
3\)(
AIX, & n AlC,
—<Z X——Sn——X »  [SnCl, ,(PEt;),][AICI,],
7\ e, x/| CH,Cl, n=12
E=As; X=Cl. Br E=P;X=Cl
EEt,
cl
P'/I/,,," “\\\\\\\Cl n A|C|3
o » [SnCl,_{0-C,Hs(PMe,),}I[AICI,],
| N CH,Cl, n=1,2
cl

Scheme 2.2 — Reactivity of neutral tin halide pnictine complexes with aluminium halides.

Salts of the form [SnCls-n(PMes),][AICls]n (n =0, 1, 2) were first reported by Macdonald et
al. in 2012 via a halide abstraction methodology using AICl5.° It was sought to determine if
this methodology could be extended to other related complexes to establish whether the
reaction might provide a general route to Sn(IV) cations (see Scheme 2.2). Firstly,
[SnCla(PEts)2] was reacted with one equivalent of AICl3 in CH2Cl;, which resulted in the
formation of [SnCl3(PEt3),2][AICl4]. The *H NMR spectrum reveals that the methylene
resonance shifts by Ad = +0.06 from the neutral complex, consistent with an increase in
positive charge going from neutral to monocationic. There is also a large change in the
31p{IH} NMR chemical shift compared to the neutral complex, shifting from & = +20.9 to
+35.5 ppm, a change of +14.6 ppm (which is larger than for the PMes analogue, where
the shift is only +9.2 ppm).° There is also a high-frequency shift in the 1*°Sn NMR
spectrum with the resonance shifting from 6 =-572 to 6 = -350 upon halide abstraction,
indicating an increase of positive charge at the tin centre. As the peak remains a triplet,
this suggests that the phosphines are still in equivalent environments. There is also a
decrease in the Y119sn-31p coupling constant (from 2391 to 2307 Hz), which indicates a

change in the geometric and electronic environment of the complex.

83



Chapter 2

Table 2.2 — Selected NMR spectroscopic data for the monodentate phosphine systems.?

Compound S(CP{*H})/ppm | 6(**°Sn) /ppm | (*°Sn-31P)/Hz | Ref
[SnCls(PMes),] +1.6 554 2635 E
[SnCl3(PMes),][AICL] +10.8 —456 2725 E
[SnCl,(PMes),][AICL], | +16.9 —333 2591 E
[SnCl4(PEts3),] +20.9 =572 2391 This work
[SNCl3(PEts)2][AICL] +35.5 -350 2307 This Work
[SNCly(PEts)2][AICla] +40.8 -300 2274 This work

2 NMR data from CD,Cl; solution at 298 K

The addition of two equivalents of AlICI; to [SnCls(PEts3),] in CH2Cl; leads to the abstraction
of two chlorides. In the *H NMR spectrum the methylene resonance shifts to 6 = 2.38,
which is a further shift of +0.06 ppm from the monocationic complex (i.e. a total of +0.12
ppm from the neutral species). The 3'P{*H} NMR resonance shifts by a further +5.3 ppm
from the monocationic complex; the resonance is sharp, and the expected 117- and 119-

tin satellites are evident (see Figure 2.6).

13119sn-31P

| |
Ll |

\ 13117sn-31P \

50 40 30
Chemical Shift (ppm)

Figure 2.6 — 3P{*H} NMR spectrum of [SnCl,(PEts),][AICl4]> showing the tin satellite couplings.
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The 1°Sn NMR resonance shifts a further +49 ppm from the monocationic complex; this
could be due to the change in charge and coordination number. There is also a small
decrease in the J119sn-31p coupling constant (from 2307 Hz in the monocation to 2274 Hz
in the dication). Key multinuclear NMR data for these complexes are included in Table 2.2
above. Elemental analysis also confirms the formulation of the bulk solids produced from

both of these reactions.

A CH3Cl; solution of [SnCly(PEts3)2][AICl4]; left to stand in an NMR tube for two weeks led
to the deposition of some crystals, one of which proved to be the rearrangement product,

[SnCly(PEts)3][AICl4],, the dication component is shown in Figure 2.7 below.

Figure 2.7 — Crystal structure of the dication in [SnCl,(PEts)s][AICl4]2 showing the atom labelling
scheme. Note there are two similar, but crystallographically independent [SnCly(PEts)s][AlCl4];
units in the asymmetric unit. Ellipsoids are drawn at the 50% level and H atoms are omitted for
clarity. Selected bond lengths (&) and angles (°) are: Sn1-Cl1 = 2.4531(13), Sn1-CI2 = 2.4589(13),
Snl-P1=2.5679(14), Sn1-P2 = 2.5610(13), Sn1-P3 = 2.5525(13), CI2-Sn1- P3 = 91.10(4), CI2—
Sn1-P2 = 92.07(5), CI2-Sn1-P1 = 86.01(4), Cl1-Sn1- CI2 = 178.28(4), CI1-Sn1-P3 = 90.52(4), Cl1—
Sn1-P2 = 87.51(4), Cl1- Sn1-P1 = 92.63(4), P3—-Sn1-P2 = 123.83(4), P3-Sn1-P1 = 122.85(4), P2—
Sn1-P1=113.31(5).
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The dication features an approximately linear [CI-Sn-Cl]?* unit with three phosphines
trigonally disposed around the tin centre, leading to a trigonal bipyramidal geometry. This
is a unique bonding motif for tin phosphine complexes. There are no close contacts
between the tin centre and the anions; the closest approach between the anion and tin
centre is 5.316 A. This is in contrast with MacDonald's dication [SnCl2(PMes3)2][AICl4]2,
where there are two long Sn-Cl contacts (2.9233(6) and 2.9907(6) A) between the dication
and counter anions.® Complexes of main group elements with more than two
monodentate phosphine ligands bound are relatively rare, and in group 14, only one
other complex is known, which is the tin(Il) complex [Sn(PPh3)4][SO3].%> The d(Sn-P) is
shorter in the [SnCly(PEt3)s3]** dication compared to the neutral ([SnCls(PEts)2]) species
(2.5525(13)-2.5698(13) vs 2.6013(5) A), consistent with the increase in Lewis acidity due

to the positive charge.

In an attempt to prepare a bulk sample of the tris-phosphine complex, an in situ reaction
of [SnCl,(PEt3)2][AlCl4]2 with one equivalent of PEtsin CD,Cl; was performed, leading to a
mixture of products, including [AICl4]~, [AICI3(PEts)] (identified by a characteristic sextet in
the 31P{*H} NMR spectrum)!? and a new, unidentified tin bis-phosphine complex that
displays a triplet resonance at & = -449 (YJ31p-1195n = 2394 Hz) in the 1*°Sn NMR spectrum,
which is substantially different to the Sn(IV) mono- and di-cations, but clearly not a tris-

phosphine complex, therefore this chemistry was not pursued further.

Having shown that the scope of this halide abstraction methodology extends to other
monodentate phosphines, the next target was to determine the outcome using bidentate
phosphines. Addition of one equivalent of AlCls to a suspension of [SnCls{o-CsHa(PMe3)2}]
in CH,Cl; lead to immediate dissolution of the solid to form a light yellow solution
containing [SnClz{o-CsHa(PMe2)2}[AICl4). In the *H NMR spectrum, the methyl resonance
shifts from & = 1.95 for the neutral complex to § = 2.06 in the monocation. This is
accompanied by a modest change in the 3!P{*H} NMR shift, from 6 =-28.1to 6 = -24.7.
However, the 11%Sn spectrum shows a more substantial change, going from -616 ppm to
-469 ppm. This shift of +147 ppm is indicative of cation formation. The triplet structure of
the resonance is maintained, which suggests that the phosphines are in the same
environment in the solution state. Based on this, the likely geometry of the cation is a
square-based pyramid with a P,Cl, base, consistent with other five-coordinate complexes

with bidentate phosphines (e.g. [NiCls{o-C¢Ha(PPh2)2}]).® The Y119sn-31p coupling constant
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changes when the chloride is abstracted, increasing by +27 Hz (from 945 to 972 Hz). One
thing to note here is the effect of the geometry of the complex on the Y119sn-31p coupling
constant; in general, cis-coordinated phosphines have a much smaller coupling constant

than trans-coordinated phosphines.

The addition of two equivalents of AlCl; leads to the formation of [SnCl{o-
CsHa(PMe2)2}[AICl4]2. The methyl resonance in the 'H NMR spectrum shifts by +0.23 ppm
(from 6 = 1.95 to 2.18) compared with the neutral complex. While there is a slight positive
shift in the phosphorus and tin NMR chemical shifts, there is, however, a marked
decrease in the Y119sn-31p from 972 Hz to 850 Hz, indicating a significant change in the
electronic environment and geometry of the complex. Key multinuclear NMR data are

included in Table 2.3 below.

Table 2.3 — Selected NMR spectroscopic data for the 0-CsHa(PMe,), systems?®

Compound S(3*'P{*H}) | &(**°Sn) | H(**9Sn-31P)/Hz
[SnCls{o-CeHa(PMe,)2}] -28.1 -616 945
[SnCls{o-CeHa(PMe,)2}][AICI,] | —24.7 -469 972
[SnClx{0-CeHa(PMe,)2}][AICL), | —23.7 -429 875

2 NMR data from CD,Cl; solution at 298 K

A sample of [SnCl2{0-CcHa(PMe3)2}][AICl4], left to stand in CD,Cl, for a week deposited
crystals, one of which was determined to be [0-CsHa(PMe3),][AICl4]2, the structure of
which is shown in Figure 2.8 below, featuring an 0-CsHa(PMe3), based dication. The two
phosphorus atoms from the ligand have coupled together to form a four-membered C;P;
ring, leading to a P-P distance of 2.2102(14) A, which is much shorter (by ~ 1 A) than the
average non-bonded P-P distance of 0-C¢Ha(PMe;), complexes. This distance is within the
normal range for a P-P single bond. This 1,2-diphosphonium salt is highly unusual; most
examples of 1,2-diphosphonium salts are acyclic. The most similar examples are a group
of compounds synthesised by Kilian et al., where a naphthalene backbone (an example
shown in Figure 2.9) is used to stabilise a five-membered ring containing a P*-P* unit (here

the P-P distance is 2.225 A).Y7
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.CI3

Al Cl4

co CI

Figure 2.8 — Crystal structure of [0-CsHa(PMe>),][AICl4]> showing the atom labelling scheme.
Ellipsoids are drawn at the 50% level and H atoms are omitted for clarity. Selected bond lengths
(A) and angles (°) are: P1-P2 = 2.2102(14), P1-P2—C8 = 77.25(13), P2-P1-C3 = 76.57(13), P2—C8-
C3 = 102.6(2), P1-C3-C8 = 103.5(3).

Figure 2.9 — Structure of a naphthalene backbone stabilised P*-P* dication.

DFT calculations using the B3LYP-D3 functional with the 6-311G(d) basis set were
performed on the [0-CeHa(PMe;),]%* dication to elucidate the bonding situation in this ion.
The computed geometry and the X-ray data match closely, as shown in Table 2.3 below.
NBO analysis shows that there is a single o-bond between the P-P atoms and that they
both contribute equally to this bond, implying it is formally a P"V-P"Y bonding situation
rather than a donor-acceptor P"-PY bonding situation. Going from the neutral ligand to
the dication there is an increase in the natural charge on each of the P atoms from +0.783
to +1.26, with the rest of the charge being distributed among the other atoms. This
means that there is a significant positive charge on both the phosphorus atoms; hence

the P-P bond must be strong enough to overcome this repulsive interaction. There is a
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large contraction by 0.949 A of the computed P-P distance going from the neutral o-

CeHa(PMes); to the dication, consistent with formation of a P-P bond.

Table 2.3 — Comparison of the computed geometry and the experimental crystallographic

geometry of [0-CsHa(PMe;),]*".

DFT (B3LYP-D3) (av) | X-ray
P-P distance (A) 2.254 2.2102(14)
P-Me (A) 1.807 1.770(4)-1.800(4)
P-C(aromatic) (A) 1.806 1.786(4)-1.788(3)
C(aromatic)-P-P (°) 76.62 76.57(13)-77.25(13)
C(aromatic)-C(aromatic)-P (") 103.4 102.6(2)-103.5(3)

One possible mechanism for the formation of the salt [0-CsHa(PMe3);][AICl4]; is the
reductive elimination of SnCl, from the complex [SnClx{o-C¢Ha(PMe3)2}][AICl4]2, with the
simultaneous oxidative coupling of the phosphines. Through this process the oxidation
state of the tin centre changes from Sn(IV) to Sn(ll), and the oxidation state of each of the

phosphorus centres changes from P(lll) to P(IV).

Reactions of [SnCl4(AsEts)2] and [SnBra(AsEts),] with AlICls and AlBrs, respectively, led to
mixture of unidentified compounds with significant amounts of ligand halogenation; in
one case, crystals of [CIAsEt3][SnCls(AsEts)] deposited from a Et,O filtrate. The structure is

shown in Figure 2.10 below.
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Figure 2.10 — Crystal structure of [SnCls(AsEts)][CIAsEts] showing the atom labelling scheme.
Ellipsoids are drawn at the 50% level and H atoms are omitted for clarity. Selected bond lengths
(A) and angles (°) are: Sn1-Asl = 2.6696(5), Sn1-CI3 = 2.4453(8), Sn1-Cl4 = 2.4304(9), Sn1-Cl2 =
2.4365(8), Sn1-ClI1 = 2.3930(9), Sn1-CI5 = 2.4254(8), CI3-Sn1-As1 = 87.09(2), Cl4—Sn1-Asl =
85.21(2), Cl4-Sn1-CI3 = 91.59(3), CI2-Sn1-As1 = 92.00(2, CI2-Sn1-CI3 = 88.20(3), Cl1-Sn1-CI3 =
90.72(3, Cl1-Sn1-Cl4 = 90.90(3), Cl1-Sn1-CI2 = 91.88(3), CI1-Sn1-CI5 = 93.86(3), CI5-Sn1-As1 =
88.54(2), CI5-Sn1-Cl4 = 91.32(3), CI5-Sn1-CI2 = 88.66(3).

This is the first structurally characterised complex with a [CIAsEts]* cation, the analogous
phosphorus cations are relatively common and can be generated, for example, by the
reaction of the corresponding phosphine with GeCls.'® There are also reported crystal
structures for two antimony analogues, [CISbPhs][SbCls]*® and [CISb(Mes)3][SbCle]%°. This
is consistent with the fact that the +5 oxidation state is more stable for P and Sb than for
As. The structure also includes the new anion, [SnCls(AsEts)]". Anions of this type are rare
with pnictine ligands. There is 3'P{*H} NMR evidence that phosphine complexes of this
type exist,'? but there are no previous examples showing that this chemistry could be
extended to arsine ligands; in fact, there was even some evidence against it.2* The d(Sn-
As) distance in the anion [SnCls(AsEts)]" (2.6696(5) A) is significantly longer than in
tetrahalide complex [SnCla(AsEts),] (2.65962(16) A), this is due to the weaker Lewis acidity
of the [SnCls]" vs. SnCla.
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233 Reactions of tin halide pnictine complexes with TMSOTf and Na[BArf]

ER, ER, ER,
y o el
o Na[BArf], -NaX TMSOTF, -TMSCI
X o [BArF] - X Sn X > (| Sn OTf
| N, CH,Cl, x/ | CH,Cl, . 7
ER, ER, ER,
E=P;X=Cl;R=Et E=P;R=Me,Et
E=As;R=Et

E=As; X=Cl. Br, R=Et
Scheme 2.3 - Reactions of tin tetrahalide pnictine complexes with TMSOTf and Na[BArf].

In the previous section, aluminium halides were shown to be effective halide abstractors
to form mono- and dicationic complexes from some tin tetrahalide phosphine complexes,
but were found to have unwanted reactivity with arsine complexes. An alternative halide
abstractor, trimethylsilyl trifluoromethanesulfonate (TMSOTTf), was therefore selected.
One advantage this reagent has over aluminium halides is that one of the resulting
products from halide abstraction using TMSOTf is that the by-product, MesSiCl, is volatile

and therefore readily leaves the reaction mixture, preventing any further reaction.

Reacting [SnCl4(PRs):2] (R = Me, Et) or [SnCla(AsEt3)2] with one equivalent of TMSOTf in
CH.Cl; leads to the formation of the corresponding monotriflate complexes (see Scheme
2.3). For the complexes where R = Et, there is a corresponding shift of AS = +0.07 for the
methylene resonance in the *H NMR spectrum. For R = Me, this shift, A, is +0.04 ppm. In
all cases, this is smaller than the chemical shift differences seen with the cationic
complexes described above in section 1.3.2. There is also a smaller shift in the 1°Sn NMR
resonances; for example, [SnCl3(PMes)2(0Tf)] comes 6 =-517, compared to § =-554
reported by Macdonald for [SnCls(PMes),].° There is also a large increase in *J119sn-31p
going from the tetrachloride complex to the trichloride species (2635 Hz to 2963 Hz for R
= Me). For [SnCl3(PEt3)2(OTf)] the 3'P{*H} and *°*Sn NMR spectra are broad at room
temperature, but sharpen when cooled to 183 K. This suggests there is a dynamic process
occurring at room temperature, possibly reversible OTf-coordination and/or reversible
PEt; dissociation. At 183 K, the 11°Sn NMR spectrum appears as the expected triplet
(Y119sn-31p = 2737 Hz), as shown in Figure 2.11 below. The analogous bromide complexes
do not react with TMSOTTf, and the triflate complexes do not react with the further
equivalents of TMSOTHf.
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Figure 2.11 — The 11°Sn NMR spectrum of [SnCl3(PEt3),(OTf)] at 183 K in CD,Cl,.

(a) (b)

Figure 2.12 — (a) Crystal structure of [SnCl3(PMes),(OTf)] showing the atom labelling scheme.
Ellipsoids are drawn at the 50% level and H atoms are omitted for clarity. Selected bond lengths
(A) and angles (°) are: Sn1-Cl1 = 2.4457(9), Sn1-Cl2 = 2.4558(9), Sn1—CI3 = 2.4085(10), Sn1-P1 =
2.5496(9), Sn1-P2 = 2.5506(9), Sn1-01 = 2.266(3), P1-Sn1-P2 = 164.16 (3), Cl1-Sn1-CI2 =
174.66(3), C13-Sn1—-Cl1 = 92.67(3), CI3-Sn1—CI2 = 92.68(4), 01-Sn1—Cl1 = 89.25(7), 01-Sn1-CI2 =
85.41(7), 01-Sn1-P1 =82.17(7), 01-Sn1-P2 = 82.51(7); (b) Crystal structure of

[SnCl5(AsEts)2(OTf)] showing the atom labelling scheme. Ellipsoids are drawn at the 50% level and
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H atoms are omitted for clarity. selected bond lengths (A) and angles (°) are: Sn1-Cl1 =
2.4480(7), Sn1-CI2 = 2.4168(8), Sn1-CI3 = 2.4533(7), Sn1-Asl = 2.6451(4), Sn1-As2 = 2.6530(4),
Sn1-01 = 2.259(2), As1-Sn1-As2 = 172.239(12), CI1-Sn1—-Cl2 = 92.83(3), CI3-Sn1-Cl1 = 173.76(3),
Cl3-Sn1-CI2 = 93.17(3), 01-Sn1- As2 = 86.28(6), 01-Sn1-As1 = 85.96(6), 01-Sn1-Cl1 = 88.46(6),
01-Sn1-ClI3 = 85.52(6).

Crystals amenable to X-ray diffraction studies were grown from the slow evaporation of
CH.Cl; solutions of the complexes. [SnCl3(PMes),(0Tf)] and [SnCl3(AsEt3)2(OTf)] both
feature pseudo-octahedral coordination environments at tin with the pnictine ligands
trans to each other (see Figure 2.12). There are close contacts to triflate in both
complexes, both longer than Zre(Sn-0) = 2.05 A8 but well within the sum of the van der
Waals radii, Zrvaw(Sn-0) = 3.69 A.7 This is at the lower end of the range of Sn-O distances
in tin triflate complexes (2.026-3.073 A, mean = 2.409 A; standard deviation = 0.193 A),
suggesting that the triflates are quite strongly bound in these complexes in the solid
state. In both complexes, the pnictine ligand is bent towards the triflate, more so for the
phosphine than the arsine complex, and the d(Sn-Cl) distances are shorter in the triflate
complexes compared to the tetrachloride ones, the d(Sn-Cl) for the chloride trans to the

triflate are more contracted to those cis.

To test whether a cationic tin(IV) chloride with a stibine co-ligand could form, a mixture of
SnCla:TMSOTf:2SbEts; was reacted in CH,Cl, and resulted in the immediate precipitation of
a white solid. The solid isolated from the filtrate from this reaction proved to be
[SbEtsCI(OTf)]. The methylene proton resonance shifts from & = 2.67 in SbEt3Cl, to § =
2.80 in [SbEt3CI(OTf)]. Slow evaporation of a CH,Cl; solution of this compound deposited
highly air and moisture sensitive crystals, which had to be mounted under a stream of
cold nitrogen gas to avoid decomposition. From these, a rather poor quality data set for
this compound was obtained and showed it to be trigonal bipyramidal with Cl and OTf in
the axial positions, as shown in Figure 2.13. A related complex [SbPh3CI(OTf)] is known in
the literature; in this case, the complex was synthesised by the reaction of [Ph3SbCl,] with
AgOTf.22 This suggests that in the triethylstibine case, the antimony centre is oxidised
from Sb(lIl) to Sb(V) by SnCls, which itself is reduced to Sn(ll), precipitating SnCl; as a
white solid, followed by the abstraction of a chloride by TMSOTH{.
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Figure 2.13 — Crystal structure of [EtsSbCIOTf] confirming the geometry of the complex. Bond
lengths and angles are not quoted due to poor quality data; the structure, however, confirms the

identity of the complex.

Na[BArf] was chosen as an alternative halide abstractor as it was less likely to coordinate
than triflate and it also sequesters the halide by the precipitation of an insoluble solid
(NaCl or NaBr) in organic media. [SnCl4(PEts),] was found to react with Na[BArf] in CH,Cl,,
forming a light yellowish solution with a small amount of precipitate, the filtrate of which
formed a white solid upon the removal of the solvent. The 3'P{*H} NMR spectrum of this
product indicates formation of [SnCl3(PEt3)2][BArf] as it has a similar shift to
[SnCl3(PEt3)2][AICl4] (37.1 vs 35.5 ppm). The similar YJ119sn-31p coupling constants (with
[AICI4]" counter anion Y119sn-31p = 2317 Hz, with [BArf]- counter anion YJ119sn-31p = 2311 Hz)
also suggest that the salt, [SnCI3(PEts),][BArf], is formed. [SnCls{o-CeHa(PMe3),}] also
reacts with Na[BArf] to form [SnCls{o-CsHa(PMe3),}][BArf] with data consistent with
monocation formation. The addition of further equivalents of Na[BArf] does not lead to

the abstraction of further halide, contrasting with the aluminium halide complexes.

The reaction of [SnCl4(AsEt3),] with Na[BArf] in CH,Cl, leads to the formation of
[SnCl3(AsEts)2][BArf] (multinuclear data for this and related complexes are shown in Table
2.5 below). This is supported by the *H NMR spectrum where the methylene resonance
shifts from & = 1.37 to 1.44 (compared to 6 = 1.39 in [SnCl3(AsEt3)2(OTf)]). Perhaps the
strongest evidence is the 1°Sn NMR resonance observed as a singlet at § = -389 (shown in
Figure 2.14 below), which is a similar shift to the phosphine monocations and is much

more positive than the neutral triflate and tetrachloride complexes. This abstraction
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agent allows tin(IV) cations stabilised by monodentate arsine ligands to be generated

cleanly, whereas the two other halide abstractors did not form these species.

T 1
-400 -500

Chemical shift (ppm)

|
-300

Figure 2.14 — 1°Sn NMR spectrum of [SnCls(AsEts),][BArf] in CH,Cl, at 183K.

Table 2.5 — Selected NMR spectroscopic data for the [OTf] and [BArf] systems.?

Compound S(CP{*H}) / ppm | 8(**°Sn) / ppm 1J(**9Sn-31p) / Hz
[SnCI4(PMe3)2] +1.6 —-554 2635
[SnCls(PMes),(OTf)] | +8.7 516 2963
[SnCla(PEts),] +20.9 572 2391
[SnCl3(PEt3),(OTf)] +33.4° —-535° 2737°
[SnCl5(PEts),][BAr] +37.1 -379 2311
[SnC|4(ASEt3)2] - -657 -
[SnCl3(AsEts),(OTH)] - —-620 -
[SnCl3(AsEts),][BAr] - -388° -

2 NMR data from CD-Cl, solution at 298 K unless otherwise stated, "recorded at 183 K.

Following the success of forming an arsine-stabilised tin(lV) chloride cation, the
corresponding bromide complex was investigated. It was found that upon reaction of
[SnBra(AsEts),2] with Na[BArf], the [SnBrs(AsEts),]* cation did indeed form. This can be
evidenced from the positive shift of the methylene proton resonance in the *H spectrum
from & = 2.36 to 2.48 ppm and by elemental analysis, which is consistent with the
formation of the [BArf]  salt. No resonance was seen in the 1°Sn NMR spectrum in the

range 183-298 K, although this could be due to fast exchange in solution.
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2.4 Conclusions

The work in this chapter shows that the methodology to abstract chloride from tin
tetrachloride phosphine complexes could be expanded from the originally reported
synthesis of [SnCls.n(PMes);][AlICli]n (n = 0,1,2) to include other monodentate phosphines
and bidentate phosphines. It was shown the reaction of [SnCl4(PEt3),] with AICI3 leads to
both monocationic and dicationic complexes. Also, during this study, the incipient
crystallisation of [SnCl(PEts3)3][AlCls]2, which is trigonal bipyramidal at tin, expanded the
known bonding situations for these types of complexes. It was shown that this
methodology could also be expanded to [SnCls{o-CcHa(PMe3),}], where the complexes
[SnCla-n{0-CeHa(PMe3),[AICL]n (n = 0, 1,2) where successfully synthesised. Here the
complex with n = 2 was shown to be unstable, and a crystal structure suggests it
decomposed into [0-CsHa(PMe2),][AlCl4]2, which features a unique P-P bond in a strained
C-C-P-P quadrilateral. However, this methodology could not be expanded to arsine
complexes, where reactions lead to complicated mixtures of products that included

chlorinated ligand.

It was also shown that TMSOTf could be used to abstract one chloride from the
monodentate pnictine complexes forming pseudo-octahedral complexes with the triflate
coordinated. Under the experimental conditions explored, there was no evidence of
further halide abstraction being possible for the triflate complexes, the bromide
complexes or the bidentate phosphine complexes. However, it was shown that Na[BArf]
could be used to abstract one halide from any of the neutral complexes to generate
monocationic complexes, although addition of more Na[BArf] did not lead to any further

reaction.
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2.5 X-Ray Crystallographic Data

Table 2.6 — X-ray crystallographic data®

Compound [SnCl4(AsEts)s] [SnBr4(AsEts),] [SnCl3(AsEts),(OTf)]
Formula C12H30As,ClaSn C12H30As2BriSn C13H30As,ClI3F303SSn
m 292.34 762.53 698.31
Crystal system monoclinic orthorhombic orthorhombic
Space group (no.) P21/n (14) Pbca (61) Pca2; (29)
a/A 7.1388(2) 13.8250(2) 13.21000(10)
b /A 12.1065(2) 11.0254(2) 13.77830(10)
c/A 11.9952(3) 14.4329(2) 13.2995(2)
a/° 90 90 90

B/° 91.301(2) 90 90

v/° 90 90 90

U /A3 1036.43(4) 2199.95(6) 2420.66(4)

V4 4 4 4

w(Mo-Ky) /mm™ 4.905 11.401 4.220

F(000) 572 1432 1368

Total number refins 27819 55967 66478

Rint 0.036 0.059 0.026

Unique reflns 3286 3615 7702

No. of params, restraints | 91, 0 91,0 242, 1

GOF 1.019 0.938 1.059

R1, WR; [I > 25(1)]P 0.020, 0.036 0.036, 0.110 0.020, 0.042
R1, WR; (all data) 0.030, 0.038 0.044,0.116 0.022,0.042
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Compound [SnCl3(PMes3),(OTf)] [SnCls(AsEts)][CIAsEts] [SnCl,(PEts3)3][AICI4]>
Formula C7H15Cl3F303P,SSn C12H30As,ClgSn CisHasAlLCligP3Sn
M 526.25 655.59 881.60
Crystal system monoclinic monoclinic Monoclinic
Space group (no.) P2:/n (14) P2:/n (14) P21/n (14)
a/A 12.0116(4) 11.6759(3) 14.9000(3)
b /A 12.9896(5) 10.3481(2) 25.4564(3)
c/A 12.1849(3) 19.4678(5) 20.3339(4)
a/° 90 90 90

B/° 101.720(3) 92.168(3) 99.560(2)

v /° 90 90 90

U /A3 1861.52(11) 2350.48(10) 7605.5(2)

V4 4 4 8

w(Mo-Kg) /mm? 2.114 4.556 1.558

F(000) 1032 1280 3552

Total number reflns 38860 14864 83974

Rint 0.095 0.031 0.062
Unique reflns 5809 5392 14932

No. of params, restraints | 187, 0 196, 0 631,0

GOF 0.966 0.922 1.043

Ry, WR; [I > 20(1)]° 0.051, 0.131 0.034,0.119 0.057,0.136
R1, WR; (all data) 0.076, 0.152 0.041,0.125 0.089, 0.154
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Compound [0-CsHa(PMe,),][AICI,)2 | [SNCl4(PEts),]
Formula Ci1oH16Al:ClgP; C12H30ClaP2SN
M 535.77 496.79
Crystal system orthorhombic monoclinic
Space group (no.) P2,2,2, (19) P2:/n (14)
a/A 9.77600(10) 7.07190(10)
b/A 14.3670(2) 11.9235(2)
c/A 16.1794(2) 11.9193(2)
a/° 90 90

B/° 90 91.537(2)

v /° 90 90

U /A3 2272.43(5) 1004.70(3)
V4 4 2

w(Mo-Kq) /mm? 1.120 1.951

F(000) 1078 500

Total number refins 110182 30805

Rint 0.065 0.086
Unique reflns 6363 3472

No. of params, restraints | 203, 0 91,0

GOF 1.010 1.118

Ry, WR; [I > 26(1)]° 0.053,0.123 0.032,0.074
R1, WR; (all data) 0.057,0.125 0.036, 0.076

a Common items: T = 100 K; wavelength (Mo-K) = 0.71073 A; 8(max) = 27.5% P R1 = 5| | Fo|-| Fc| |/Z]Fol;
WR,=[2W/(Fo2-Fc?),/2WF,*] 2

CCDC NUMBERS: [SnCla(AsEts)2] (1916557), [SnBra(AsEts),] (1916558),
[SnCl3(PMes),(OTH)] (1916559), [SnCls(AsEts),(OTf)] (1916560), [SNCly(PEts)s][AlCla], (1916561),
[EtsAsCI][SnCls(AsEts)] (1916562)
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2.6 Experimental

For origin and purification of reagents and solvents, instrument specifications and NMR solvent
references see appendix A. [SnCls(PMes),]° and [SnCls{o-CsHa(PMe;),}]? were synthesised following

literature preparations.

[SnCl4(AsEts),]: A solution of AsEts (0.058 g, 0.36 mmol) in CH,Cl; (5 mL) was added to a solution of
SnCls (0.047 g, 0.18 mmol) in CH,Cl, (5 mL). The colourless solution was left to stir for 1 h before
the product was isolated by evaporation of the solvent under vacuum to afford a white solid.
Crystals suitable for single crystal X-ray diffraction were grown by slow evaporation of a
concentrated CH,Cl, solution of the compound. Yield 0.093 g (88%). Required for
C12H30As,ClaSn (584.7): C, 24.6; H, 5.2. Found: C, 24.5; H, 5.0 %. IR (Nujol/cm™): v= 288s (Sn-Cl). *H
NMR (CDCls, 298 K): 6 = 1.42 (t, [18H], 3/ = 7.6 Hz, CH3), 2.34 (q, [12H], 3Jun = 7.6 Hz, CH,). 3C{*H}
NMR (CDCls, 298 K): & = 8.62 (CH3), 15.04 (CHs). 129Sn NMR (CD,Cl,, 298 K): n.o. (not observed); (193
K): & =—657.4.

[SnBr4(AsEts),]: A solution of AsEt; (0.144 g, 0.89 mmol) in CH,Cl, (5 mL) was added to a solution of
SnBr4 (0.195 g, 0.45 mmol) in CH,Cl; (5 mL). The pale yellow solution was left to stir for 1 h before
the product was isolated by removal of the solvent to afford a yellow solid. Crystals suitable for
single crystal X-ray diffraction were grown by slow evaporation of a concentrated CH,Cl; solution
of the compound. Yield 0.175 g (50%). Required for Ci,H30As,BrsSn (762.5): C, 18.9; H, 4.0. Found:
C, 19.0; H, 4.0 %. IR (Nujol/cm™): v = 210s (Sn-Br). *H NMR (CDCl,, 298 K): & = 1.43 (t, [18H], ¥Juy =
7.6 Hz, CHs), 2.35 (q, [12H], 3 = 7.6 Hz, CH2). *C{*H} NMR (CD4Cl,, 298 K): & = 8.5 (CH,), 14.8 (CHs).
1195y NMR (CD-Cly, 298 K): 6 = —1173.4; (193 K): 6 =-1125.3.

[SnCl5(AsEts),(OTf)]: [SnCl4(AsEts);] (0.150 g, 0.26 mmol) was dissolved in CH,Cl, (10 mL) to form a
clear solution. To this TMSOTf (0.057 g, 0.26 mmol) was added in CH,Cl; (5 mL) and the clear
solution was stirred for 2 h. The solvent was removed and the white powder was dried in vacuo.
Crystals suitable for single crystal X-ray diffraction were grown from slow evaporation of a solution
of the compound in CH,Cl,. Yield 0.138 g (77%). Required for C13H30As2ClsF303SSn (698.1): C, 22.4,
H, 4.3. Found C, 21.9; H, 4.2%. IR (Nujol/cm™): v = 294s, 378w (Sn-Cl), 1156m (-0S0O;), 1200m,
1231m (CFs). *H NMR (CD,Cl,, 298 K): & = 1.39 (t, [18H], 3Ju = 7.8 Hz, CH3), 2.38 (q, [12H], ¥ = 7.8
Hz, CH,). 3C{*H} NMR (CD,Cl,, 298 K): 6 = 9.0 (CH,), 16.0 (CHs). 2*F{*H} NMR (CD-Cl,, 298 K): & = —
78.7 (s, CF3). 11950 NMR (CD4Cl,, 298 K): n.o.; (183 K): & = —620 (s).
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[SnCl5(PMes),(OTf)]: [SnCls(PMes);] (0.300 g, 0.72 mmol) was suspended in CH,Cl, (5 mL). To this
TMSOTf (0.016 g, 0.72 mmol) was added in CH,Cl; (5 mL). The solution was stirred for 16 h and the
solvent and volatiles were removed and the resulting white powder dried in vacuo. The powder
was then washed with diethyl ether (3 x 10 mL) and dried in vacuo. Crystals suitable for single crystal
X-ray diffraction were grown by the slow evaporation of a saturated solution of the compound in
CH,Cl,. Yield 0.215 g (57%). Required for C;H15ClsF303P,SSn (526.1): C, 16.0, H 3.5. Found C, 15.7;
H, 3.4%. IR (Nujol/cm™): v=296m, 306m, 377w (Sn-Cl), 1173m (-0S0,), 1200m, 1235m (CFs). *H
NMR (CD,Cl, 298 K): & =1.83 (m, CHs). 3C{"H} NMR (CDCl,, 298 K): 6 = 10.09 (t, Y/ +3J31p.13c = 19.4
Hz, CHs). 3'P{*H} NMR (CD,Cl,, 298 K): & = 8.74 (s, Ys1p1175n= 2814, YUs1p11050 = 2963 Hz). °F{*H} NMR
(CDCly, 298 K): & —78.6 (s, CF3). 19Sn (CD,Cly, 298 K): & = =516 (t, YJ31p-1105n = 2963 Hz).

[SnCI5(PEts),(OTf)]: [SnCl4(PEts);] (0.08 g, 0.16 mmol) is dissolved in CH,Cl; (10 mL). To this TMSOTf
(0.036 g, 0.16 mmol) was added in CH,Cl; (5 mL), resulting in a clear colourless solution which was
stirred for 2 h. Solvent and volatiles were removed in vacuo and the resultant white powder was
washed with diethyl ether (3 x 10 mL) and then dried in vacuo. Yield 0.065 g (66%). Required for
C13H30CI3F303P,SSn (610.2): C, 25.6; H, 5.0. Found, C, 25.4; H, 5.1%. IR (Nujol/cm™): v =289m,
301w, 374w (Sn-Cl), 1187m (-0S0,), 1235m (CF3). *H NMR (CD,Cl,, 298 K): & = 1.30 (m, [18H], CH3),
2.33 (m, [12H], CH,). 3C{*H} NMR (CD:Cl,, 298 K): 6 = 7.59 (t, 1J +3J31p.13c = 2.93 Hz, CH,), 13.95 (t,
+3J31p.13c = 11 Hz, CHs). F{*H} NMR (CD,Cl, 298 K): 6 = =78.6 (s, CFs). 3'P{*H} (CD,Cl,, 298 K): & =
28.45; (183 K): & = 33.58 (s, Ya1p-11750 = 2617 Hz, Ys1p.1105n = 2734 Hz ). 19Sn NMR (CD-Cl,, 298 K): 6 =
—535; (CD,Cl,, 183 K): 6 = =535 (t, “J31p-1195n = 2737 Hz).

[SbEt;CI(OTf)]: SnCl, (0.100 g, 0.38 mmol) was dissolved in 5 mL of CH,Cl,. To this, SbEt; (0.160 g,
0.77 mmol) was added in 5mL of CH,Cl,, resulting in the precipitation of a large amount of white
solid. TMSOTf (0.085 g, 0.38 mmol) was added in CH,Cl; (5 mL), and the reaction stirred for 16 h.
The liquid was filtered away from the unidentified solid and concentrated to dryness in vacuo,
leading to a white solid. Crystals suitable for single crystal X-ray diffraction were grown by slow
evaporation of a concentrated CH,Cl; solution of the compound. Yield 0.064 g (30%). Required for
C7H1sCIF305SSb (393.3): C, 21.4; H, 3.8 Found C, 21.7; H, 4.2%. IR (Nujol/cm™): v =329m (Sb-Cl),
1167w (-0S03), 1198w, 1235w (CFs). *H NMR (CD,Cla, 298 K): & = 1.62 (t, [9H], ¥y = 7.7 Hz, CH3),
2.80 (q, [6H], *Jun = 7.7 Hz, CH,). *C{*H} (CD,Cl,, 298 K): 6 = 9.68 (CH>), 28.55 (CHs).
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[SnCls{o-CcHa(PMe;)2}[AICI,]: [SnCli{o-CsHa(PMe,)2}] 0.150 g, 0.33 mmol) was suspended in CH,Cl,
(5 mL), and AICl5(0.044 g, 0.33 mmol) was added. This resulted in a pale yellow clear solution which
was stirred for a further 2 h. The solution was then concentrated to dryness in vacuo producing a
white powder, which was then washed with n-hexane (3 x 10 mL) and the solid separated and dried
in vacuo to leave a white powder. Yield: 0.120 g (61%). Required for CioH1sAICI;P2Sn (591.9): C,
20.3; H, 2.7, Found C, 20.4; H, 2.8%. IR (Nujol/cm™): v=322m, 342m (Sn-Cl), 451m, 497br ([AICI4]").
IH NMR (CD,Cl,, 298 K): & = 2.06 (t, 2J +5Jp.4 = 4.5 Hz, [12H], CHs), 7.86-7.92 (m, [4H], Ar-H). 3C{*H}
NMR (CD4Cly, 298 K): & = 11.52 (t, Y +3J31p.13c = 16.4 Hz, CH3), 130.7-131.3, 134.2, 135.3 (Ar). ZAl
NMR (CD,Cl,, 298 K): 6 = 102.8 (s, [AIC4]7). 3'P{*H} NMR (CD,Cl,, 298 K): & =—24.7 (s, Ys1p1175n = 930
Hz, Y31p-1105n = 972 Hz). 1°Sn (CD,Cly, 298 K): & = —469 (t, YJ31-11050 = 972 Hz)

[SnClx{o-CcHa(PMez)H[AIC]2: [SnCli{o-CsHa(PMe3),}] (0.100 g, 0.22 mmol) was suspended in
CH,Cl> (5 mL), and to this AlCI;(0.058 g, 0.44 mmol) was added. This resulted in a pale yellow clear
solution, which was stirred for a further 2 h. The solution was then concentrated to dryness in vacuo
producing a white sticky solid, which was then washed with n-hexane (3 x 10 mL), the solid
separated and dried in vacuo to leave a white sticky solid. Yield: 0.81 g (51%). Required for
C10H16Al>Cl1oP,SN (725.4): C, 16.7; H, 2.2. Found C, 17.5; H, 2.7%. IR (Nujol/cm™): v =294m, 310m
(Sn-Cl), 452sh, 487s ([AICls] 7). *H NMR (CD,Cl5, 298 K): & = 2.18 (t, 2J +°Jpuy = 4.5 Hz, [12H], CH3), 7.94-
8.30 (m, [4H], Ar-H). *C{*H} NMR (CD,Cl, 298 K): 6 = 12.28 (t, +3/31p.13c = 16.1 Hz, CH3), 129.8-
130.1, 134.4, 135.9 (Ar-H). 3'P{*H} NMR (CD1Cl5, 298 K): & = —23.7 (Y31p-1175n = 815 Hz, Ys1p.1105n = 853
Hz). 2’Al NMR (CD:Cl,, 298 K): & = 102.9 (s, [AICl4]). °Sn NMR (CD,Cl,, 298 K): & = —429 (t, Y31p-1195n
=850 Hz).

[SnCI5(PEts),][AICL]: [SnCl4(PEt3),] (0.200 g, 0.40 mmol) was suspended in CH,Cl, (5 mL) and AICl;
(0.054 g, 0.40 mmol) was added. The suspension was stirred for 2 h leaving a clear and colourless
solution, the solution was concentrated to dryness leaving a fine white powder which was washed
with Et,0 (3 x 10 mL) and dried in in vacuo to yield a white powder. Yield: 0.160 g (63%). Required
for C10H16AICI;P2Sn (630.04): C, 22.9; H, 4.8. Found C, 23.1; H, 5.3%. IR (Nujol/cm™): v = 280m, 289m
(Sn-Cl), 484s, 503sh ([AICls]). *H NMR (CD,Cl,, 298 K): § = 1.36 (m, [18H], CH3), 2.32 (m, [12H], CH>).
B3C{*H} NMR (CD,Cl,, 298 K): & = 7.34 (t, ) +*J31p.13c = 2.93 Hz, -CH3), 14.12 (t, % +*J31p.13c = 22.45 Hz).
31p{1H} NMR (CD:Cly, 298 K): & = 35.22 (Y31p.1175n = 2208 Hz, Ys1p.1105n = 2317 Hz); (CD2Cly, 183 K): 6
= 26.96 (Ya1p.1175n = 2426 Hz, Usip-11esn = 2520 Hz ). 27Al NMR (CD,Cl,, 298 K): & = 103.2 (s, [AICL4]).
11950 NMR (CD,Cl,, 298 K): 8 = —350.2 (br t, YJ31p-1105n = 2307 Hz).
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[SnCl,(PEts),][AlCl4]2: [SNCl4(PEts)2] (0.200 g, 0.40 mmol) was suspended in CH,Cl, (5 ml), to this AlCl;
(0.107 g, 0.80 mmol) was added, the suspension was stirred for 2 h leaving a clear and colourless
solution, the solution was concentrated to dryness and washed with Et,O ( 3 x 10 ml) then dried in
vacuo leaving a sticky white solid which was dried in vacuo. Yield 0.201 g (66%). Anal. Required
for C12H30AlLCl1oP,Sn (763.39) C, 18.9; H, 4.0. Found C, 19.0; H, 3.8, IR (Nujol/cm™): v =289m (Sn-
Cl), 484s, ([AICI4]"). *H NMR (CD,Cl, 298 K): § = 1.39 (m, [18H], CH3), 2.38 (m, [12H], CH,), *C{*H}NMR
(CDyCly, 298 K): 6 = 7.50 (t, & +*J31p.13c = 2.93 Hz, -CH3), 14.51 (t, Y +3J31p.13c = 13.2 Hz), Al NMR
(CDyCly, 298 K): & = 103.0, 3'P{*H} NMR (CD,Cl, 298 K): & = 40.78 (Y31p-1175n = 2172 Hz, Y31p-1196n =
2274 Hz ). ™9Sn NMR (CD,Cl,, 298 K): & = —301.4 (br, t, YJ31p-1105n = 2291 Hz).

Reaction of [SnCl,(PEts);][AICls]; + PEts: [SnCly(PEts);][AICI4]2 (0.100 g, 0.13 mmol) was dissolved in
CH,Cl>(3 mL), to this PEt; (0.015 g, 0.22 mmol) was added in CH,Cl; (2 mL). To this 10 drops of CD,Cl,
is added. A portion of the solution was used for in situ NMR studies. Al NMR (CD,Cl,, 298 K): & =
103.1 (s, [AICI4]7), 110.8 (d, Ys1p-27a = 267 Hz, [AICIs(PEts)]). 3P{*H} NMR (CD,Cl,, 298 K): 6 = —14.8
(sextet, Yazarate = 264 Hz, [AICI5(PELs)]), 32.2 (Ya1p-1175n = 2312 Hz, Ysip.110sn = 2394 Hz, new Sn-PEts

containing cation — see text). 11Sn NMR (CD,Cly, 298 K): 8§ = —449 (t, Ys1p.1195n = 2394 Hz).

[SnCl5(PEts):][BArf]: A Schlenk was charged with [SnCls(PEts),] (0.100 g, 0.20 mmol) and Na[BAr]
(0.178 g, 0.20 mmol). To this CH,Cl;, (5 mL) was added the resulting cloudy solution was stirred for
2 h, the solution was then filtered and concentrated to dryness in vacuo yielding a white solid. Yield:
0.201 g (75%). Required for CasHa2BClsF24P2Sn (1324.3): C, 39.9, H, 3.2 Found C, 39.8, H, 3.3%. IR
(Nujol/cm™): v = 286m (Sn-Cl). *H NMR (CD,Cl,, 298 K): 6 = 1.35 (m, [18H], CH3), 2.29 (m, [12H],
CHy), 7.57 (s, [4H], [BArf]), 7.72 (m, [8H], [BArT]); F{*"H} NMR (CD,Cl,, 298 K): & = —63.0 (s, -CFs)
31p{*H} NMR (CD,Cl3, 298 K): & = 37.1 (Y31p-1175n = 2208 Hz, J31p-1195n = 2311 Hz); *9Sn NMR (CD,Cly,
298 K): 8 = —379 (t, Ys1p110sn = 2311 Hz).

[SnCls(AsEts);][BArF]: A Schlenk was charged with [SnCls(AsEts),] (0.100 g, 0.17 mmol) and Na[BArf]
(0.152 g, 0.17 mmol). To this CH,Cl; (5 mL) was added the resulting cloudy solution was stirred for
2 h and then filtered and concentrated to dryness in vacuo yielding a white solid. Yield: 0.162 g
(67%). Required for C44H4,BCl3F24As,5n (1412.2): C, 37.4, H, 3.0 Found C, 37.3, H, 2.8%. IR (Nujol/cm"
1): y=285m (Sn-Cl). 'H NMR (CD,Cl,, 298 K): & = 1.44 (t, 3Ju = 7.7 Hz, [18H], CH3), 2.42 (q, 3Juu = 7.7
Hz, [12H], CHa), 7.57 (s, [4H], [BArF]), 7.72 (m, [8H], [BArT]); 2°F{*H} NMR (CD,Cl,, 298 K): & = —-63.0
(s, -CF3); 119Sn NMR (CD,Cl,, 183 K): 6 =—388 (br s).
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[SnCls{o-CcHa(PMe;):}1[BArF]: A Schlenk was charged with [SnCls{o-CsHa(PMe3),}] (0.100 g, 0.17
mmol) and Na[BArf] (0.152 g, 0.17 mmol) and to this CH,Cl, (5 mL) was added. The resulting cloudy
solution was stirred for 2 h and then filtered and concentrated to dryness in vacuo yielding a white
solid. Yield: 0.162 g (67%). Required for Ca;H28BCl3F24P2Sn (1286.2): C, 39.2, H, 2.2 Found C, 39.3, H,
2.0%. IR (Nujol/cm™): v = 281m (Sn-Cl). *H NMR (CD,Cl,, 298 K): & = 2.01 (t, & +%Jpy = 4.7 Hz, [12H],
CHs), 7.57 (s, [4H], [BAFF]), 7.72 (m, [8H], [BArF]), 7.82 (m, [4H], [BArF]); °F{*H} NMR (CD,Cl,, 298 K):
& = —63.0 (s, -CF3); 3'P{*H} NMR (CD2Cl,, 298 K): & = -24.50 (Y31p-1195n = 1007 Hz); 1%Sn NMR (CD,Cl,,
183/298 K): 6 = n.o.

[SnBr3(AsEts),][BArf]: A Schlenk was charged with [SnBrs(AsEts),] (0.077 g, 0.10 mmol) and Na[BArf]
(0.090 g, 0.10 mmol) to this CH,Cl, (5 mL) was added; the resulting cloudy solution was stirred for
2 h and then filtered and concentrated to dryness in vacuo yielding a light yellow gum, which was
then dissolved in Et,0 (5 mL), then the solution was concentrated to dryness in vacuo yielding a
light yellow solid. Yield: 0.091 g (58%). Required for Cs4H42As2BBrsF,4Sn (1448.2): C, 34.2, H, 2.7
Found C, 34.3, H, 2.9%. IR (Nujol/cm™): v = 210m (Sn-Br). *H NMR (CD,Cly, 298 K): 6 = 1.39 (t, 3Jyu =
7.6 Hz, [18H], CHs), 2.42 (br, [12H], CH.), 7.58 (s, [4H], [BArF]), 7.73 (m, [8H], [BArT]); *C{*H} NMR
(CDyCl,, 298 K): & = 9.1 (s, -CH3), 15.9 (s, -CH>), 118.1(s), 123.8(s), 126.5(s), 129.3(m), 135.4(s),
162.3(q, Y1is1ac = 49.9 Hz); *F{*H} NMR (CD,Cl,, 295 K): 6 = —62.8 (s, -CF3). **Sn NMR (CD,Cl,,
183/298 K): 6 = n.o.
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Chapter 3  Synthesis of neutral and cationic

germanium(lV) fluoride phosphine complexes

3.1 Introduction

3.1.1 Neutral complexes of germanium(IV) fluoride and related complexes

Germanium(lV) fluoride can form complexes with a variety of both hard and soft ligands.
Complexes can be synthesised either by the reaction of GeF, (gas) directly with the
neutral ligands or by the reaction of an appropriate adduct with the ligand; in this case,
the adduct used is commonly [GeFs(MeCN):]. [GeFs(MeCN);] can be conveniently
synthesised by bubbling GeF,4 gas through acetonitrile, which causes the complex to
precipitate out. Nitriles like NCCH2X (X = F and Cl) can also react with germanium fluoride
to form isolatable complexes of the form [GeF4(NCCH2X),]. In this case, the nitrile ligands

are cis to each other, as shown in Figure 3.1 below.!

Figure 3.1 — Showing the cis arrangement of ligands in the crystal structure of [GeF4(NCCHyF),].

Redrawn for Ref 1.
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The reaction of germanium tetra-ethoxide, aqueous HPFs and pyridine under
solvothermal conditions leads to the formation of [GeFa(py)2]; this complex, unlike the cis-
nitrile complex discussed previously, has the nitrogen donor ligands trans to each other

(shown in Figure 3.2 below).?

Figure 3.2 — The crystal structure of [GeF4(py)2] showing the trans arrangement of the pyridine

ligands. Redrawn from Ref. 2.

Polydentate nitrogen donor ligands can also be used to synthesise stable complexes of
germanium fluoride. The reaction of 2,2-bipyridine, 1,10-phenanthroline, or
Me;NCH,CHaNMe; with [GeFs(MeCN);] in CH,Cl; leads exclusively to the formation of the
cis-isomer, with the neutral ligand chelating.3* The reaction of Mescyclam with
[GeF4(MeCN),] leads to the formation of [GeF4(k2-Mescyclam)], where the ligand binds in
a bidentate fashion with the germanium centre being exocyclic to the ring. The structures

of [GeFa(phen)] and [GeF4(k?-Mescyclam)] are shown below in Figure 3.3.
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(a) (b)

Figure 3.3 — (a) The crystal structure of [GeF4(phen)] and (b) the crystal structure of [GeF4(K*-

Mescyclam)] showing the cis configuration. Both redrawn from Ref. 3.

Germanium fluoride can also form stable complexes with O-donor ligands; for example,
the reaction of [GeF4(MeCN);] with two equivalents of OPR3 (R = Me, Et, Ph) leads to the
formation of [GeF4(OPR3),]. In the solution state, 1°F{*H} NMR spectroscopy shows that
these complexes exist as both cis and trans isomers. However, only the trans isomer has
been determined crystallographically.® In contrast, for the bidentate phosphine oxides
only the cis isomer is seen in solution.® When the heavier analogues, GeCls or GeBrg, are
reacted with OPMejs, depending on the ratio of germanium to ligand, one or two of the
halides are displaced to form cationic or dicationic complexes of the form
[GeCl3(OPMes)s]2[GeClg] and [GeX2(OPMes)a][X]2 (X = Cl, Br); the structures of the chloride
derivatives are shown below in Figure 3.4.°> Presumably in the case of GeF,, the stronger
Ge-F bond precludes the phosphine oxide from displacing the fluorines from the

germanium centre, and hence only the neutral complexes form.
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(a) (b)
Figure 3.4 — Crystal structures of (a) the dication in [GeCl;(OPMes)4][Cl]> and (b) the monocation in

[GeCl;(OPMes)s]2[GeClg]. Both redrawn from Ref. 5.

There are fewer reports of germanium fluoride complexes with softer donor ligands than
there are for complexes with hard donor ligands. The reaction of [GeFs(MeCN),] with two
equivalents of PMejs leads to the formation of trans-[GeFs(PMes);] as the sole product.
Here multinuclear NMR spectroscopy can be used to suggest that the complex is trans in
solution at 298 K, as a quintet is observed in the 3!P{*H} NMR spectrum. The °F{*H} NMR
spectrum at 298 K shows a triplet, also consistent with the trans isomer being present.
The reaction of AsEts with [GeF4(MeCN);] forms a white unstable solid. In [GeF4(AsEts)2],
the arsine resonances are shifted to high frequency from ‘free’ ligand, and at low
temperature two triplets are seen in the *°F{*H} NMR spectrum; this suggests that the cis-
octahedral isomer forms in this case, but an analytically pure sample could not be
obtained. However, the reaction of AsEt; with GeCls leads to the formation of trans-
[GeCls(AsEts)2], although this complex is not stable in solution and degrades into AsEtsCl
over time, presumably with concomitant formation of GeCl,. There is spectroscopic
evidence that [GeCls(PMes);] can be isolated from a solvent-free reaction of GeCls and
PMejs; although, if a solvent is employed, redox chemistry occurs and the product is

[GeCl3][PMesCl] exclusively.”
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Diphosphine ligands can also react with [GeF4(MeCN),] to form stable complexes of the
form [GeFs(diphosphine)] (diphosphine = 0-CsHa(PR2)2 (R = Me, Ph), R2P(CH2)2PR; (R = Me,
Et, Cy, Ph). Low-temperature multinuclear NMR spectroscopy can be used to assign the
geometry in these complexes. In the F{*H} NMR spectra, the fluorides trans to the
phosphine ligand appear as a doublet of doublet of triplets; the two doublet couplings
come from coupling to the magnetically inequivalent phosphorus’ and the triplet coupling
is due to coupling with the axial fluorines. A triplet of triplets is also seen in the °F{'H}
NMR spectrum due to the axial fluorines coupling to the phosphorus’ and the equatorial
fluorines. In the 3'P{*H} NMR spectra of these complexes, a triplet of doublets of doublets
is seen for each. Two of these complexes have been structurally characterised and have a
cis geometry. The structure of the complex [GeFs{0-CcHa(PMe3),}] is shown in Figure 3.5

below.”

Figure 3.5 — The crystal structure of [GeF4{0-CsH4(PMe>),}]. Redrawn from Ref. 7.
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3.1.2 Cationic germanium fluoride complexes

There are very few reports of cationic germanium fluoride complexes in the literature.
The reaction of [GeFs(MeCN),] with Mes[9]aneNs in CH,Cl, leads to the formation of
[GeF3(Mes[9]aneNs)]2[GeFs], showing that the tridentate macrocyclic N-donor ligand is a
strong enough donor to displace one of the fluoride ligands. The cation found in this
complex has been structurally characterised as its chloride salt in the solid state (shown in
Figure 3.6 below). In contrast, the reaction with Meacyclam does not lead to the
formation of a cationic complex, as discussed above. The weaker S-donor macrocycle
[9]aneSs is not strong enough to displace fluoride and so does not form an analogous
complex; the low-temperature °F{*H} NMR spectrum shows two sets of triplets, which
suggests that this ligand forms a complex with k?>-coordination, [GeF4(k?-[9]aneSs)];

however, this complex could not be isolated cleanly.3

Figure 3.6 — Structure of the cation [GeF3(Mes[9]aneNs)]* showing the fac geometry. Redrawn

from Ref. 3.
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Dicationic germanium fluoride complexes can also be synthesised by the treatment of
Ge(ll) complexes with a fluorinating agent. The reaction of [Ge(BIMEt3)][OTf]; (BIMEt =
tris(1-ethyl-benzoimidazol-2-ylmethyl)amine) with the oxidising agent XeF; leads to the
clean formation of [GeF,(BIMEt3)][OTf].. This reaction is driven by the formation of Xe
gas. The reaction of this difluoride complex with one equivalent of TMSOTf leads to
[GeF(OTf)(BIMEt3)][OTf]2; this reaction can be reversed by the addition of one equivalent

of NaBF. The structures of both of these complexes are shown in Figure 3.7 below.?

(a) (b)

Figure 3.7 — Showing the structure of the (a) the dication in [GeF(OTf)(BIMEt3)][OTf]. showing the
coordinated triflate oxygen atom and (b) the dication in [GeF,(BIMEt3)][OTf],. Both redrawn from

Ref. 8

3.2 Aims

This chapter aims to develop the coordination chemistry of GeFs with soft donor ligands.
Investigating the effect of changing ligand denticity as well as exploring the possibility of
generating cationic complexes through halide abstraction and changing steric bulk of the

ligand.
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3.3 Results and discussion

3.3.1 Neutral germanium fluoride complexes
F PRy
oF
P, | ooF PP 2 PR, &
“Ge. - [GeF,(MeCN),] » F—Ge
P/ | \F CH,Cl, CH,Cl, i / |
F PR,
PP = 0-C4H,(PMe,),, Ph,P(CH,),PPh, L R = Me, PPr,
CH,Cl,
[GeF,(k2-L)]

L = CH;C(CH,PPh,);, P(CH,CH,PPh,);
Scheme 3.1 — Synthesis of neutral germanium tetrafluoride phosphine complexes.

The reaction of [GeF4(MeCN),] with two equivalents of PMesin CH,Cl, leads to the
formation of trans-[GeF4(PMes),] as described previously (See Scheme 3.1).” Weakly
coordinating solvents are required for synthesis and NMR spectroscopy to prevent ligand
displacement, because of this CH,Cl; is usually chosen as the preferred solvent. At room
temperature, a doublet is seen in the H NMR spectrum at & = 1.48 (%Jpn = 12 Hz), which
compares favourably with the literature, where they report it at 6 = 1.46, albeitin a
different solvent (CD,Cl, vs. CDCl3).” The 3!P{*H} NMR spectrum shows a broad singlet at &
=-14.5 at 298K, which is different to the expected quintet, which suggests at room
temperature an exchange process is going on in solution.” At 298 K, the °F{*H} NMR
showed a broad singlet at 6 =-96.6, which compares to the triplet reported in the

literature at 6 = -96.9; again this can be explained by fast ligand exchange.”

Slow evaporation of a CH,Cl; solution of [GeF4(PMes);] led to the deposition of crystals
suitable for single-crystal X-ray analysis. The crystal structure is shown in Figure 3.8
below. This complex is the first structurally characterised monodentate phosphine
complex of germanium fluoride, and there are no other examples of structurally
characterised germanium(1V) halide phosphine complexes with which to compare. The
lack of structurally authenticated complexes of this type is primarily due to their
instability and their tendency to undergo redox chemistry in solution.” This is in stark

contrast to tin(IV) halides, where phosphine complexes are known for all halides.® The
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crystal structure demonstrates that the trans-octahedral geometry is retained in the

solid-state.

P1

F1
Ge1

F2

Figure 3.8 — The crystal structure of [GeF4(PMes),] showing the atom labelling scheme. The
ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Selected
bond lengths (A) and angles (°) are: Ge1l-P1 = 2.3718(5), Gel—F1 = 1.8247(13), Gel-F2 =
1.8146(13), F1-Gel-F2 =90.97(6). Symmetry operation: (-X,-Y,-Z).

To probe the effect of the ligand sterics on fluoride abstraction in this chemistry, the
complex [GeF4(P'Pr3),] was synthesised by the reaction of [GeF4(MeCN);] with two
equivalents of 'PrsP in CH,Cl,. The 'H NMR spectrum shows a doublet of doublets
resonance at 6 = 1.40 assigned to the methyl protons of the complex and a multiplet at 6
= 2.55 corresponding to the CH protons, with the expected 6:1 ratio. The 3!P{*H} and
BF{*H} NMR spectra contain broad resonances at § = +34.3 and § = -107.2, respectively,
indicating fast exchange at room temperature on the NMR time scale. As part of this
study, the diphosphine complexes [GeF4{0-CcsHa{PMe3},)] and [GeF4{Ph;P(CH2)2PPh>}]
were also prepared according to literature procedures, and their purity confirmed by

NMR spectroscopy.’
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To expand the range of multidentate phosphine complexes of germanium fluoride, the
triphosphine ligand, CH3C(CH,PPh;)3, was chosen. CH3C(CH;PPh;)s reacts with
[GeF4(MeCN),] in a 1:1 ratio to form [GeF4(k?-CH3C{CH2PPh,}3)], crystals of which were
grown by layering a CH,Cl; solution of the compound with hexane. The structure is shown
in Figure 3.9 below. The ligand coordinates in a bidentate fashion to the germanium
centre, forming a puckered 6-membered ring with every atom of the ring being
approximately coplanar (other than the bridgehead atom which is out of the plane). The
pendent phosphine arm is uncoordinated and has no close contacts with neighbouring
molecules and there is no evidence that the pendent arm can directly displace a fluoride

from the germanium centre to generate a cation and k3-triphosphine coordination.

Figure 3.9 — The crystal structure of [GeF4(k*- CH3C{CH,PPh,}s)] showing the atom labelling
scheme. The ellipsoids are drawn at the 50% probability level and H atoms and CH,Cl; solvent
molecule are omitted, and phenyl rings are displayed as wireframe for clarity. Selected bond
lengths (A) and angles (°) are: Gel-P1 = 2.4732(4), Ge1-P2 = 2.5030(4), Ge1l-F1 = 1.7871(9), Gel-
F2 = 1.7780(9), Gel-F3 = 1.7977(9), Ge1l-F4 = 1.7736(9), P1-Ge1-P2 = 92.886(13), F1-Gel—F3 =
172.44(4), F2—-Gel-F4 = 92.47(4), P1-Gel-F4 = 174.90(3), P2—Gel-F2 = 178.75(3).
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In the °F{*H} NMR spectrum at room temperature, two broad resonances of equal
intensity are seen at § =-72.2 and 6 =-108.6, which correspond to the two fluorine
environments in the complex above. There is another sharper resonance at 6 =-137.7,
which corresponds to free GeF,. In the room temperature 3'P{*H} NMR spectrum, a broad
resonance is seen at 6 = 4.0 and another corresponding to uncoordinated phosphine
appears at 6 =-23.5, suggesting that the system is dynamic in solution at room
temperature, and the phosphine ligand is weakly bound, since both ‘free’ phosphine and

free GeF,4 are seen in the NMR spectra.

If the solution of the complex is cooled to 183 K, the 3!P{*H} NMR spectrum shows a
triplet of doublets of doublets at 6 =-4.5 and a singlet at  =-27.9 in a ratio of 2:1. This is
consistent with the formation of a complex with two phosphine arms coordinated and
one free arm. ‘Free’ phosphine also appears in the NMR spectrum. The °F{*H} spectrum
at 183 K shows resonances with intensities with a 1:1 ratio. Both resonances appear as
broad multiplets at 6 =-77.7 and 6 =-110.3, similar to those found in other cis
coordinated germanium tetrafluoride phosphine complexes.” At 243 K, the couplings of
the resonances are more defined, and the resonance at 6 = - 74.4 appears as two
overlapping multiplets due to the axial fluorines being in similar but not identical

environments. The resonance at 6 =-109.3 appears as a doublet of doublet of triplets.

At room temperature in the *H NMR spectrum of this compound, there is a broad
methylene resonance at 6 = 2.69 and a methyl resonance at § = 0.87 in a 6:3 ratio; this is
consistent with fast exchange of the phosphine arms at this temperature. In the low
temperature (183 K) *H NMR spectrum, there are three sets of methylene resonances at &
=2.01, 2.79, and 2.90. The first of these corresponds to the methylene group of the free
arm (H¢), the other two correspond to the methylenes on the coordinated arms; in each
methylene group, one hydrogen points towards the other (Hy) and the second points

away (Ha) (see Figure 3.10). In the spectrum some ‘free’ phosphine is also evident.

The molecule has approximately C,y symmetry at germanium, so group theory predicts
four IR active Ge-F stretching vibrations. However, in these systems it is common for
some of the peaks to overlap, and in this case only one strong, broad peak is seen at 603

cml. Elemental analysis data is consistent with the formation of the 1:1 complex.
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Figure 3.10 — Structure of [GeF4(k?- CH3C{CH,PPh,}3)] showing the different methylene H

environments.

Following the successful formation of [GeF4(k?- CH3C{CH,PPh,}3)], the tetraphosphine
ligand, P(CH2CH,PPh;)s, was investigated. This ligand can exhibit a range of possible
coordination modes; the two possible cis isomers are shown in Figure 3.11 below. The
reaction of [GeF4(MeCN);] with P(CH2CH2PPh3); leads to the formation of the complex
[GeF4{k?- P(CH,CH2PPh,)s}] as a white solid in good yield. In the room temperature *H
spectrum, there are two broad singlets in the methylene region at 6 = 2.03 and 2.28 and
broad resonances in the aromatic region with a 1:1:6 integration, consistent with a
dynamic process occurring, which exchanges the terminal arms at room temperature.
This is also consistent with the room temperature °F{*H} NMR spectrum, where two
broad resonances are seen at & =-94.8 and -114.2. The room temperature 3!P{*H} NMR

spectrum shows broad ill-defined multiplets to high frequency of the ‘free’ ligand.
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Figure 3.11 — Two possible cis isomers of [GeF4{k?-P(CH,CH,PPh,)s}].

If the sample is cooled down to 183 K then the methylene resonances split into four
broad resonances which is consistent with k? ligand coordination. At 183 K, the ill-defined
multiplets in the 3!P{*H} NMR spectrum sharpen into three multiplets at 6 = 3.2, -12.4, -
17.6 in a ratio of 1:2:1, as shown in Figure 3.12 below, and suggesting that at this
temperature exchange is slow, and one isomer dominates. This isomer has one terminal
and the apical phosphine groups coordinated as shown in Figure 3.11a. The 3!P{*H} NMR
spectrum was also simulated using the SPINACH software package'® to confirm the
coupling scheme (with the spin system labelling in Figure 3.14); the simulated spectrum is

shown in Figure 3.13 below.
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Figure 3.12 — 3'P{*H} NMR spectrum of [GeF4(«2-P{CH,CH,PPh,}3)] at 183 K in CD,Cl,.
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Figure 3.13 — 31P{*H} NMR spectrum of [GeF4(k*-P{CH,CH,PPh;}s)] simulated using the SPINACH
package. Spin system: Jp1p3 = ./p12p3 =35 HZ; Jp3p4 =336 HZ,' ./p4p1 =./p4F2 =133 HZ; ./p3p1 = ./p3|:z =153 HZ}
Jrars =Jrara = 54 Hz; Jrars =Jrara = 54 Hz; Jrspa = 54 Hz; Jpsra= 188 Hz; Jpars = 207 Hz.
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Figure 3.14 — lllustration of the labelling for the spin system.
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The F{*H} NMR spectrum at 213 K (shown in Figure 3.15 below) corroborates this

picture. There are three main resonances in the spectrum with a relative ratio of 2:1:1,

the first is a set of triplet of triplets at 6 =-80.4 and two sets of what appear to be

doublets of quartets, but which are most probably doublet of doublet of triplets, at

6=-108.4 and -114.1.

TN " o o
i i

T T T T
-79 -80 -81 -82

Chemical Shift (ppm)

108 110 12 14
Chemical Shift (ppm)

-80

-1|00
Chemical Shift (ppm)

T
-120

Figure 3.15 — >F{*H} NMR spectrum of [GeF4{k?-P(CH,CH,PPh;,):})] at 213 K in CD,Cl,.

[GeF4(k2-P{CH,CH,PPh,}3)] has Cs symmetry, so group theory would predict four IR active

Ge-F stretching vibrations (3A’ +A”), these are seen at 508, 517, 589 and 608 cm™.

Elemental analysis data are also consistent with the formation of the 1:1 complex as

formulated.
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3.3.2 Reactivity of [GeF,(PMes);] with TMSOTf
PMe, PMe, PMey
OTf | oF o
& 3 eq. TMSOTF / CH,Cl, S 1eq. TMSOTF/ CH,Cl,
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Scheme 3.2 — Reactivity of [GeF4(PMes), with TMSOTH{.

Following the success of generating triflate complexes with tin(IV) chlorides in Chapter 2,
the reactivity of [GeFs(PMes);] with TMSOTf was investigated (see Scheme 3.2). The
reaction of [GeF4(PMes)2] with one equivalent of TMSOTf in CH,Cl; leads to the formation

of [GeF3(PMes)2(OTf)] as a white powder when isolated (structure shown in Figure 3.16).

PMe3
&\\\Fcis
Frane——G6——OTf
Fcis
PMe3

Figure 3.16 — Geometry of the complex [GeFs;(PMes),(OTf)] showing the cis and trans fluorines
(relative to OTf).

At room temperature, the 'H NMR spectrum shows a doublet at § = 1.68, which
constitutes a shift of A8 = +0.20 from [GeF4(PMe3s),], while the 3'P{*H} NMR spectrum
shows a broad singlet at 6 = +3.1, which is a shift of AS = +17.6 from the neutral complex.
At 183 K, the singlet shifts to & = +5.2 and splits into a triplet of doublets (Jpr = 192, 134
Hz) as shown in Figure 3.17 below. This suggests that at low temperature the triflate is
bound to germanium, since if it were not, a quartet would be expected (assuming a

trigonal bipyramidal geometry, like in [SnCl3(PMes),]*).1t
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In the room temperature F{*H} NMR spectrum of this compound, a sharp triflate peak is
seen at 6 =-78.7, as well as a very broad singlet at 6 =-94.0. Cooling to 183 K, a triplet of
triplets is seen at 8 = -123.5 (%Jpr = 134, 2Jir = 41 Hz) with an integral of one (corresponding
to the fluorine trans to the triflate). A triplet of doublets is seen at § = -85.9 (%Jpr = 192,
2Jee = 41 Hz) with an integral of two, corresponding to the fluorines cis to the triflate and a
singlet at 6 =-78.9 with an integral of three, corresponding to the triflate fluorines. The
trans influence of the ligands can be seen here, with the 2Jpr coupling constant being
much smaller for Firans Vs. Fes, and the chemical shift is much more positive for Fcs than
Firans. In the °F{*H} NMR spectrum there are also resonances corresponding to [FPMes]*
at 6 =-135.7 (Ypr = 936 Hz),'? which indicates that some redox process must be occurring

in solution.

The P-F coupling is only resolved for the fluorine resonances at low temperature. As the
temperature is raised above 210 K, the coupling disappears, and the peaks broaden
significantly. Eventually, the peaks merge, indicating fast exchange between the different
fluorine environments (shown by the VT **F{*H} NMR spectroscopy plot in Figure 3.18).
The exchange of the fluorine environments is probably due to triflate dissociation and
association in solution with the probable formation of a 5-coordinate cationic

intermediate ([GeFs(PMes),]*).

6 4 2 0
Chemical shift (ppm)

o

10

Figure 3.17 — 3'P{*H} NMR spectrum of [GeFs(PMe3),(OTf)] at 183 K (CH.Cl,) (as well as an

unidentified impurity at ca. 1 ppm).
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—
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Figure 3.18 — Stacked VT F{*H} NMR spectra of [GeF3(PMes),(OTf)] in CD,Cl; (triflate resonances

omitted).

Even though the [GeF3(PMes),(OTf)] complex can be isolated as a white powder, it is
unstable under inert atmosphere conditions. Over a period of 24 hours, the colour turns
from white to a dark brown, and the resulting product is insoluble in CH,Cl,, which
contrasts with the freshly prepared complex, which is freely soluble. Therefore all
spectroscopic data were measured from a freshly synthesised sample. The compound is
also unstable in solution; a CH,Cl; solution of the compound left to evaporate overnight
led to the deposition of crystals of the Ge(ll) dication salt, [Ge(PMes)s3][OTf]. (see Chapter
4) formed by reduction of the mono-triflate complex from Ge(IV) to Ge(ll), and
presumably the oxidation of PMes to [FPMes]*. This can be compared to the reaction of
GeCls with PMes in CHCl,, which also undergoes a redox process forming
[GeCl3][PMesCl],” although clearly in the [GeF3(PMes),(OTf)] case, a different process
must be occurring to completely defluorinate the germanium centre. The specifics of
[Ge(PMes)3][OTf], will be discussed further in Chapter 4. It should also be noted that
germanium tetrafluoride phosphine complexes appear to have no tendency to undergo

redox chemistry in solution.
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A CH,Cl; solution of [GeFs(PMes),(OTf)] layered with hexane and stored at -78 °C allowed
for the isolation of crystals suitable for X-ray structure determination; the structure is
shown in Figure 3.19 below. As in the tin chloride analogue (chapter 2), the triflate is
bound in the solid-state to give an octahedral geometry, this is consistent with the
geometry predicted from the low temperature NMR data. Comparing [GeFs(PMes),(OTf)]
with the related tetrafluoride complex there is a significant contraction of the d(Ge-P)
bond distances (2.3656(3), 2.3546(3) vs. 2.3718(5)) as well as a contraction in the d(Ge-F)
bond distances (1.8155(8), 1.7751(8),1.8014(8) vs. 1.8243(13), 1.8146(13)) which could
indicate that the germanium is more Lewis acidic in the monotriflate case. Notably, the
(Ge-F) distance is much shorter for F2 than for F1 and F3 due to the weaker trans effect of

the triflate ligand compared to fluorine.

Figure 3.19 — The crystal structure of [GeFs;(PMes),(OTf)] showing the atom labelling scheme. The
ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Selected
bond lengths (A) and angles (°) are: Ge1l-P1 = 2.3546(3), Ge1l-P2 = 2.3656(3) Gel—F1 = 1.8155(8),
Gel-F2 =1.7751(8), Gel-F3 = 1.8014(8), Ge1l-01 = 2.1882(9) P1-Ge1l—-P2 = 171.119(13), F1-Gel-
F3 =170.46(4), 01-Gel-F2 = 177.49(4).

The molecule has approximate C,, symmetry, so group theory would predict three IR

active Ge-F stretching modes (2 A1+ B1), however in the IR data, only two are seen with
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one of the symmetric stretches (A1) occurring at 515 cm?, there is a broader peak at
around 572 cm™ attributed to the concurrent remaining symmetric stretch (A1) and the

asymmetric stretch (B1).

To try to form a genuine [GeFn(PR3),]* cation where the triflate is not coordinated, one
approach is to use a bulkier phosphine ligand. P'Pr; was chosen for this purpose, it has a
larger Tolman cone angle than PMes (160° vs 118°),'2 which may create a more crowded
environment at Ge(IV) and therefore hinder OTf coordination. The reaction of
[GeF4('Pr3P),] with one equivalent of TMSOTf leads to the formation of [GeFs('Pr3P),][OTf].
In the room temperature 3'P{*H} NMR spectrum a quartet is seen at 6 = 46.8 (*Jpr = 152
Hz) (see Figure 3.20), which suggests that all the fluorides are in the same environment,
suggesting that the triflate is not bound in solution. The quartet remains at low
temperature (183K) which suggests that the triflate is not bound at this temperature. It is
likely that in solution the [GeFs('PrsP)2]* cation has a trigonal bipyramidal geometry (see
Figure 3.21) based on the 3'P{*H} NMR data. In the °F{*H} NMR spectrum, a triplet is seen
at 6 =-56.7, a significant shift from the tetrafluoride complex of A§ = +50.3, as well as a
sharp singlet at 6 =-79.0 (OTf) in a ratio of 1:1. The large positive shift of the fluorine
resonance suggests a large increase in positive charge in the GeFs unit, consistent with

the presence of discrete [GeFs('Pr3P)2]* cations and [OTf] anions in solution.
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T " T " T " T T T T T " 1
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Figure 3.20 — 3!P{*H} NMR spectrum of [GeFs('PrsP),][OTf] showing the quartet resonance due to
the [GeFs('PrsP),]* cation at 298 K in CD,Cl,. The impurity at ca. 41 ppm is due to protonated

phosphine.

[
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\\\‘\\\\\
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Figure 3.21 — Proposed product of the reaction of [GeF4(P'Pr3),] with TMSOTH.

Another possible approach to generate cationic complexes is the removal of further
equivalents of fluorine. The addition of two equivalents of TMSOTf to [GeF4(PMes);] in
CHCl; results in the formation of [GeF,(PMes),(OTf)2], which can be isolated as a white
powder which is stable for several weeks under inert atmosphere conditions. The *H NMR
spectrum shows a doublet resonance at 6 = 1.98, a shift of A5 = +0.5 from the
tetrafluoride complex. The room temperature 3'P{*H} NMR spectrum shows a broad peak
at & = +25.8, which constitutes a shift of A8 = +22.7 from the monocation. At 233 K, this

peak shifts to 6 = +27.8 and splits into a triplet (2/pr = 83 Hz).
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In the °F{*H} NMR room temperature spectrum, two resonances are seen, one at 8 = -
78.3 corresponding to triflate and a broad peak at 6 =-119.5 ppm corresponding to the
germanium bound fluorines. At 233 K the broad resonance at 6 =-119.5 sharpens into a
triplet at § =-122.3 (%Jpr = 83 Hz). These results are consistent with the formation of a
complex with the formulation [GeF,(PMes)2(OTf),], although the NMR spectra do not
allow differentiation between the different isomers possible with bound and unbound

triflates.

Slow evaporation of a concentrated CH,Cl; solution of [GeF2(PMes),(OTf);] leads to the
deposition of colourless X-ray quality crystals. In the asymmetric unit of the crystal
structure, there are three distinct [GeF,(PMes)2(OTf)2] units, the parameters of which are
shown in Table 3.1 below. The structure of one of the units (Gel-centred) is shown in
Figure 3.22. It has a pseudo-octahedral coordination environment with two relatively long
contacts to the oxygen atoms of the Kk!-triflates, with d(Ge-0O) = 2.375(3) A and 2.396(3) A,
which are ~0.3 A longer than the Ge-OTf bond in [GeF3(PMes),(OTf)]. The P-Ge-P bond
angle is 150.29(5)°, which deviates significantly from the 180° that would be expected for
an octahedral complex. This, together with the large F-Ge-F bond angle of 97.38(15)°,
suggests that the core GeF,(PMes); unit could be described as pseudo-tetrahedral, with
the triflates only interacting weakly. The Ge2 and Ge3 centred molecules have similar
geometrical parameters within error, although the Gel-centred molecule has a
significantly different geometry, with the closest Ge-O interaction being ~0.1 A longer.
The longer Ge-O distance could indicate a weaker interaction between the oxygen and
germanium in this unit compared with the others. This is also borne out by the decrease
of the P-Ge-P bond angles by ~6.7° and the increase in F-Ge-F bond angle by ~2.6°, which
are consistent with the central GeF,P; unit becoming more tetrahedral as the triflate
interaction weakens. The different degrees of distortion could also be due to packing

effects.

The molecule has an approximately Coy symmetry in the solid-state, therefore two Ge-F
bands would be expected in the IR spectrum (A1 + B1). Only one broad peak that could be
due to a Ge-F stretch is seen, at 573 cm%, although it is possible that both of these peaks

are coincident.
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(a) (b)

Figure 3.22 — The crystal structures of (a) [GeF2(PMes),(OTf),] showing the atom labelling scheme
(there are three independent molecules in the asymmetric unit). The ellipsoids are drawn at the
50% probability level and H atoms are omitted for clarity and only the closest oxygen of the triflate
is drawn as an ellipsoid for clarity. Selected bond lengths (A) and angles (°) are: Gel-P1 =
2.3100(12), Gel-P2 = 2.3074(12), Gel-F1 = 1.747(3), Gel-F2 = 1.748(3), Gel---01 = 2.374(3),
Gel--02 = 2.396(3) P1-Gel-P2 = 150.29(5), F1-Gel-F2 = 97.40(14); (b) [GeCly(AsEts),(OTf)2]
showing the atom labelling scheme. The ellipsoids are drawn at the 50% probability level and H
atoms are omitted for clarity and only the closest oxygen of the triflate is drawn as an ellipsoid for
clarity. Selected bond lengths (&) and angles (°) are: Gel-Asl = 2.4048(4), Gel-As2 = 2.4169(4),
Gel-Cl1=2.1453(7), Gel-Cl2 = 2.1602(7), Gel--01 = 2.6848(19), Gel--02 = 2.7436(19) , As1-Gel—
As2 = 125.186(16), Cl1-Gel1—CI2 = 101.36(3).

Table 3.1 — Geometric parameters for the different units in the structure of [GeF,(PMes),(OTf),]

[GeF,(PMes),(OTf),] units | Ge-1 centred Ge-2 centred Ge-3 centred
Ge-P 2.3074(12) 2.3154(12) 2.3126(12)
2.3100(12) 2.3173(12) 2.3146(12)
Ge-F 1.747(3) 1.757(3) 1.760(3)
1.748(3) 1.762(2) 1.759(3)
P-Ge-P 150.29(5) 156.92(5) 157.11(5)
F-Ge-F 97.40(14) 94.85(13) 94.78(13)
Ge-0 2.374(3) 2.254(3) 2.239(4)
2.396(3) 2.301(4) 2.309(3)
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In a similar experiment the reaction of GeCls:2TMSOTf:2AsEt3 in CH,Cl; led to a mixture of
products, when the mixture is layered with hexane colourless crystals of
[GeCl,(AsEts)2(OTf),] form. The structure of this complex is similar to that of
[GeF2(PMes),(OTf);], although the contacts between the triflates and the germanium
centre are significantly longer (2.7433(19) and 2.684(2) A) than for the fluoride complex,
indicating that the Ge-OTf interaction is even weaker in this complex. The As-Ge-As angle
is 125.308(17)°, and the CI-Ge-Cl bond angle is 101.30(3), significantly closer to ideal
angles for a tetrahedral molecule than an octahedral one. NMR data from these crystals
suggest that a mixture of products form, including the redox products, [AsEtsCI(OTf)] and
[AsEts(OTf),].

The addition of three equivalents of TMSOTf to [GeFs(PMes);] in CH,Cl; leads to the
formation of [GeF(PMes),(OTf)s] as a stable white solid. In the *H NMR spectrum, a
doublet of doublets is seen at 6 = 2.08, with Ab = +0.6 from the tetrafluoride, consistent
with the general trend of increasing chemical shift upon replacing fluorides with triflate
and an increase of positive charge at the germanium centre. The room temperature
31p{IH} NMR spectrum shows a sharp doublet at § = 32.4 (%Jpr = 75 Hz), confirming that
only one fluorine is bound to the germanium centre. The room temperature °F{*H} NMR
spectrum shows a sharp triplet resonance at -107.2 (%Jpr = 75 Hz) as well as two broad
triflate resonances. The relative ratio of the integrals for the germanium fluoride
resonance to the triflate resonances is 1:9, consistent with the formulation of three
triflate units per germanium. If all triflates remain coordinated in the solid-state and the
phosphine ligands remain trans to each other, then the molecule can be assumed to have
Cav symmetry; this would mean in the IR, only one Ge-F stretching band would be

expected with A; symmetry which is seen at 510 cm™.
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Table 3.2 — Selected multinuclear data for complexes of the form [GeFs.n(PMes),(OTf),] for n =0,

1, 2, 3 and [GeF4.n(P'Prs),][OTfl,n =0, 1)

Compound 531P{*H}/ppm | & *°F{*H}/ppm 2J(31p-1F)/Hz | 2J(*9F-1°F)/Hz
trans-[GeFa(PMes),]” (298 K)  |-12.4 (quintet) |-96.9 (t) 196 -
[GeF3(PMes),(OTH)] (183 K) 5.16 (td) -85.9 (td), -123.5 (tt) |192, 134 41
[GeF(PMes),(OTH),] (233K) | 27.4 (1) -122.3 (1) 83 -
[GeF(PMes),(OTf)s] (298 K) 32.4 (d) -107.2 (t) 75 -
[GeF4(PPrs),] (183 K) 27.9 (quintet)  |-107.2 (t) 160 -
[GeF3(PPrs),][OTf] (298 K) 46.8 (q) -56.7 (t) 152 -

2non-triflate resonances

There is a monotonic increase in the 31P{*H} chemical shift as the fluorides are replaced by

triflates (see Table 3.2), which could indicate an increase of positive charge at the

germanium centre, and there is also a monotonic decrease in the 2Jpr coupling constant

with increased triflate incorporation. Two main factors affect the fluorine chemical shifts;

one is the trans influence of the ligand, with the fluorines trans to fluorine being much

more deshielded compared to those trans to triflate (best exemplified by

[GeFs(PMes)2(OTf)]). The second factor is the number of fluorines that have been

exchanged for triflate; the more fluorines that have been exchanged, the more positive

the chemical shift.
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Table 3.3 — Selected geometric parameters for complexes of the form [GeFs.n(PMes),(OTf),] for n

=0, 1, 2 and [GeCl4(AsEts),] and [GeCly(AsEts),][OTf],

Complex d(Ge-E) (E=P or As) | d(Ge-X) (X=F or Cl) | E-Ge-E angle | Range of C-E-Cangles®
/A /A /° /°
[GeFs(PMes)s] 2.3717(6) 1.8158(13) 180.0 105.83(13)-106.93(11)
1.8240(13)
[GeFs(PMes),(OTf)] |2.3655(3) 1.8015(7)(cis) 171.122(11) |106.27(6)-109.00(6)
2.3546(3) 1.8149(7) (cis),
1.7753(7) (trans)
[GeF,(PMe3s),(0Tf),] |2.3074(12) 1.747(3) 150.29(5) 107.0(2)-110.9(3)
2.3100(12) 1.748(3)
[GeCls(AsEts),] 13 2.4904(9) 2.3233(19) 180.0 105.1(4)-106.4(4)
2.3296(19)
[GeCl,(AsEts),][OTf], |2.4048(4) 2.1453(7) 125.186(16) |105.79(12)-113.81(12)
2.4169(4) 2.1602(7)

2 C-P-C angle of free PMe; = 99.46°, C-As-C angle of free AsEt; = 98.50°

For the phosphine complexes, as the fluorides are replaced by triflates, there is a

decrease in the Ge-P and Ge-F bond distances (see Table 3.3). This is consistent with an

increase in positive charge and Lewis acidity at the germanium centre. This is also

supported by the increase in the average C-P-C bond angle of the phosphine ligand going

down the series, with the bond angle in the bis-triflate complex being almost 10° larger

than in the free ligand and almost 3° larger than the neutral complex. The same trends

are seen with the germanium chloride arsine complexes.
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3.33 Reactivity of germanium fluoride complexes bearing multidentate phosphines with

TMSOTf

OTf

P, OoTf
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Scheme 3.3 — Reactivity of germanium fluoride complexes bearing bidentate phosphine ligands

with TMSOTf.

The reaction of [GeFs{o-CsHa(PMe3),}] with one equivalent of TMSOTf in CHCl; leads to
the formation of [GeFs{o-CsHa(PMe2)2}(OTf)] (see Scheme 3.3). In the *H NMR spectrum
the methyl resonance appears at 6 = 1.90, with Ad = +0.09 from the tetrafluoride adduct.
With one triflate bound, two isomers are possible, one where the fluorines are mer
disposed and another where they are fac disposed (see Figure 3.23 below). Multinuclear

NMR spectroscopy can be used to differentiate these.

F F
PI,',' 0, \‘\\\\ F Pll,l' ', \\\‘\\\\ F
:..G o o /#. G eo\
| oy P F
F oTf
mer fac

Figure 3.23 — The two possible isomers of the complex [GeFs{o-CsHi(PMe,),}(OTf)] with the

triflates bound.
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The F{*H} NMR spectrum of [GeFs{o-CsHa(PMe2)2}(OTf)] at 183 K (shown in Figure 3.24
below) has a resonance at 6 =-109.5, which appears as a doublet of doublet of doublets
with two different 2Jpr couplings and one %Ji coupling, together with a triplet of triplets at
& =-123.7 with one %Jpr coupling and one %Jge. The 3P{*H} NMR spectrum at 183 K has a
resonance at § = -24.1, which is a doublet of doublet of doublets with three different 2Jp¢
couplings. This indicates that there is only one phosphorus chemical environment (though
they are magnetically inequivalent). These data are consistent with the fac isomer being

the predominant species in solution at this temperature.

T T T T
-123.0 -1235 -124.0 1245
Chemical shift (ppm)

T T T
<109.0 -109.5 -110.0

Chemical shift (ppm)

I
T T T T T T T T
-80 -90 -100 -110 -120 -130

Chemical shift (ppm)

Figure 3.24 — °F{*H} NMR spectrum of [GeFs{0-CsHa(PMe,),}(OTf)] at 183 K (CD,Cl,).

A CH,Cl; solution of this complex layered with hexane led to the deposition of single
crystals of the Ge(ll) species, [Ge{o-CsHa(PMe;)2}(OTf)][OTf]. The reduction of the
germanium centre from Ge(lV) to Ge(ll), with concomitant complete defluorination, also
occurred with the PMejs system. It should be noted that there is no propensity for the

neutral tetrafluoride complexes to undergo the same reactivity.

The structure of [Ge{o-CcHa(PMe;)2}(OTf)][OTf] is shown below in Figure 3.25; one of the
triflates is coordinated to the germanium centre with a bond length of 2.092(2) A, well
within the expected distance for a Ge-OTf bond. There are two longer contacts to weakly

interacting triflates at 2.650 A and 2.974 A, completing an approximately five-coordinate
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geometry around the germanium. The complex exists as a weakly associated dimer in the
solid-state and appears to have a similar geometry to the previously reported complex,
[GeCl(Me,P(CH2),PMe3)][OTf], although the crystal data for this has not been published,

so more detailed comparisons cannot be made.**

(a) (b)

Figure 3.25 — (a) The structure of [Ge{o-CsHi(PMe;),}(OTf)][OTf] showing the atom labelling scheme
and (b) the weakly associated dimer arrangement. The ellipsoids are drawn at the 50% probability
level and H atoms and a CH,Cl, solvent molecule are omitted for clarity. Selected bond lengths (A)
and angles (°) are: Gel-P1 = 2.4321(5), Gel-P2 = 2.4580(6), Ge1-01 = 2.0968(15), Gel::02 =
2.6438(17), P1-Ge1-P2 = 81.469(18).

The addition of two equivalents of TMSOTf to [GeF4{o-C¢Ha(PMe3),}] in CH,Cl; led to the
formation of the complex, [GeF2{0-CsHa(PMe3),}(OTf);]. Here the methyl resonance shifts
to 6 =2.03, i.e. A6 = +0.13 from the monotriflate complex. In this system, there are three

possible isomers if the triflates are bound, shown in Figure 3.26 below.
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Figure 3.26 — The three possible isomers of [GeF,{0-CcHs(PMe3),}(OTf),].

The room temperature *F{*H} NMR spectrum shows a doublet of doublets at § = -100.6,
while correspondingly, the room temperature 3!P{*H} NMR spectrum shows a doublet of
doublets at § = -23.2, with the same coupling constants (2Jpr = 121, 74). This is consistent
with the third isomer being present in solution at room temperature. However, there is
also another species in the 3'P{*H} NMR spectrum appearing as a broad triplet at § = -
19.8, which could be either isomer 1 or 2 depending on the magnitudes of 2Jpr. At 183 K,
another set of resonances appear in the **F{*H} NMR spectrum at § = -111.0, which
appears as a triplet of doublets, which would be consistent with the second isomer being
present at this temperature, although there is no corresponding doublet of doublet of
doublets. There is however a broad doublet of doublets at 6 =-96.7, which is in a 1:1 ratio
with the doublet of triplets. The broadness of both these multiplets, suggest that the
couplings may not be fully resolved at these temperatures and hence a definitive

assignment is not possible.

Crystals of [GeF,{0-CsHa(PMe3)2}(OTf)2] were grown from a CHCl; solution of the complex
layered with hexane, the structure of which is shown in Figure 3.27 below. In the
structure, the triflates are trans to each other and the fluorines are cis; this is consistent

with the room temperature 3'P{*H} and *°F{*H} NMR data.
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Figure 3.27 — The structure of [GeF2{o-CcHa(PMe3),}(OTf),] showing the atom labelling scheme.
The ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Selected
bond lengths (A) and angles (°) are: Ge1-P1 = 2.4033(16), Ge1-P2 = 2.3814(17) Gel—F1 = 1.751(4),
Gel-F2 =1.766(4), Ge1-01 = 1.949(5), Ge1-02 = 2.018(5), P1-Ge1-P2 = 86.33(6), 01-Gel1-02 =
172.4(2), F1-Ge1-F2 = 92.51(14).

Addition of three equivalents of TMSOTf to [GeF4{0-Ce¢Ha(PMe3),}] in CH,Cl; leads
predominately to the formation of [GeF{0-CsHa(PMe3),}(OTf)s3]. There are two possible

isomers in which the triflates are bound, shown in Figure 3.28 below.

OTf F
P/,,,,"" ‘\\\\\\F P//,,,"' “\‘\\\\OTf
" e"“‘ e, G
P/ \OTf P/ \OTf
OTf OTf
mer fac

Figure 3.28 — The two possible isomers of [GeF{o-CsH4(PMe;),}(OTf)s].

In the room temperature *F{*H} NMR spectrum, there is a triplet at 6 =-94.0 (%Jpr = 73
Hz), and in the 3'P{*H} NMR spectrum, there is a doublet at § =-13.5 (2Jpr = 73 Hz), this is

consistent with the fac isomer being the major product in solution. There are also a
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number of smaller doublets seen in the NMR spectrum, one of them being close to the
main peak at § = -12.5 (%Jpr = 69 Hz). For this compound the speciation in solution is
complex with several forms present. In the **F{*H} NMR spectrum, another triplet is also
seen at & =-91.1 (%Jpr = 69 Hz), which could indicate the presence of a species of the form
[GeF{CsHa(PMe,),}(OTf)n][OTf]3-n), the ratio of the minor and major species is 1:10. The H
NMR spectrum is complicated in the methyl region, again indicating that several species
are present; this is unsurprising, as based on the geometry of the complex below, each
methyl group is in a slightly different environment, though the ratio of methyl:aromatic
resonances is still 12:4 as expected. A CH,Cl; solution of the complex layered with hexane
leads to the deposition of crystals. X-ray structure determination (shown in Figure 3.29)
of one of these crystals shows that the solution geometry of the major product is

maintained in the solid state, found to be [GeF{0-CsHa(PMe;),}(OTf)s].

Figure 3.29 — The crystal structure of [GeF{o-CsHs(PMe;),}(OTf)s] showing the atom labelling
scheme. There are two [GeF{0-CsH4(PMe,),}(OTf)s] in the asymmetric unit and only one is shown.
The ellipsoids are drawn at the 50% probability level and H atoms and a CH,Cl; solvent molecule
are omitted for clarity. Selected bond lengths (A) and angles (°) are: Ge1-P1 = 2.3900(9), Ge1l-P2 =
2.3840(9) Gel-F1 = 1.7681(18), Ge1l-01 = 1.948(2), Gel-02 = 1.939(2), Ge1-03 = 1.917(2), P1-
Gel-P2 =86.54(3), 02-Ge1-03 = 83.67(10), 01-Gel-F1 = 176.27(9).
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The reaction of [GeF4{Ph2P(CH;).PPh;}] with one equivalent of TMSOTf in CH,Cl, leads to
the formation of [GeFs{Ph,P(CH2)2PPh,}(OTf)]. In the *H NMR spectrum of the complex,
there is a singlet resonance in the methylene region at 6 = 2.95; this constitutes a shift of
AS = +0.24 from the neutral complex, and as expected, the ratio of methylene:aromatic
integrals is 1:5. The multinuclear NMR data show that there is a complicated mixture of
isomers or other reaction products, possibly due to greater lability and poorer donor
power as compared to 0-C¢Hs(PMe3), discussed above, so the discussion will focus on

crystallographic data.

Crystals of this compound were grown from layering a CH,Cl; solution of the complex

with hexane, the structure of the complex is shown in Figure 3.30 below.

Figure 3.30 — The crystal structure of [GeFs{Ph,P(CH,),PPh,}(OTf)] showing the atom labelling
scheme. The ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity.
Selected bond lengths (A) and angles (°) are: Ge1-P1 = 2.4294(10), Ge1l-P2 = 2.4321(11), Gel-F1
=1.791(2), Gel-F2 = 1.762(2), Ge1l—F3 = 1.775(2), Ge1-0O1 = 1.966(3), P1-Ge1-P2 = 85.48(3), F1-
Gel-F3 = 173.68(10), P1-Ge1-01 = 177.74(8), P2-Ge1-F2 = 173.04(8).
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In the structure of [GeF3{Ph,P(CH2).PPh,}(OTf)], the diphosphine ligand is bonded in a cis
configuration, and the fluorines are arranged in mer configuration. This is in contrast to
[GeF3{o-CsHa(PMe2),}(OTf)] where the solution NMR data suggest that the configuration

in this compound is fac.

From the same batch of crystals, a crystal of [GeF,{Ph,P(CH3),PPh,}(OTf),] was also found.
The structure of this complex is shown in Figure 3.31 below. The geometry of the
compound is analogous to the 0-CcHa(PMe3), complex above, with the fluorides trans to
the phosphine ligand and the triflates trans to each other. In an attempt to prepare a bulk
sample of this complex, [GeF4{Ph,P(CH2),PPh,}] was reacted with two equivalents of
TMSOT(, which led to the formation of a white precipitate that was insoluble in
chlorocarbon solvents, precluding useful NMR data from being obtained. However, in the
IR spectrum of the compound, there are two peaks in the Ge-F region at 502 and

527 cm?, as well as peaks corresponding to triflate, which suggests the target complex
has indeed formed. Elemental analysis supports the formulation as

[GeF2{Ph2P(CH2),PPh2}(OTf)].

Figure 3.31 — The structure of [GeF.{Ph,P(CH2),PPh,}(OTf),] showing the atom labelling scheme.
The ellipsoids are drawn at the 50% probability level and H atoms and a CH,Cl; solvent molecule

are omitted for clarity. Selected bond lengths (A) and angles (°) are: Ge1-P1 = 2.4249(9), Gel—F1 =
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1.768(2), Ge1l-01 = 1.948(2), P1-Ge1-P1 = 86.29(4), F1-Ge1—F1 = 91.57(15), 01-Ge1-01 =
173.30(14); symmetry operation: (3/2-X,3/2-Y,+Z).

Table 3.4 — Selected geometric parameters for complexes with bidentate phosphines

Ge-P/A Ge-F/A P-Ge-P/° |Ge-O/A
[GeF4{o-CsHa(PMe),}] 2.4273(12) |1.815(2) 85.61(4) |-
2.4273(11) |1.809(2) (cis)
1.765(2)
1.772(2) (trans)
[GeF{0-CsHa(PMe,),}(OTF),] |2-4033(16) |1.751(4) 86.33(6) | 1.949(5)
2.3814(17) |1.776(4) 2.018(5)
[GeF{0-CsHa(PMe,),}(OTf)s] |2-3900(9)  |1.7681(18) 86.54(3) |1.948(2)
2.3840(9) 1.939(2)
1.917(2)
[GeF4{Ph,P(CH,),PPh,}] 2.4636(7)  |1.7692(14) (trans) | 84.08(2) |-

2.4822(7) |1.7731(14)
1.7829(13) (cis)
1.7987(14)
[GeF3{Ph,P(CH,),PPh,} (OTf)] |2-4294(10) |1.791(2) 85.49(3) |1.965(3)
2.4321(11) |1.775(2) (cis)
1.762(2) (trans)
[GeF»{Ph,P(CH,),PPh,}(OT),] | 2.4217(6)  |1.7641(11) 86.25(2) |1.934(7)

As Table 4.3 shows, there is a decrease in d(Ge-P) as more fluorides are replaced by
triflates, whereas d(Ge-F) does not vary much with the number of fluorides present. A
small increase in the P-Ge-P bond angles occurs as fluoride are sequentially removed. The
d(Ge-0) are much shorter for the bidentate phosphine complexes when compared to the
monodentate phosphine complexes, indicating that the triflates are bound more strongly

in the former.
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34 Conclusions

The chapter shows that neutral phosphine complexes of GeF4can be extended to the
higher denticity CH3C(CH2PPh;), and P(CH,CH;PPh;)s ligands. In both cases, the pendent
phosphines were not sufficiently strongly basic to displace fluoride from the germanium

centre and therefore remained uncoordinated.

[GeF4(PMes),] was shown to react with n equivalents of TMSOTf to form a new series of
complexes [GeFs-n(PMes),][OTf]n (n =0, 1, 2, 3), all of which could be isolated in high yield.
[GeFs(PMes),(OTf)] was shown to be unstable in solution with respect to reductive
defluorination to form the Ge(ll) dication, [Ge(PMes)3][OTf]>. Using the bulkier 'Pr3P
allows the formation of [GeFs('PrsP),][OTf], containing a germanium trifluoride bis-

phosphine mono cation.

The diphosphine complex [GeFs{o-CsHi(PMe3),}] was shown to react with n equivalents of
TMSOTTf to generate the series [GeFan{o-CsHa(PMe2)2}][OTf]n (N =0, 1, 2, 3), but here the
diphosphine occupies mutually cis coordination sites. The complex [GeFs{o-
CeHa(PMe;)2}(OTf)] was shown to be unstable in solution and from a CHCl; solution of
this complex, crystals of [Ge{(0-CsHa(PMe3)}(OTf)][OTf] deposited featuring a Ge(ll)
monocation, which is thought to proceed through a reductive defluorination mechanism.
The reaction of [GeF4{Ph,P(CH2)2PPh,}] with TMSOTf leads to the formation of the
complexes [GeFs{Ph,P(CH,).PPh,}(OTf)] and [GeF,{Ph2P(CH;).PPh,}(OTf),] which were

characterised by X-ray crystallography.
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3.5 X-Ray Crystallographic Data

Table 3.5 — X-ray crystallographic data®

Complex [GeFa(PMes),] | [GeFa{CH3C(CH2PPh,)s}] [GeF3(PMes),(OTf)] | [GeF2(PMes),(OTf),]
-CH,Cl,

Formula CeH1sF4GeP; Ca2Ha1ClyF4GePs CyH13FsGeOsP,S Ca4Hs4F24Ge3015P6Se

M 300.73 858.15 430.84 1682.725

Crystal system monoclinic monoclinic orthorhombic triclinic

Space group (no.) P21/n (14) P2:/n (14) Pbca (61) P-1(2)

a/A 6.1467(2) 13.9614(2) 11.3324(1) 9.3701(3)

b /A 10.1678(4) 12.9040(2) 11.7241(1) 15.5931(6)

c/A 9.5754(3) 21.6728(3) 23.5687(3) 21.5703(7)

a/° 90 90 90 93.050(3)

B/° 91.210(3) 96.8620(10) 90 94.382(3)

v/° 90 90 90 91.974(3)

U /A3 598.31(4) 3876.56(10) 3131.39(6) 3135.60(19)

V4 2 4 8 2

w(Mo-Kq) /mm? 2.838 1.102 2.359 1.909

F(000) 305 1760 1734 1685

Total number reflns 6990 48266 80977 57396

Rint 0.033 0.029 0.041 0.067

Unique reflns 1509 13630 5222 19099

No. of params, restraints | 64, 0 470,0 187,0 849,0

GOF 1.036 1.029 1.060 1.026

R1, WR; [I > 20(1)]° 0.030,0.069 | 0.039, 0.076 0.021, 0.049 0.071, 0.190

R1, WR; (all data) 0.037,0.074 | 0.055, 0.081 0.027, 0.050 0.113,0.217
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Complex [GeCl,(AsEts),][OTf], |[GeF,(0-CeHa(PMe,),)(OTf),] |[GeF(o-
CsHa(PMe,),)(OTf)3]-0.3CH,Cl,

Formula C14H30As,CloFsGe06S, | C12H16FsGeOeP2S, Cs2.6Hes.2Cl1.2F20Ge4036PsS12

M 765.83 606.90 2998.82

Crystal system triclinic orthorhombic monoclinic

Space group (no.) P-1(2) P2,2,2; (19) 12 (5)

a/A 9.6136(3) 8.49904(14) 17.7401(2)

b /A 9.7490(4) 15.8315(3) 9.08810(10)

c/A 15.2210(5) 16.3349(4) 33.6730(3)

a/° 104.887(3) 90 90

B/° 101.440(3) 90 100.2150(13)

v/° 97.269(3) 90 90

U /A3 1327.35(8) 2197.90(8) 5342.84(10)

V4 2 4 2

w(Mo-Kg) /mm? 4.057 1.823 1.642

F(000) 760 1208 2978

Total number reflns 22109 71065 72764

Rint 0.060 0.071 0.039

Unique reflns 8925 6832 15790

No. of params, restraints | 304, 0 284,0 707, 1

GOF 1.029 1.131 1.037

R1, WR; [I > 20(1)]P 0.042, 0.081 0.061, 0.143 0.032, 0.066

R1, WR; (all data) 0.059, 0.088 0.069, 0.146 0.038, 0.068
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Compound [GeF3{Ph,P(CH,),PPh,}{OTf)] | [GeF,{Ph,P(CH,),PPh,}(OTf),] | [Ge{o-CsH4(PMe;),}(OTf)]
-CH,Cl, -CH,Cl, [OTf]-1/3CH,Cl,

Formula CasH26Cl,FsGeOsP,S Ca9H26Cl,FsGeOgP,S: Ci12.34H16.66Clo.67FsGe06P2S2

M 761.98 892.05 597.210

Crystal system monoclinic orthorhombic triclinic

Space group (no.) Pn (7) Pccn (56) P-1(2)

a/A 10.22780(19) 11.5994(2) 8.5322(2)

b /A 12.3841(2) 20.7200(4) 12.5345(4)

c/A 12.2598(2) 14.7520(2) 12.6057(3)

a/° 90 90 64.833(3)

B/° 94.8064(16) 90 70.313(3)

v/° 90 90 71.230(3)

u/A 1547.39(5) 3545.49(10) 1123.35(7)

z 2 4 2

w(Mo-Kg) /mm™? 1.400 1.327 1.847

F(000) 768 1766 598

Total number reflns | 21335 105333 30424

Rint 0.042 0.093 0.053

Unique reflns 8585 6229 7059

No. of params, 388, 2 271,0 318,0

restraints

GOF 1.015 1.163 1.035

R1, WR; [I > 20(1)]® 0.039, 0.065 0.048, 0.100 0.038, 0.084

R1, WR; (all data) 0.049, 0.069 0.062, 0.105 0.049, 0.088

2 Common items: T = 100 K; wavelength (Mo-K,) = 0.71073 A; 8(max) = 27.5% ° Ry = 2| | Fo |- | Fe| | /2| Fo|;

WR=[EW(Fo2-F2)2/2WF,4Y2

CCDC Numbers: [GeF4(PMes)2] (2113230), [GeFs(PMes),(OTH)] (2113231),

[GeF2(PMes)2(0Tf),] (2113232), [GeFa{o-CeHa(PMe2)2}(OTH),] (2113233),

[GeF{o-CsHa(PMe3),}(OTf)3] (2113234), [GeCla(AsEts),][OTf]> (2113235),

[Ge{o-CeHa(PMe2)2}(OTH)][OTF] (2113236), [GeFs{Ph2P(CH2)2PPh,}(OTf)] (2113237),

[GeF4{k?-CH3(CH2PPh;)3}] (2113415), [GeF2{Ph,P(CH,)2PPh,}(OTf),] (2113416)
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3.6 Experimental

Refer to appendix A for sources of reagents, solvents and drying procedures, instrument
specifications and references for NMR spectroscopy. [GeFs(PMes),], [GeFs{o-CcHa(PMe3),}] and

[GeF4(Ph,P(CH,),PPhs}] were made using literature methods.’

[GeF4(P'Prs),]: To a suspension of [GeF4(MeCN),] (0.540 g, 2.34 mmol) in CH,Cl, (5 mL) PPPr3 (0.750
g, 4.68 mmol) was added as a solution in CH,Cl, (2 mL) and the reaction mixture stirred for 2 h to
yield a clear colourless solution. The volatiles were removed in vacuo to leave a white solid which
was washed with hexane (3 x 10 mL) and dried in vacuo. Yield: 0.941 g (76%). Satisfactory analytical
data could not be obtained despite repeated attempts on different samples, with the elemental
compositions varying from sample to sample. IR (Nujol/cm™): v = 590s (Ge-F). 'H NMR (CD,Cl,, 298
K): & = 1.33 (dd, 3w = 15 Hz, Jpn = 7 Hz, [6H], CH3), 2.38 (m, [1H], CH), °F{*H} NMR (CD,Cl,, 298 K):
& =-65.0 (s, GeF); (183 K): § =-62.9 (t, 2Jor = 162 Hz, GeF) **P{*H} NMR (CD,Cl,, 298 K): 6 = 24.6 (s);
(183 K): 6 = 24.9 (quint, Yps = 162 Hz).

[GeFs(PMes),(OTf)]: To a solution of [GeF4(PMes),] (0.100 g, 0.33 mmol) in CH,Cl, (2 mL), a solution
of TMSOTf (0.074 g, 0.33 mmol) in CH,Cl, (2 mL) was added dropwise to form a clear solution. The
reaction was stirred for 2 h, when the volatiles were removed in vacuo leaving a solid that was
washed with hexane (3 x 10 mL) and dried in vacuo to form a white powder. Yield: 0.080 g (56%).
Required for C;H1sFsGeOsP,S (430.86): C, 19.5; H, 4.2. Found: C, 19.6; H, 4.3%. IR (Nujol/cm™): v =
572m, 515m (Ge-F). 'H NMR (CD,Cly, 298 K): & = 1.68 (d, ¥up = 13.2 Hz, CH3). °F{*H} NMR (CD,Cl,,
298 K): & =—94.7 (br, [3F], GeF), —=78.76 (s, [3F], OTf); (183 K): & = —123.4 (tt, Upf(trans-otn = 134 Hz, Uge
= 41 Hz, [F] GeF), —85.9 (td, Upr(as.oty = 192 Hz, Uge = 41 Hz, [2F], GeF), —78.9 (s, [3F], OTf). 31P{*H}
NMR (CD,Cly, 298 K): & = 3.1 (br s); (183 K): & = 5.2 (td, Ypr(cis-otr) = 192 Hz, *Jpr(trans-or = 134 Hz).

[GeF:(PMes),(OTf),]: Method as above using [GeFs(PMes),] (0.100 g, 0.33 mmol) and TMSOTf
(0.148 g, 0.66 mmol). White solid. Yield: 0.140 g (75%). Required for CsH1sFsGeOgP,S; (560.63): C,
17.1; H, 3.2. Found: C, 17.0; H, 3.3%. IR (Nujol/cm™): v = 573m (Ge-F). *H NMR (CD,Cl,, 298 K): 1.96
(m); (233 K): & = 1.98 (d, Yp = 12 Hz, CHs). °F{*H} NMR (CDCl,, 298 K): & = -119.5 (br s, [2F], GeF),
-78.3 (s, [6F], OTf); (233 K): 6 =—122.3 (t, %Jpr = 83 Hz, [2F], GeF), —78.3 (br, [6F], OTf). 3!P{*H} NMR
(CD5Cl,, 298 K): 6 = 25.8 (br); (233 K): & = 27.8 (t, Ypr = 83 Hz).
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[GeF(PMes),(OTf)s]: Method as above using [GeF4(PMes),] (0.100 g, 0.33 mmol) and TMSOTf (0.222
g, 1.00 mmol). White solid. Yield: 0.175 g (76%). Required for CsH15F10GeOqP,S; (691.00): C, 15.6; H,
2.6. Found: C, 15.8; H, 2.6%. IR (Nujol/cm™): v =583m (Ge-F). *H NMR (CD,Cl,, 298 K): & = 2.03 (dd,
2jup = 13.8 Hz, Yy = 1 Hz. CH3). 9F{*H} NMR (CDzCl,, 298 K): 6 = —107.2 (t, Ypr = 75 Hz, [F], Ge-F), —
77.6 (br s, OTf), =78.1 (br s, OTf, total OTf integral [9F]),. 3'P{*H} NMR (CD,Cl,, 298 K): 6 = 32.3 (d,
2Jpr = 75 Hz).

[GeFs(P'Prs),][OTf]: Method as above using [GeF4(P'Prs),] (0.100 g, 0.33 mmol) and TMSOTf (0.074
g, 0.33 mmol). White powder. Yield: 0.188 g (48%). Required for CisHs2FsGeOsP,S-1/2CH,Cl,
(629.63): C, 35.3; H, 6.9. Found: C, 35.3; H, 6.9%. IR (Nujol/cm™): v =572m (Ge-F). *H NMR (CDCl,,
298 K): & = 1.43 (dd, 3/ = 16 Hz, 3Jpy = 7 Hz, [6H], CHs), 2.69 (m, [1H], CH). 2°*F{*H} NMR (CD,Cl,, 298
K): & ==79.0 (s, [3F], OTf), =56.7 (t, Ypr = 153 Hz, [3F], GeF). 3P{*H} NMR (CD-Cl,, 298 K): & = 46.8
(9, Ypr = 153 Hz).

[GeFs{o-C¢Ha(PMes)}(OTF)]: Method as above using [GeFs{o-CsHa(PMes),}] (0.100 g, 0.29 mmol)
and TMSOTf (0.064 g, 0.29 mmol) and stirring for 30 mins. White solid. Yield: 0.084 g (61%).
Required for C11H16FsGeOsP,S (476.86): C, 27.7; H, 3.4. Found: C, 27.5; H, 3.6%. IR (Nujol/cm™): v =
518m, 579m, 602m (Ge-F). 'H NMR (CD2Cl, 298 K): 6 = 1.90 (m, [12H], CHs), 7.84 (m, [4H], ArH).
19F{'H} NMR (CD,Cl,, 298 K): & = -113.3 (br s, GeF), -78.3 (s, OTf); (183 K): & = —123.7 (tt, Upr = 94 Hz;
2Jee = 43 Hz, [1F], GeF), —109.5 (ddd, %Jpe = 135, 76 Hz; 2 = 43 Hz, [2F], GeF), -78.3 (s, [3F], OTf).
31P{*H} NMR (CD,Cl,, 298 K): 6 =—=24.1 (br s); (183 K): 6 =-23.1 (ddd, %Jpr = 135, 94, 76 Hz).

[GeF,{o-CcHa(PMes)}(OTSF):]: Method as above using [GeFs{o-C¢Hs(PMes),}] (0.100 g, 0.29 mmol)
and TMSOTf (0.128 g, 0.58 mmol) and stirring for 30 mins. White solid. Yield: 0.102 g (58%).
Required for C12H16FsGeOgP,S,-CH,Cl, (691.84): C, 22.6; H, 2.6. Found: C, 22.7; H, 3.1%. IR (Nujol/cm"
1: v =637m (Ge-F). 'H NMR (CD,Cly, 298 K): 6 = 2.03 (m, [12H], CHs), 7.91 (m, [4H], ArH). **F{*H}
NMR (CD1Cl,, 298 K): & = =100.5 (dd, pr = 121 Hz, 74 Hz, GeF), -78.2 (s, OTf), -77.5 (s, OTf); (183 K):
& = -77.7 (s, OTf), -78.0 (s, OTf), -78.3 (s, OTf), -79.1 (s, OTf), -101.1 (dd, ¥pr = 126, 72 Hz, GeF),
31p{1H} NMR (CD,Cl,, 298 K): & =—23.2 (dd, Upr = 121 Hz, 74 Hz); (183 K): & = -19.9 (dd, 2Jpr = 126, 72
Hz).
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[GeF{o-CcHa(PMes),}(OTf)3]): Method as above using [GeFi{o-CsHa(PMes),}] (0.100 g, 0.29 mmol)
and TMSOTf (0.192 g, 0.86 mmol) and stirring for 30 mins., then the solution was layered with
hexane (10 mL) . After 3 days at -18 "C the product crystallised. Crystals were collected by filtration,
washed with hexane (3 x 10 mL), and dried in vacuo. Yield: 0.086 g (40%). Required for
C13H16F10Ge09P,Ss3 (736.98): C, 21.2; H, 2.2. Found: C, 22.1; H, 3.8%. IR (Nujol/cm™): v = 633m (Ge-
F). 'TH NMR (CD,Cl,, 298 K): 6 =2.03 (m, CHs), 2.16 (m, CH3), 2.25 (m, CHs) (sum of methyl resonances
[12H]), 7.97 (m, [4H], ArH). **F{*H} NMR (CDCl,, 298 K): & = -77.1 (s, OTf), -77.3 (s, OTf), -77.6 (s,
OTf), -78.2 (br, OTf), -81.8 (t, Ypr = 82 Hz, GeF)*, -91.9 (t, “Jpr = 69 Hz, GeF)*, =94.0 (t, %Jpr = 73 Hz,
GeF)*. 31P{"H} NMR (CD,Cl,, 298 K): 6 = —13.5 (d, Ypr = 73 Hz)*, -8.53 (d, Upr = 69 Hz); (*= major

species; *= minor species).

[GeFs{Ph,P(CH.).PPh2}{OTf)]: Method as above using [GeFs{Ph,P(CH2).PPh,}] (0.100 g, 0.18 mmol)
and TMSOTf (0.041 g, 0.18 mmol). White solid. Yield: 0.045 g (36%). Required for Cy7H24FsGeO3P2S
(677.12): C, 47.9; H, 3.6 Found: C, 47.7; H, 3.7%. IR (Nujol/cm™): v = 519m, 526m, 573m (Ge-F). The

product was not sufficiently soluble in CH,Cl, or CD3NO; to obtain reliable solution NMR data

[GeF,{Ph,P(CH,),PPh,}{OTf),]: Method as above using [GeF4{Ph,P(CH,),PPh,}] (0.100 g, 0.18 mmol)
and TMSOTf (0.081 g, 0.36 mmol). White solid. Yield: 0.119 g (81%). Required for
CasH24FsGeOgP,S,-1/2CH,Cl, (849.60): C, 40.3; H, 3.0. Found: C, 39.9; H, 3.0%. IR (Nujol/cm™): v =
502m, 527m (Ge-F). The product was not sufficiently soluble in CH,Cl; or CD3sNO; to obtain reliable

solution NMR data.

[GeF4{k?*-CHsC(CH,PPh,)3}]: To a suspension of [GeF4(MeCN);] (0.200 g, 0.87 mmol) in CH,Cl, (2 mL),
CH3C(CH,PPh;)3 (0.541 g, 0.87 mmol) was added as a solid and the resulting solution is stirred for 2
h forming a clear colourless solution. Volatiles were removed in vacuo to yield a white solid, which
was washed with hexane (3 x 10 mL) and dried in vacuo. Yield: 0.413 g (62%) Required for
Ca1H39F4GeP3-1/2 CH,Cl, (815.70): C, 61.1; H, 4.9. Found: C, 61.2; H, 5.1%. IR (Nujol/cm™): v=517br,
603br (Ge-F). *H NMR (CD,Cl,, 298 K): & = 0.87 (s, [3H] CHs), 2.69 (br s, [6H], CH,), 7.28-7.58 (m,
ArH); (183 K): 6 = 0.73 (s, [3H], CHs), 2.01 (br m, [2H], CH,), 2.79 (br s, [2H], CH,), 2.90 (br s, [2H],
CH,), 7.28-7.58 (m, ArH). °F{*H} NMR (CDCl,, 298 K): 6 =—108.6 (br s, GeF), =72.2 (br s, GeF); (243
K): 6 = —74.4 (overlapping multiplets, [2F], GeF), —109.3 (ddt, 2Jpr = 125, 67 Hz, 2Js = 62 Hz, [2F],
GeF); (183 K): 6§ =—77.7 (br m, [2F], GeF), =110.3 (br m, [2F], GeF). 3?P{*H} NMR (CD,Cl,, 298 K): 6 =
—4.0 (brs), -23.5(s); (183 K): & =—4.5 (tdd, s = 142, 125, 67 Hz, [2P], Peoordinated), —27.9 (S, [1P], Ptree).
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[GeF4{Kk?-P(CH,CH;PPh,)3}]: To a suspension of [GeF4(MeCN),] (0.200 g, 0.87 mmol) in CH,Cl, (2 mL),
P(CH,CH,PPh,); (0.581 g, 0.87 mmol) was added as a solid and the resulting solution was stirred for
2 h to give a clear colourless solution, from which volatiles were removed in vacuo to yield a white
solid. The resulting solid was washed with hexane (3 x 10 mL) and dried in vacuo. Yield 0.408 (57%).
Required for CsHa2FsGePy (819.25): C, 61.6; H, 5.2. Found: C, 62.1; H, 5.5%. IR (Nujol/cm™): v =
508m, 517m, 589m, 608m (Ge-F)."H NMR (CD,Cl,, 298 K): 6 = 2.03 (br s, [6H], CH,), 2.28 (brs, [6H],
CH,), 7.38-7.48 (br m, [30H], ArH). *F{*H} NMR (CD,Cl,, 298 K): & = —94.8 (br s), —=114.2 (br s); (213
K): 6 =—80.4 (ddt, 2Jpe = 153, 133 Hz, *Jir = 54 Hz, [2F], GeF), —108.4 (ddt, %Jpr = 205, 2Jg = 54, 54 Hz,
[F], GeF), —114.1 (ddt, Upr = 188 Hz, 2gr = 54, 54 Hz, [F], GeF), *'P{*H} NMR (CD.Cl,, 183 K): § =-3.2
(ddtt, %Jpp = 336, Jpr = 188, 153,%Jpp = 35 Hz, [1P], Papical), —12.4 (d, 3Jpp = 35 Hz, [2P], Ptree arm), —17.6
(ddt, Ypr = 336, 207, 133 Hz, [1P], Peoordinated arm)-

Reaction of GeCl, two eq. of AsEt; and two eq. of TMSOTf

To a solution of GeCl, (0.134 g, 0.625 mmol) in CH,Cl, (2 mL), AsEt3 (0.200 g, 1.23 mmol) was
added as a solution in CH,Cl, (2 mL). To this mixture TMSOTf (0.274 g, 1.23 mmol) was added as a
solution in CHCl; (2 mL), the reaction mixture was stirred for 1 h and the solution remained
colourless. The solution was concentrated to 1 mL and layered with hexane (3 mL) and stored at
-18 °C, after a number of days a colourless crystalline material formed which was collected by
filtration and dried in vacuo to yield a white powder. Yield 0.261 g. IR (Nujol/cm™): v = 397s, 408s
(Ge-Cl), 1151m (0S0,), 1213m, 1261m (CFs). *H NMR (CD,Cl,, 298 K): & = 1.34 (br s), 1.47 (br s),
1.52 (t, 3w = 7.7 Hz), 2.15 (br's), 2.51 (br s), 2.97 (br s), 3.09 (q, 3w = 7.7 Hz), 3.12 (q, 3Jun = 7.7)
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Chapter 4
Chapter 4 Dicationic germanium(ll) complexes with

pnictine ligands

4.1 Introduction

4.1.1 Phosphine and arsine germanium(ll) complexes

The first reported complexes of germanium(ll) halides with secondary or tertiary
phosphine ligands came in 1963. It was demonstrated that Gel, would react with
equimolar amounts of secondary (e.g. PHPh;) or tertiary phosphines (e.g. PPh,Me, P"Pr
etc.) in a mixture of boiling ethylcyclohexane and xylene to form 1:1 adducts (as
determined by elemental analysis).! However, the structures of these complexes were
not determined until later, in 1975, when the structure of [GeCl,(PPhs)] was determined
by single-crystal X-ray diffraction, revealing a pyramidal geometry around the germanium
centre.? Later structural determinations of related complexes with different halides or
different phosphines have shown that this structure type is general for these 1:1 adducts,
e.g. the structure of [GeCly(PPhs)] shown in Figure 4.1 below.3 There are also a few
examples of Ge(ll) complexes with monodentate arsine ligands, [GeCl>(AsRs)] (R = Ph,

'Bu), although their crystal structures have not been determined.*

Figure 4.1 — The structure of [GeCly(PPhs)] showing the pyramidal coordination geometry.

Redrawn from Ref. 3
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Bidentate pnictine ligands can also form complexes with Ge(ll) halides. Here the choice of
ligand strongly affects the structure of the resulting product. The ligand 0-CsHa(PPh3)>
reacts with [GeCl,(dioxane)] or GeX, (X = Br, |) to form [GeX2{o-CeH4(PPh3)2}] (X = Cl, Br, 1).
The structures are very similar for this set of complexes and feature asymmetric
coordination of the bulky diphosphine ligand; the primary coordination environment can
be said to be pyramidal, e.g. for X = Cl, shown in Figure 4.2 (with a Ge-P distance of
2.5153(13)), with only a weak interaction (3.1958(15) A) with the second phosphine
group (Ereov = 2.27 A Sryaw = 3.91 AS). However, if the more strongly donating and less
sterically demanding 0-C¢Hs(PMe3); ligand is used, the ligand bonds in a symmetric
manner, so the complexes [GeX2{o-CsHa(PMe2),}] (X = Cl, Br, 1) are instead four-coordinate
around germanium with the halides trans. Examples of both these structure types are

shown in Figure 4.2 below.’

(a) (b)

Figure 4.2 — Structure of (a) [GeCl,{o-CeHa(PPh3).}] (purple dashed line indicates weak interaction)

and (b) [Gel,{o-C¢Ha(PMe3)2}] showing the different structure types. Redrawn from Ref. 7

Bidentate arsine ligands also form complexes with germanium(ll) halides. Here the
specific halide dictates the product of the reaction. The reaction of Gel, with o-
CsHa(AsMe3), in CH2Cl; leads to the formation of [Gelx{o-CeHa(AsMe3)2}], which has a
structure analogous to the phosphine complex in Figure 4.2b. However, the reaction of

[GeCl;y(dioxane)] with 0-CeHa(AsMez), forms [GeCl{o-CsHa(AsMe,)2}][GeCls], which
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features a discrete [GeCl{0-CeHa(AsMe;)2}]* monocation, the first example of such a

species.’

Recently, analogous related monocationic complexes [GeCl{Ph,P(CH2)sPPh3}][X] (X = OTf
or GeCl3’) have been synthesised; the structure of the cation is shown in Figure 4.3. 8
Clearly, in these systems the outcome of the reaction is strongly dependant on the
conditions used and the properties of the ligands; sterics and ligand architecture have

more of an influence in p-block chemistry compared to electronic effects.

Figure 4.3 — The structure of the monocation in [GeCI{Ph,P(CH,)sPPh,}][GeCls]. Redrawn from Ref.
8.

4.1.2 Dicationic germanium(ll) complexes

The discovery of the dication [Ge(2,2,2-crypt)]?* (2,2,2-crypt = 4,7,13,16,21,24-hexaoxa-
1,10-diazabicyclo[8.8.8]hexacosane) by Baines et al. spearheaded research in this area
(see Figure 4.4). It was the first example of a mononuclear p-block element carrying a
positive charge to be encapsulated within a cryptand. [Ge(2,2,2-crypt)][OTf]; was
synthesised through the reaction of [GeCI(OTf)(NHC)] (NHC = 1,3-diisopropyl-4,5-
dimethylimidazol-2-ylidene) with 2,2,2-crypt in THF yielding [Ge(2,2,2-crypt)][OTf], as a
white solid. In this complex, the nitrogen and oxygen atoms of the cryptand only interact

weakly with the germanium centre with calculated bond orders of ~0.10 (with 1.0 being a
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classical single covalent bond); the lone pair present on this cation resides in a 4s type

orbital on germanium.®

Figure 4.4 — Structure of the dication [Ge(2,2,2-crypt)]** Ge---O = 2.4856(16), Ge---N = 2.524(3).

Redrawn from Ref. 9.

Figure 4.5 — Structure of the dication [Ge(12-crown-4),]** Redrawn from Ref. 10.

Crown ethers and aza-macrocycles have also been shown to stabilise “naked”
germanium(ll) centres. The resulting geometries of these complexes are strongly
dependant on the macrocycle ring size and denticity. With 12-crown-4, as shown in Figure
4.5 above, a sandwich complex forms with the germanium being 8-coordinate with a
square prismatic geometry. In contrast, for 15-crown-5, the germanium is located in the
centre of the ring. However, in this case, the triflate anions are associated with the

germanium, so the complex is not cationic. With 18-crown-6, the germanium is located to
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one side of the ring with only four sequential crown oxygens coordinating to the
germanium centre, with the coordination sphere completed by two triflates.0!
[GeCl,(dioxane)] reacts with Mescyclam (1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane) or Mescyclen (1,4,7,10-tetramethyl-1,4,7,10-
tetraazacyclododecane) to form [Ge(Meacyclam)][GeCls], and [Ge(Meacyclen)][GeCls]s,
which both have a distorted 4-coordinate geometry at germanium. In
[Ge(Mescyclam)][GeCls]; there are two short and two long Ge-N bonds (see Figure 4.6b).
The reaction of GeBr, with Mestacn (1,4,7-trimethyl-1,4,7-triazacyclononane) leads to the
isolation of [Ge(Mestacn)][GeBrs],; here the dication has a pyramidal structure at
germanium (see Figure 4.6a). In the Mestacn, Mescyclam and Mescyclen complexes,

there are no close anion contacts, so they can be regarded as truly ionic species. The

electronic structure of these complexes has not been investigated.!%1?

(a) (b)

Figure 4.6 — The crystal structures of the dications (a) [Ge(Mestacn)]** and (b) [Ge(Mescyclam)]?,

the purple dashed line indicating weak secondary contacts. Both redrawn from Ref. 11.

Dicationic germanium(ll) complexes can also be synthesised with monodentate ligands,
the reaction of [Gely(NHC)] (NHC = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene) with
excess NHC leads to the displacement of the iodide ligands to form the salt [Ge(NHC)s][l]2
featuring a pyramidal dication with no close contacts to the iodides.® DFT calculations on

this complex suggest that the HOMO is a lone pair on the germanium centre.'® More
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recently, a four-coordinate germanium(ll) dication was isolated with isocyanide ligands.
When three equivalents of [GeCl,(dioxane)] are reacted with four equivalents of
isocyanide L (L = 2,6-dimethylphenylisocyanide) the resulting product is [GeLs][GeCls]..
The [GeL4]?* unit has a distorted tetrahedral geometry with no close contacts with the
counter anions. This is in stark contrast to the carbene complexes, where even with an
excess of ligand only three ligands are bonded. In the isocyanide complex, the lone pair is

stereochemically inactive, which also contrasts with the carbene analogue.

Interestingly, it has also been shown that germanium(ll) dications that bear a lone pair
can be used as ligands towards transition metal centres. Manjumdar et al. have shown
that the dicationic complex [GeL][OTf],, where L = 2,7-bis(2-pyridyl)-3,6-diazaota-2,6-
diene (shown in Figure 4.7), can react with AgOTf or AuOTf to form the tetracation
[Ag(Gel),(OTf)][OTf]s or the pentacation [Au(Gel);][OTf]s, respectively. In the case of
silver, one of the triflates also remains coordinated to the metal centre. This work shows
that germanium(ll) dications may see further use in stabilising highly charged metal

centres.”®

Figure 4.7 — The structure of the ligand 2,7-bis(2-pyridyl)-3,6-diazaota-2,6-diene.

4.1.3 Pyramidal main group tris-phosphine complexes

There are only a few examples of tris-monophosphine complexes of main group
elements. In group 13, two examples are known, one for gallium and one for indium, both
of the form [M(PPhs)s3]* (M = Ga, In). In both cases, the large, diffuse and weakly
coordinating [AI{OC(CFs)s3}4]” anion is used to balance the charge. The complexes are
synthesised by reaction of the requisite metal and Ag[AI{OC(CFs)s}4] in 0-CsHaF> and
toluene to isolate [M(toluene)][AI(OC(CFs)3)a], which then react with three equivalents of
PPhs to yield the complexes [M(PPhs)3][Al(OC(CF3)s3)a]. The structure for M = Ga is shown

in Figure 4.8b below and reveals the pyramidal geometry around the gallium centre.'®%’
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(a) (b)

Figure 4.8 — The structure of (a) [Sb(PMes)s]** from a co-crystal of [Sb(PMes)s][OTf]s and
[MesPPMes][OTf] redrawn from Ref. 18 and (b) [Ga(PPhs)s]* from [Ga(PPhs)s][AI(OC(CF3)3)4]-1.5

CsHasF> redrawn from Ref. 16.

A group 15 trication can also be synthesised by the reaction of SbFs with three
equivalents of PMes and three equivalents of TMSOTf in MeCN, which leads to the
formation of [Sb(PMe3s)3][OTf]s (the cation is shown above in Figure 4.8a), which can be
co-crystallised with [MesPPMes][OTf],. This complex is unstable and reduces to the

tetracationic [Sba(PMe3)4][OTf]4 with reductive elimination of [MesPPMes]**.18

There are also some examples that utilise triphosphine ligands, but in these cases, the
negatively charged PsB ligands are used (P3B = RB(CH2PR’;)3, where R and R’ are aryl
groups). Many complexes with these types of ligands have been reported for
thallium(1).2*=2 This ligand type has also been used to synthesise a neutral tin(Il)
[SnCI(P3B)] complex. From this, the monocationic complex, [Sn(PsB)][PFs], could be

synthesised by reaction with the halide abstraction agent TI[PFs].?2
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4.2 Aims

The aim of this chapter is to further develop the chemistry of Ge(ll) with phosphine and
arsine ligands, specifically using the less strongly coordinating nature of the OTf anion to

explore new structural motifs.

4.3 Results and discussion

43.1 Synthesis of dicationic germanium(ll) phosphine and arsine complexes
(i) 3 AsMe; / CH,Cl, (i) L/ CH,Cl, or MeCN
(i) 2 TMSOTf (i) 2 TMSOTf
[Ge(AsMe;),(OTf),] =& [GeCl,(dioxane)] > [Ge(L)][OTf],
-2TMscl -2TMsCl
L=3xPMe,
CH3C(CH,PPh,),
(i) 2 TMSOTf / MeCN, - 2 TMSCI P(CH,CH,PPh,)3

(ii) CH3C(CH,AsMe,),

Y

[Ge{CH;C(CH,AsMe,)3}][OTf],

Scheme 4.1 — Routes to the complexes described in this chapter

The syntheses of the complexes described in the chapter are detailed in Scheme 4.1.
Following the discovery of [Ge(PMes)3][OTf], from the decomposition of
[GeF3(PMes)2(OTf)] in CH,Cl, solution (see Chapter 3), we sought to determine if this
compound could be synthesised directly. [GeCl,(dioxane)] was selected as the source of
Ge(ll), and the reaction of this with two equivalents of TMSOTf and three equivalents of
PMes in MeCN gave a clear solution. The white powder isolated from this reaction by
removing the solvent in vacuo, however, was identified as [Ge(PMes3),(OTf)2] by
microanalysis; this neutral complex has been structurally characterised previously.?® This
suggests that under the reaction conditions used, one of the PMes groups is removed in
vacuo. To combat this, instead of removing the solvent in vacuo, the reaction was
performed in CH,Cl; to yield a white precipitate. MeCN was then added until the solution
went clear, and this solution was layered with hexane and left to crystallise for three days

at -18 °C. At this point, the solvent was decanted, and the crystalline product was dried
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under a stream of dry nitrogen (removing the solvent and drying in vacuo again led to the
loss of one PMe3s). Crystals from this batch were examined by single-crystal X-ray
diffraction and proved to be [Ge(PMes)3][OTf].. The crystal structure of this compound is

shown below in Figure 4.9.

Figure 4.9 — The structure of the dication in [Ge(PMe3)s][OTf], with the triflates and H atoms
omitted for clarity and showing the atom labelling scheme. Ellipsoids are drawn at the 50%
probability level. Selected bond lengths (&) and angles (°) are: Ge1-P1 = 2.3747(5), Gel-P2 =
2.3828(5), Ge1-P3 = 2.3970(5), Gel---03 (closest oxygen to Ge) = 4.2853(17). P1-Gel-P2 =
100.509(18), P1-Ge1-P3 = 98.085(17), P2-Ge1-P3 = 99.276(18).

The dication, [Ge(PMe3)3]?*, has a trigonal pyramidal structure with the three phosphines
stabilising the germanium centre, with the P-Ge-P angles being within the range
98.085(17)-100.507(18)°. This is the first known example of P3 homoleptic coordination
for germanium(ll) dications. There are no close contacts between the germanium centre
and the triflate anions, with the closest approach being 4.2853(17) A, well outside the
expected range for Ge-OTf bonds (1.91-2.58 A). This can be compared to the previously
reported [Ge(PMes)2(OTf)]2, where the shortest Ge---O distance is 2.239 A, the triflates in
this case should be regarded as bound in the solid state. The d(Ge-P) distances fall within
the range 2.4160(11)-2.4191(12) A for the bis-phosphine complex, significantly longer
than for the tris-complex (2.3747(5)-2.3970(5) A). This contraction of the bond length
reflects the increased Lewis acidity of the dication compared to the triflate-bound neutral

species.
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The 'H NMR spectrum of [Ge(PMes)s3][OTf]2 shows one doublet resonance at 1.88 ppm
(¥Jpn = 12 Hz), which indicates in solution there is still only one PMes environment, which
is consistent with the structure above in Figure 4.9; the coordination shift of the
resonance is AS = +0.91 from the ‘free’ ligand. There is also a sharp singlet resonance in
the 3'P{1H} spectrum at § =-12.8, i.e. A5 = +47.7 from the ‘free’ ligand, which can be
explained by a large increase in positive charge at the phosphorus centre. A sharp singlet
at 6 =-79.3 in the °F{*H} NMR spectrum indicates that the triflate is ionic in solution,

consistent with the solid-state data.

Peaks corresponding to the Ge-Cl stretches (found between 275-314 cm™ in
[GeCly(dioxane)]) are absent in the IR spectrum, indicating that all the [GeCl,(dioxane)]
has been consumed; there are new peaks at 1156, 1123, and 1261 cm™ corresponding to

vibrations in the triflate anion.

The reaction of [GeCl,(dioxane)] with two equivalents of TMSOTf and three equivalents of
AsMejs leads to the formation of the bis-arsine complex, [Ge(AsMes),(OTf)2], which can be
crystallised by layering a CH,Cl; solution with hexane. This bis-AsMes complex has a
distorted tetrahedral structure (Figure 4.10 below), which contrasts with the reported
structure of [Ge(PMes),(OTf)2], which has a disphenoidal structure. The Ge-OTf distances
fall within the expected range for OTf coordination (2.0170(15) A). In the solid state, there
are also weak intermolecular interactions with neighbouring molecules through Ge---OTf
interactions (2.994 A) forming a polymeric chain in the c-direction and completes a

distorted octahedral geometry at Ge(ll) (see Figure 4.11).
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Figure 4.10 — The structure of [Ge(AsMes),(OTf),] showing the atom labelling scheme. Ellipsoids
are drawn at the 50% probability level, and H atoms are omitted for clarity. Selected bond lengths
(A) and angles (°) are: Gel-As1 = 2.4287(2), 3(9), Ge1-01 = 2.0170(15). Asl-Gel-Asl =
119.600(15), 01-Ge1-01 = 98.30(9). Symmetry operation: (1-X, +Y, 3/2 -Z).

Figure 4.11 — The extended structure of [Ge(AsMes),(OTf),] in the c-direction (purple dashed lines
indicate long interactions d(Ge---0) = 2.994 A).

With the aim of synthesising a more stable tris-phosphine dication of Ge(ll), the
triphosphine ligand CH3C(CH2PPh;); was used. The reaction of [GeCl,(dioxane)] with two
equivalents of TMSOTf and one equivalent of CH3C(CH2PPh;)sin MeCN leads to the
formation of [Ge{k3-CH3C(CH,PPh>)3}][OTf]: in good yield as a light pink solid. In the

aliphatic region of the *H NMR spectrum of this complex, there are two resonances, one
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at 6 = 2.61 corresponding to the bridgehead methyl group, split into a quartet by the
three P atoms, which indicates that either the bonding environment at germanium must
be highly symmetric or there is a fast exchange process occurring at the germanium
centre. The other aliphatic resonance at § = 3.48 corresponds to the methylene protons;
this is split into a doublet by the neighbouring P atom. The ratio of
methyl:methylene:aromatic protons is 1:2:10 as expected, consistent with a
symmetrically bound ligand. The 3'P{*H} NMR spectrum contains a sharp singlet at § = -

3.7, a substantial shift from ‘free’ ligand (6 = -26.3).

Crystals of this complex were grown by layering a CH,Cl; solution of the complex with
hexane and the structure is shown in Figure 4.12 below. The [Ge{k3-CH3C(CH2PPh;)s3}]?*
dication has a similar coordination environment to the tris-PMes; complex described
earlier, and is consistent with the solution state data. However, the locations of some of
the anions in the structure proved difficult to determine, so only information about the
geometry around the germanium centre could be gained from the structure. Because of

the incomplete structure solution, no metrical parameters are included.
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Figure 4.12 — The structure of the dication in [Ge{k*-CHsC(CH,PPh,)s;}][OTf], showing the pyramidal
geometry. Ellipsoids are drawn at the 50% probability level, H atoms are omitted for clarity, and

the Ph rings are drawn in wireframe from clarity.

Following the failure to isolate a tris-AsMes dication with Ge(ll) and the successful
isolation of [Ge{k3-CH3C(CH,PPh;)3}][OTf],, the tripodal triarsine, CH3C(CH,AsMe,)s, was
used with the idea that the multidentate nature of the ligand might confer more stability
to the complex and allow the isolation of a dication with an Ass-donor set. The reaction of
[GeCly(dioxane)] with two equivalents of TMSOTf and CH3C(CH2AsMe3)s in MeCN indeed
leads to the formation of [Ge{k3-CH3C(CH,AsMe;)3}][OTf]; as a yellow solid. The *H NMR
spectrum shows three resonances in a 3:18:6 ratio, consistent with the formation of a

three-fold symmetric dication.

A CH,Cl>/MeCN solution of [Ge{k3-CH3C(CH2AsMe>)3}][OTf], layered with hexane
produced crystals. The structure of the dication is shown in Figure 4.13 below. Similar to
the complex with CH3C(CH2PPh;)s, the geometry is pyramidal with three-fold symmetry
around the germanium, and with no close OTf contacts. Here the closest approach is
2.804 A, which is outside the range of typical Ge-OTf bonds (1.917-2.582 A) and
represents only a very weak Ge:---OTf interaction. Comparing this complex to the [GeCl{o-
CsHa(AsMe3)2}]* monocation, the d(Ge-As) bond distances are shorter in the dication
(2.5096(9)-2.5577(9) A) compared to the monocation (2.5647(5) A), reflecting the greater
Lewis acidity in the dication. However, ligand architecture must also play a role, as the

d(Ge-As) distance in the neutral complex [Ge(AsMes),(OTf),] (2.4287(2) A) is shorter than
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in both the mono- and dicationic complexes. The compound [Ge{CH3C(CH,AsMe3)s}][OTf],
represents the only structurally characterised k3-coordinated arsine complex of any of the
main group elements. This shows that even the more weakly donating arsine is sufficient

to stabilise a germanium(ll) dication.

Figure 4.13 — The structure of the dication in [Ge{k3-CH3C(CH,AsMe;)s}][OTf], showing the atom
labelling scheme. Ellipsoids are drawn at the 50% probability level. Only one of the two
[Ge(CH3C(CH2AsMe3)3)]% in the asymmetric unit is shown and H atoms and triflates are omitted
for clarity. Selected bond lengths (A) and angles (°) are: Gel-As1 = 2.5578(9), Ge1-As2 = 2.5543(9),
Gel-As3 = 2.5096(9), As1-Gel-As2 = 81.56(3), As1-Gel-As3 = 83.16(3), As2-Gel-As3 = 82.40(3)
Gel-05 (closest O-Ge approach) = 2.804.

With tetradentate nitrogen donor ligands, Ge(ll) dications can commonly become four
coordinate, for example in [Ge(Meascyclam)][GeCls]; and [Ge(BIMEt3)][OTf]. (BIMEt; =
tris(1-ethyl-benzoimidazol-2-ylmethylamine)).1>2% To test whether this could be extended
to phosphorus, the tetraphosphine ligand P(CH,CH2PPh;); was chosen. The reaction of
this ligand with [GeCl,(dioxane)] in CH2Cl; leads to the dissolution of the germanium
precursor and a change from a colourless to purple solution. The addition of two
equivalents of TMSOTf does not lead to any further change of appearance for the
solution. Following removal of the solvent in vacuo, a light purple powder was isolated.
The 3!P{'H} (Figure 4.14) spectrum shows two broad resonances with a 1:3 ratio at 64.5
ppm and 15.2 ppm, respectively; the broadness suggests there is a fast exchange of the

pendant arms in solution rather than k*-coordination in solution. This is further
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corroborated by the solid-state structure of the compound shown in Figure 4.15 below,
showing that the germanium(ll) centre is three-coordinate via two terminal phosphines
and the bridgehead phosphine. The uncoordinated phosphorus has no close contacts with
any germanium centres. The d(Ge-P) distances in [Ge(PMes)3]?* (2.3747(5)-2.3970(5) A)
are shorter than those in [Ge{k3-P(CH2CH,PPh;)3}]?* (2.4280(9)-2.4583(9) A). This could be
due to a combination of the weaker donor power of the tetradentate ligand and the

greater steric demand of the ligand.

L LI I I A L L R R R L B
140 120 100 80 60 40 20 O -20 -40
Chemical Shift (ppm)

Figure 4.14 — The 3!P{*H} spectrum of [Ge{k3-P(CH,CH,PPh,}][OTf], in CD,Cl, at 298 K.
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Figure 4.15 — The structure of the dication in [Ge{k3-P(CH,CH,PPh,};][OTf], showing the atom
labelling scheme. Ellipsoids are drawn at the 50% level and H atoms, CH,Cl; and triflates are
omitted for clarity. Selected bond lengths (A) and angles (°) are: Ge1-P1 = 2.4280(9), Ge1-P2 =
2.4298(9), Gel-P3 = 2.4583(9), Gel-P4 = 5.7051(3), Ge1-06 (closest O to Ge) = 3.151(3). P1-Gel-
P2 =80.55(3), P1-Gel1-P3 = 91.14(3), P2-Ge1-P3 = 81.08(3).

The reaction of [GeCly(dioxane)] with TMSOTf and SbEts in MeCN led to the formation of
a mixture of products evident by the 'H NMR spectroscopy of the isolated waxy solid. By
layering a CH,Cl; solution of the mixture with hexane then a few crystals of [EtSb(SbEts)>]
formed, the crystal structure is shown in Figure 4.16 below. It is clear that under these
conditions Sb-C bond cleavage occurs, with the central antinomy losing two of its ethyl
groups, possibly through alkyl/halide exchange with GeCl,, although more detailed
investigation would be needed to elucidate the mechanism through which this product
forms. The instability of the stibine ligand precluded the formation of any Ge(ll) stibine

complexes.
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Figure 4.16 — Crystal structure of [EtSb(SbEts),][OTf],. Bond lengths and angles are not quoted due

to poor quality data; the structure, however, confirms the identity of the complex.

4.3.2 DFT studies on germanium(ll) dications

DFT (density functional theory) studies on the Ge(ll) dications were performed to
understand their structure and electronic properties better. The computed geometries of
the complexes were optimised, and these parameters were compared to experimental (X-
ray structural) parameters where possible to show that the basis sets used were
appropiate. In this Chapter, all of the calculations involving [Ge(PMes)s3]** were performed

by Dr Victoria Greenacre, while | performed the calculations on all the other complexes.

Selected HOMOQ’s and LUMOQ’s are shown for [Ge(PMes)3]?* in Figure 4.17 below. The
HOMO is a lone pair based orbital on the germanium centre. HOMO-1 and HOMO-2 are a
pair of almost degenerate bonding orbitals consisting of the lone pairs from the
phosphines interacting with empty px and py orbitals on germanium. LUMO and LUMO+1
are a pair of almost degenerate molecular orbitals that have mostly empty px and py
characters and are Ge-P antibonding. Using the geometry of [Ge(PMes);]?* as a starting
point calculations were performed on the dication [Ge(AsMes)3]?* (subsituting P for As).
The complex optimised to a pyramidal structure with no imaginary frequencies which
suggests that this is ground state structure, which in principal means that the species

could exist.
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HOMO (-13.57630 eV) LUMO (-7.97912 eV)

HOMO-1 (-15.17633 eV) LUMO+1 (-7.97702 eV)

HOMO-2 (-15.17714 eV) LUMO+2 (-0.70088 eV)

Figure 4.17 — Selected HOMO and LUMO representations for [Ge(PMes)s]?*.
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Notably, the X-ray crystal structure of [Ge(PMes)3][OTf]. shows that in all the PMes
groups there is a P-C bond anti to the lone pair on germanium. NBO (natural bond order)
calculations reveal that the lone pair on the germanium donates into the P-C o* orbital of
the anti P-C bond; for [Ge(PMes)s]?* the strength of this interaction is 10.67 kJ/mol per
bond, totalling 32.01 kJ/mol over the whole molecule. This type of back donation is rare
for p-block phosphine complexes, but the presence of the lone pair on Ge and the
geometry of the complex allows this interaction to occur as shown in Figure 4.18 below.
This type of interaction is present in all of the pyramidal complexes in this chapter (see
Table 4.1). For the complexes featuring tripodal ligands, the geometric constraints of the
ligands mean the complexes are prearranged for this type of interaction. For the
tetraphos complex, none of the P-C bonds on the apical phosphorous are anti to the lone
pair, with one of the bonds being syn to the lone pair, and as such, there are no strong

lone pair/P-C o* interactions in this species.

Figure 4.18 — A schematic of the interaction of the lone pair on germanium with the empty P-C o*

orbital on one of the phosphine ligands.
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Table 4.1 — The energy associated with the germanium lone pair to E-C o* interaction and the

natural charge on Ge.

[Ge(PMes)s]** [[Ge(AsMes)s]?* |[Ge{CH3C(CH2PPh,)3}]?* |[Ge{CH3C(CH,AsMe,}?* [[Ge{P(CH,CH,PPh,}] *

interaction
(kJ/mol)

LP to E-C o* 10.67 12.10 11.33 6.82 5.19,4.8, 3.60, 3.39, 2.38

Interaction 32.01 36.30 33.99 20.46 19.36
over whole
molecule
(kJ/mol)

Natural Charge (+0.16 +0.21 +0.26 +0.29 +0.21
on Ge

DFT calculations can also give an indication how the charge is distributed in these
dicationic complexes. There are two extremes (shown in Figure 4.19 below), one where
all the charge is located on the germanium and the other where each of the three ligands

takes a unit of positive charge, leaving the germanium centre negatively charged.

-Ge

2+
., Ge
[/ \I:’,{L+ L/ \TL

Figure 4.19 — The two extreme cases for where the charge is located in the complex.

For the dicationic complexes studied in this chapter the natural charge on germanium
ranges from +0.16 to +0.29, this means the pnictine ligands take on a significant portion
of the positive charge. This can be contrasted with [Ge(2,2,2-crypt)]?* in which the
residual charge on the germanium centre is +1.38, indicating in this dication most of the
charge is located on the germanium. The complex [Ge(Mestacn)]?* is more similar
structurally to the systems studied in this Chapter; the natural charge calculated for this
dication at germanium (with the starting geometry taken from a published crystal
structure?) is +1.34, this indicates that the donor atom type is important for determining
where the charge is located in the complex, with the charge on germanium being much

higher for the hard donor complexes compared to the soft donor complexes.
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Table 4.2 — Orbital contributions (average) for the Ge-P/As bonds for Ge(ll) dications.

Atom |[Ge(PMes)s]** [[Ge(AsMes)s]?* | [Ge{CH3sC(CH2PPh2)sH?* |[Ge{CHsC(CH2AsMe:)s}]* |[Ge{P(CH2CH2PPh)s}?*

Contribution |Ge 31.41 30.51 29.93 29.20 30.62
(%)

P/As |68.58 69.44 70.07 70.08 69.38
Orbital s 5.19 4.54 6.15 3.96 6.04
contribution

p 93.47 94.92 92.92 95.45 93.04
Ge (%)
Orbital s 23.87 25.42 23.54 24.87 22.57
contribution

p 75.91 74.44 76.38 74.49 77.30
P/As (%)
Orbital s 82.26 86.36 81.57 88.13 82.99 (Ge), 51.14(P)

contribution LP
17.08 13.60 18.35 11.84 16.92 (Ge), 48.85 (P)

For all the dicationic complexes above, the pnictine atom (E) contributes most to the Ge-E
bond (av. 69.51 %) (see Table 4.2 above). In all cases, the orbital contribution from
germanium to the Ge-E bond is mostly of p-character. For all the dications, the lone pairs
have mostly s character but also have a reasonable amount of p character, presumably
from the P, orbital on germanium. This is in contrast to [Ge(2,2,2-crypt))]?* where the lone

pair occupies a completely symmetric 4s type orbital on germanium.®
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4.4 Conclusions

The work in this Chapter extends the set of ligands known to stabilise dicationic
germanium centres to phosphines and arsines. These ligands are much softer than those
previously used, which mostly featured N- or O-donor atoms or were organic in nature
(carbene/isocyanide). The work also demonstrates that the ligands required to stabilise
Ge(ll) centres do not necessarily need to have a large amount of steric bulk, as shown by
the formation of [Ge(PMe3)s3][OTf],. In the case of arsine ligands, a multidentate tripodal
ligand was needed to displace all triflates from the germanium centre, this reflects the
weaker donor power of arsine compared to phosphines. DFT calculations suggest that the
ligands take on a significant portion of the positive charge, which could aid in the stability
of the complexes formed. Calculations suggest that there is a lone pair on germanium as
well as empty px and py orbitals, which suggests that these complexes might be able to act
as both Lewis acids and bases, though the reactivity of these complexes was not explored.
Finally, back-donation from the germanium lone pair into E-C 6* orbitals was shown to

stabilise these complexes.
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X-ray Crystallographic Data

Table 4.3 — X-ray crystallographic data®

Chapter 4

Compound [Ge(PMes)s][OTf], | [Ge{P(CH2),PPh,}3)][OTf] | [Ge(AsMes),(OTf),] |[Ge{MeC(CH,AsMe,}]
2:CH,Cl [OTf],

Formula GeP3C11H27F606S, | GeP4CasH44CloFs06S, GeAs,CgH13F606S> GeAs3Ci13H;»7F606S2

M 598.94 1126.29 610.77 754.81

Crystal system monoclinic triclinic monoclinic monoclinic

Space group (no.) | P2:/c (no. 14) P1 (no. 2) C2/c (no. 15) P21/n (no. 14)

a/A 6.3351(2) 10.9685(4) 14.3439(2) 13.7970(3)

b /A 21.9849(6) 13.8745(5) 11.6424(2) 17.9667(3)

c/R 17.2271(6) 17.4629(5) 12.6472(2) 20.4948(5)

a/° 90 82.599(3) 90 90

B/° 90.523(3) 83.283(3) 105.623(2) 90.430(2)

v/° 90 69.756(3) 90 90

U/R 2399.23(13) 2465.12(15) 2034.02(6) 5080.24(19)

V4 4 2 4 8

w(Mo-Kg) /mm™ |1.721 1.013 5.013 5.319

F(000) 1216 1148 1192 2960

Total no. reflns 74306 28986 27758 77036

Rint 0.075 0.036 0.036 0.114

Unique reflns 8642 12137 3379 12883

No. of params, 271,0 618,0 117,0 610, 516

restraints

GOF 1.021 1.054 1.055 1.070

R1, WR, [I > 20(1)]° | 0.042, 0.092 0.053,0.141 0.026, 0.056 0.063,0.119

R1, WR; (all data) |0.073,0.092 0.074, 0.152 0.032, 0.061 0.095,0.130

a Common items: T = 100 K; wavelength (Mo-Kq) = 0.71073 A; 8(max) = 27.5% P R1 = 5| |Fo|-| Fc| |/Z]Fol;

WR=[2w(Fo?-Fc2)2/ZwF,*]Y/2

[Ge(AsMes),(OTf),] (2080944), [Ge(PMes)s][OTf], (2080945),
[Ge{P(CH,CH2PPh,}3)][OTf],-CH,Cl, (2080946), [Ge(CH3(CH2AsMe;)3][OTf], (2080947)
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4.6 Experimental

For general experimental details, sources of reagents, solvents and purification methods,

instrument specifications and NMR solvent references see appendix A.

[Ge(PMes)s][OTf].: To a suspension of [GeCly(dioxane)] (0.200 g, 0.86 mmol) in CHxCl, (5 mL), PMes
(0.264 g, 3.47 mmol) was added as solution in CH>Cl, (2 mL) and stirred for 10 mins. to yield a slightly
cloudy solution. To this was added TMSOTf (0.384 g, 1.73 mmol) as a solution in CH,Cl,, resulting in
the precipitation of a white solid. MeCN is added until the solution became clear, it was then layered
with hexane and cooled to -18°C for 3 days, yielding colourless crystals. The solid was collected by
filtration and this was then dried under a gentle stream of nitrogen. Unit cell determinations on
several different crystals from this batch proved to be [Ge(PMes)s][OTf]l,. Required for 1:3
Ci11H27F6GeOgP3S, (598.97): C, 22.1, H, 4.5 %. Required for 1:2 CgH13FsGeOgP,S, (522.90): C, 18.4, H,
3.5. Found: C, 19.0, H, 4.4%. For sample held at vacuum Found: C, 18.2, H, 3.60% Yield: 0.281 g
(54%). IR (Nujol/cm™): 1156m (0S0;), 1223w, 1261m (CF3). *H NMR (d-MeCN, 298 K): 6 = 1.88 (d
2Ju.p = 12.1, CHs). *F{*H} NMR (d-MeCN, 298 K): 6 =-79.3 (s, OTf). 3!P{*H} NMR (d-MeCN, 298 K): &
=-12.7 (s).

[Ge{k3-CH3(CH,PPh,)3}][OTf],: To a suspension of [GeCly(dioxane)] (0.222 g, 0.96 mmol) in MeCN
(5 mL) was added CHs3(CH,PPh,); (0.600 g, 0.96 mmol), causing the solution turned to cloudy pink.
To this was added TMSOTf (0.426 g, 1.92 mmol) as a solution in MeCN and the reaction mixture
was stirred for 2 h. Volatiles were removed in vacuo to yield a light pink powder, which was washed
with hexane (3 x 10 mL) and dried in vacuo. Crystals suitable for single crystal X-ray diffraction could
be grown from layering a CH,Cl, solution of the complex with hexane. Yield: 0.816 g (85%). Required
for CasHasFsGeOgP3S,-0.5CH,Cl, (1037.84): C, 50.3, H, 3.9. Found: C, 50.3, H, 4.2%. IR (Nujol/cm™):
1148m (0S0,), 1223w, 1260m (CFs). *H NMR (CD,Cl,, 298 K): & = 2.61 (q, “/u.r = 4 Hz, [3H], CH3), 3.48
(d, 2Jup = 12 Hz, [6H], CHa), 7.17-7.85 (m, [30H], ArH). F{*H} NMR (CD,Cl,, 298 K): & = -78.3 (s, OTf).
31P{*H} NMR (CD:Cl, 298 K): § = -3.7 (s).

176



Chapter 4

[Ge{k3-CH3(CH,AsMe;)s}][OTfl.: To a suspension of [GeCl,(dioxane)] (0.181 g, 0.78 mmol) in MeCN
(5 mL) was added TMSOTf (0.347 g, 1.56 mmol) as a solution in MeCN (2 mL) and the reaction
mixture was stirred for 10 mins. to yield a clear solution. CH3(CH,AsMe;)3 (0.300 g, 0.78 mmol) was
then added as a solution in MeCN (2 mL) to yield a clear solution. Volatiles were removed in vacuo
to leave a yellowish solid, which was then washed with hexane (3 x 10 mL) and dried in vacuo to
yield a yellowish powder. Crystals suitable for single crystal X-ray diffraction could be grown from
layering a MeCN+CH,Cl; solution of the complex with hexane. Yield: 0.391 g (66%). Required for
C13H27As3FsGe06S, (754.84): C, 20.7, H, 3.6. Found: C, 20.1, H, 3.6%. IR (Nujol/cm™?): v = 1151m (-
0S0,), 1223w, 1261m (CF3). 'H NMR (d-MeCN, 298 K): & = 1.33 (s, [3H] C-CH3), 1.84 (s, [18H], As-
CHs), 2.23 (s, [6H], CH2). °F{*H} NMR (d-MeCN, 298 K): & = -79.4 (s, OTf).

[Ge(P(CH,CH,PPh,);3)][OTf].: To a suspension of [GeCl,(dioxane)] (0.069 g, 0.30 mmol) in CH,Cl, (2
mL), was added tetraphos (0.200 g, 0.30 mmol) and the resulting pale purple solution was stirred
for 5 mins. TMSOTf (0.133 g, 0.60 mmol) in 1 mL of CH,Cl; was added and the reaction was stirred
for ca. 1 h. Volatiles were removed in vacuo to yield a pale purple solid, which was then washed
with hexane (3 x 10 mL) and dried in vacuo. Crystals suitable for single crystal X-ray diffraction could
be grown from layering a CH,Cl; solution of the complex with hexane. Yield: 0.207 g (66%). Required
for CasHa2FsGeOsP4S,-0.5CH,Cl; (1083.84): C, 49.3, H, 4.0. Found: C, 48.8, H, 3.6%. IR (Nujol/cm™): v
= 1152m (-0S0,), 1222w, 1259m (CFs). *H NMR (CD,Cl,, 298 K): & = 2.81-3.00 (br, [12H], CH,), 7.35-
7.94 (m, [30H], ArH). °F{*H} NMR (CD,Cl,, 298 K): & = -78.8 (s, OTf). 31P{*H} NMR (CD,Cl,, 298 K): & =
15.2 (s, [3P], PPhy), 64.5 (s, [1P], Papical)-

[Ge(AsMes)(OTf).]: To a suspension of [GeCly(dioxane)] (0.194 g, 0.84 mmol) in CH,Cl; (5 mL) was
added AsMe; (0.300 g, 2.50 mmol)as a solution in CH,Cl; (2 mL), followed by TMSOTf (0.390, 1.75
mmol) as a solution in CH,Cl, (2 mL) to yield a clear colorless solution, which was stirred for 2 h. The
solution was then layered with hexane cooled to -18°C for 3 months after which a white, crystalline
solid had formed, which was dried under a stream of N, gas. Crystals suitable for single crystal X-
ray diffraction could be grown from layering a CH,Cl; solution of the complex with hexane. Yield:
0.234 g, (46%). Required for CsH1sAs,FsGe0sS; (610.80): C, 15.7, H, 3.0. Found: C, 16.2, H, 3.2%. IR
(Nujol/ecm™): v = 1155m (0S0,), 1221w, 1261m (CF3). *H NMR (CD,Cl,, 298 K): 6 = 1.63 (s, CHs).
19F{’H} NMR (CD,Cl,, 298 K): & = -78.40 (s, OTf).
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Reaction of [GeCl,(dioxane)], SbEt; and TMSOTf

To a suspension of [GeCly(dioxane)] (0.074 g, 0.319 mmol) in MeCN (2 mL) TMSOTf (0.142 g, 0.639
mmol) was added as a solution in MeCN (1 mL), the mixture was stirred until it went clear. Then
SbEt; (0.200 g, 0.957 mmol) was added as a solution in MeCN (2 mL) the resulting mixture turned
a yellow color and was stirred for 1 h before volatiles were removed in vacuo leaving a yellow sticky
oily solid. *H NMR (CD4Cl,, 298 K): 1.41 (t, [18H], 3Juy = 7.8, CHs), 1.52 (t, [3H], 3Jun = 7.9, CHs), 2.01
(9, [12H], ¥Jun = 7.8, CHa), 2.24 (q, [2H], ¥ = 7.9, CH2). F{*H} NMR (CD.Cl,, 298 K): & = -78.3 (s,
OTf). Although the NMR data clearly indicate a mixture of products, a few crystals of one of these,
[EtSb(SbEts),][OTf],, were obtained by cooling a CH,Cl, solution of the mixture and layering with

hexane.
DFT Calculations

The electronic structure of these complexes was investigated using DFT calculations using
Gaussian 16W.?° The density functional chosen was B3LYP-D3%¢ with the basis set 6-311G(d).?” For
[Ge(PMe3)3]%*, [Ge{CH3C(CH,PPh,)3}?**, [Ge{CH3C(CH,AsMe,)s}]** and [Ge{P(CH,CH,PPh,)s}]** the
initial geometries were taken from their crystal structures, for [Ge(AsMes)3]?* the initial geometry
was taken from the structure of [Ge(PMes);]?* and the phosphorus atoms changed to arsenic. In
all cases the structures converged to a stable geometry with no imaginary frequencies. For all
dications, except [Ge(AsMes)3]%*, their geometrical parameters were compared with the

parameters from the crystal structures and were found to match closely.
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Chapter 5
Chapter 5 Synthesis of neutral and cationic complexes

of tin(IV) fluoride and tin(ll) complexes with pnictine

ligands
5.1 Introduction
5.1.1 Neutral complexes of tin(IV) fluoride

Compared to the heavier halides (covered in Chapter 2), there are remarkably few
examples of structurally characterised tin(lV) fluoride complexes with neutral ligands; this
is also true of other main group fluorides more generally.>? Most of the early work in this
area focused on IR, NMR or elemental analysis studies. The first reported structure of a
SnF4 complex with a neutral ligand was [SnFa(bipy)] in 1972; the complex has the
expected cis-octahedral coordination.? Later, the structure of [SnF4(phen)] was
determined and also showed the same cis-octahedral coordination (shown in Figure 5.1

below).?

Figure 5.1 — The structure of [SnF4(phen)] showing the cis-octahedral geometry. Redrawn from

Ref.4.

Complexes of SnF4 with oxygen-donor ligands can also be synthesised. Two equivalents of
monodentate phosphine and arsine oxides react with [SnFis(MeCN);] to form the
complexes [SnF4(OEMes);] (E = P, As) and [SnF4(OPPhs);]. The solution NMR spectroscopic
data (**F{*H} and 3!P{*H}) indicate that these complexes are dynamic in solution with both
cis and trans isomers present; structure determination showed that for [SnF4(OPMes),],

the geometry is trans in the solid state. For bidentate phosphine oxide ligands, only the
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cis-octahedral geometry is present in the solution, and solid states.” Phosphine oxide
ligands bearing amide and fluoride groups have also been shown to react with
[SnF4(MeCN);] to form 2:1 adducts, again here cis and trans isomers are seen with the

exact ratio depends on the particular ligand.®

Recently, SnF4 complexes with softer donor atom (S- or P-) ligands have been synthesised.
In the case of sulfur, dithioether complexes have been synthesised by reacting
[SnF4(MeCN);] in CH,Cl, with the appropriate dithioether in a 1:1 ratio. A *F{*H} NMR
study on [SnF4{'PrS(CH.),S'Pr}] demonstrated that this complex is dynamic in solution at
room temperature, with the expected pair of triplets (expected for a cis-coordinated
complex) only observable at -50°C, this dynamic behaviour is due to the weak donor
power of sulfur and the hard-soft mismatch of the ligand and metal centre. The structures
of some of the dithioether adducts have been determined by X-ray crystallography
showing cis coordination in the solid state. The °*F{*H} NMR spectrum of a mixture of 1:2
ratio of [SnF4(MeCN),] and SMe; displays no resonances at room temperature, but if the
solution is cooled to -60°C then two triplets and a singlet are seen, which confirms adduct
formation, with both cis and trans adducts present, however, in this case, a pure sample

could not be isolated.”

The reaction of [SnF4(MeCN),] with two equivalents of the monodentate phosphines
PMes or PCys leads to the isolation of the complexes [SnFa(PRs);] (R = Me, Cy); unlike for
the phosphine oxides, only the trans complexes are detected in solution (evidenced by
multinuclear spectroscopy) and the solid state. Cis-octahedral phosphine complexes can
be synthesised by reacting a 1:1 ratio of [SnF4(MeCN);] and a diphosphine ligand (for
example Et,P(CH3),PEt,). Examples of complexes with both geometries are shown Figure

5.2 below.*

182



Chapter 5

(a) (b)

Figure 5.2 — Crystal structures of (a) trans-[SnF4(PCys).] and (b) cis-[SnF4{Et,P(CH,),PEt,}]. Both

redrawn from Ref. 4.

There are more limited examples of tin(ll) fluoride complexes with neutral ligand
coordination. This is probably due to the lack of a suitable molecular synthon and the
limited solubility of SnF; in organic solvents. However, the reaction of Me3sPO with SnF; in
methanol leads to the formation of [SnF,(MesPQO)] as a white solid. Other oxygen donor
ligands can also form 1:1 complexes with SnF;, including DMSO and pyNO; the structure
of the DMSO complex has been structurally determined. The structure has a dimeric SnyFa
core with two coordinated DMSO ligands, and these dimers are associated together in a
1-D chain in the solid state through weak Sn-F interactions. The reaction of 2,2’-bipy or
phen with SnF, in MeOH also forms Sn(ll) fluoride complexes; in the case of phen
[SnF(phen)]2[SnF4]-2MeOH resulted which features two SnF,(phen) units bridged by a
SnF; unit, forming weakly associated 1-D chains in the solid state. In the case of 2°,2’-bipy,
the complex isolated was [SnF(bipy)]2[SnFs], which features two SnF(bipy) units bridged
by an [SnFe]? suggesting that Sn(l1) had been oxidised to Sn(IV), presumably through air
oxidation. There have been no examples of complexes with softer donor atoms accessed

through this route.®

Neutral tin(IV) fluoride complexes can also be synthesised by the reaction of a cationic
tin(IV) centre with a fluoroanion. The reaction of [MesSn]* with [BF4] leads to the
formation of the compound [Me3sSnFBFs] of which the o-anisaldehyde (0-CsH4(OMe)CHO)

adduct has been structurally characterised.’ The reaction of 5-chloro-1-aza-5-
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stannabicyclo[3.3.3Jundecane (see Figure 5.3) with the fluoroanion salts Ag[BF4] or
Ag[SbFs] leads to the formation of the complexes [N{(CH2)3}3Sn(BF4)] and
[N{(CHa)3}3Sn(SbFs)] respectively driven by the formation of AgCl. These complexes have
Sn-F bonds in the solid state but in solution the complex exists as a separated ion-pair as
determined by NMR spectroscopy. The reaction of 5-chloro-1-aza-5-
stannabicyclo[3.3.3]Jundecane with Na[BArf] with leads to the formation of a separated
ion pair both in solution and in the solid state. Comparison of the 1°Sn NMR of the BArf
salt with the fluoroanion salts demonstrate that the fluoroanion salts exist as separated

ions in solution.10

<)

N Sn

Cl

Figure 5.3 — The structure of 5-chloro-1-aza-stannabicyclo[3.3.3]Jundecane®®

5.1.2 Cationic tin fluoride complexes

There are few examples of cationic tin fluoride complexes, especially non-organotin
complexes, though there are examples containing both Sn(ll) and Sn(IV) centres
predominantly involving hard O- and N-donor ligands. There are examples of organotin
fluoride cations,*'*? though this section will focus on cations which do not contain a tin-
carbon bond. There is an example of an inorganic tin fluoride cation where [SnF3] acts as
a ligand and is coordinated to a Pt; fragment forming the complex [Pt3(us-SnF3)(us-
CO)(Ph2PCH,PPh,)3][PFe].12 The reaction of Sn(PFs),, 18-crown-6, and KF in a mixture of
MeCN and H;O0 led to the formation of the complex [Sn(18-crown-6)F][PFs] as a white
solid. The structure of this complex is shown in Figure 5.4 below. The structure contains a

seven-coordinate tin(ll) monocation with a fluorine coordinated to the tin centre. 4
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Figure 5.4 — The structure of [Sn(18-crown-6)F][PFs]. Redrawn from Ref. 14.

Unlike for the germanium analogue (see Chapter 3), the reaction of [Sn(BIMEt)][OTf],
(BIMEt = tris(1-ethyl-benzoimidazol-2-yImethyl)amine) with XeF, leads to a mixture of
products, whereas for germanium the exclusive product was [GeF,(BIMEt)][OTf].. So, as
an alternative route to the tin(IV) fluoride cations, SnF4 was reacted with one equivalent
of BIMEt and TMSOTf in MeCN, forming [SnF3(BIMEt)][OTf], which was confirmed by the
presence of a quartet in the 11°Sn NMR spectrum at § = -763.6 and a singlet in the *°F{*H}
NMR spectrum flanked by tin satellites.” This complex can be reacted further with one or
two equivalents of TMSOTf to generate the complexes [SnF,(BIMEt)][OTf], and
[SnF(BIMEt)(OTf)][OTf]>. There is a stepwise high-frequency shift in the 11°Sn NMR
resonances going from the mono- to bis- to tris-triflate complexes, which is also

accompanied by an increase in the YJ119sn.r coupling constant.®®
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(a) (b)

Figure 5.5 — The structures of (a) the [SnF3(BIMEt)]* monocation and (b) the [SnF,(BIMEt)]**
dication (which forms dimers through a long fluoride contact shown by the purple dashed line).

Both redrawn from Ref. 15.

As shown in Figure 5.5 above, for the mono- and bis-triflate complexes, the triflates are
not bound to the tin centre; this is in contrast to the tris- and tetrakis-triflate complexes
where one triflate is bound in the first case and two in the second (shown in Figure 5.6
below) with the remaining triflates balancing the charge. In both cases, in the solid-state,
they are best regarded as dicationic complexes. In the ESI* mass spectrum of
[SnF(BIMEt)(OTf)][OTf],, there are signals corresponding to the trication, [SnF(BIMEt)]3*,
which suggests that under these conditions the triflate is labile enough to be removed.
However, even in this case, the most abundant species is the triflate bound
[SnF(BIMELt)(OTf)]?*; [SnF2(BIMEt)]?* is also seen in the mass spectrum. For
[Sn(BIMEt)(OTf),][OTf]2 no signals for the tetracation [Sn(BIMEt)]** could be detected by
ESI* mass spectrometry, but triflate-bound species, including [Sn(BIMEt)(OTf)]3* were

observed.?®

186



Chapter 5

(a) (b)

Figure 5.6 — The structure of (a) [SnF(BIMEt)(OTf)]** and (b) [Sn(BIMEt)(OTf);]*, only the

coordinating O-atom of the triflate is shown. Both redrawn from Ref. 10.*°

The reaction of the tris-triflate complexes prepared in situ with one equivalent of OPEt;
leads to the isolation of the complex [SnF(BIMEt3)(OPEt3)][OTf]s, as a tricationic tin
fluoride complex, this also demonstrates that in these systems, triflates can be displaced

from the tin centre by appropriate ligands to generate cationic species.*

5.2 Aims

The aim of this chapter is to develop the chemistry of SnF1 with soft phosphine donors
and explore fluoride abstraction chemistry with TMSOTf with the aim of developing

cationic complexes.

53 Results and discussion

5.3.1 Synthesis of neutral complexes of tin(IV) fluoride with phosphine ligands

As part of this study, the complex [SnF4(PMes),] was synthesised by the reaction of
[SnF4(MeCN);] with two equivalents of PMes in CH,Cl,. In the *H NMR spectrum of this
complex, a doublet is seen at § = 1.60 in CD,Cl;, the choice of solvent influences the
position of the resonance, with the resonance occurring at 6 = 1.68 in CDClz.% In the
BF{*H} NMR spectrum, there is a triplet at § = -134.4, which is close to the reported

literature value, & =-132.8, in both cases the coupling constant is the same at 2Jpr = 155
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Hz. In the 3'P{*H} NMR spectrum, there is a quintet resonance at 6 = -18.4, which

compares to & = -19.1 from the literature report.*

To test the effect of increased steric bulk on fluoride abstraction chemistry, the new
complex [SnF4(P'Prs),] was synthesised by the reaction of two equivalents of P'Pr; with
[SnF4(MeCN);] in CH,Cl,, yielding a white solid. In the *H NMR spectrum, there is a
doublet of doublets at 6 = 1.41 corresponding to the methyl protons and a septet of
doublets at § = 2.55 from the CH proton, this is a significant shift from the ‘free’ ligand of
A8 =+0.35 and AS = +0.86. A greater shift is seen for the CH protons due to them being
closer to the metal centre and thus most affected by coordination. In the 3'P{*H} NMR
spectrum, there is a sharp quintet at 6 = 30.6, indicative of trans phosphine coordination,
which is consistent with previously reported monodentate phosphine complexes, with a
coupling constant of 2Jpr = 124 Hz (cf. § = +22.2, 2Jpr = 124 in [SnF4(PCy3)2]).* Well-defined
tin satellites are seen with magnitudes of YJ119snp = 2477 Hz and Y117snp = 2363 Hz, similar
to the couplings in the related complex, [SnF4(PCys)2] (Y119snp = 2530 Hz).* In the °F{*H}
NMR spectrum (shown in Figure 5.7 below) there is triplet at § =-99.1 ppm with a
coupling constant of 2Jpr = 124 Hz (Y1195n-F = 2920 Hz, Y1175nF = 2792 Hz), also similar to
those reported for [SnF4(PCys)2] (6 = -98.4, 2Jpr = 124 Hz, Y1150 = 2993 Hz). Finally, the
11950 NMR spectrum of this complex shows a resonance at 6 = -622.0 and appears as a
quintet of triplets, which confirms the formation of the complex trans-[SnF4(P'Pr3),]. As
part of this study, the complex [SnFs{0-CsHa(PMe3),}] was also synthesised, spectroscopic

data were consistent with literature reports.*
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Figure 5.7 — *°F{*H} NMR spectrum of [SnF4(P'Prs);] showing the tin satellites at 298 K in CD,Cl,.

The reaction of [SnF4(MeCN);] with the tripodal triphosphine, CH3C(CH;PPh,)s, in CH2Cl,
leads to the formation of [SnF4{k>-CH3C(CH,PPh,)3}] as a white solid. In the *H NMR
spectrum, there are three resonances for the methylene protons, two broad resonances
at 6 = 2.95 and 3.11 of equal intensity corresponding to the methylene environments of
the coordinated phosphine arms, and another also of equal intensity at 6 = 2.28
corresponding to the uncoordinated arm. The resonance at 6 = 0.87 ppm corresponds to
the methyl protons and broad multiplets in the aromatic region. The ratio of the
methyl:methylene:aromatic integrals is as expected 3:6:30. In the 3P{*H} NMR spectrum
there are two main resonances, a singlet at 6 =-27.1 corresponding to the ‘free’ arm and
a doublet of triplets of doublets at 6 =-6.9 (%Jpr = 121, 98, 51 Hz) corresponding to the
coordinated arms. In the °F{*H} NMR spectrum, there are two resonances, one at

6 =-144.2, where a doublet of doublet of triplets is seen corresponding to fluorines trans
to the phosphine ligands (%Jpr = 98, 51, 2Jgr = 45 Hz). The other signal seen at § =-109.7

ppm is two overlapping multiplets which correspond to the axial fluorines, which are in
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two slightly different environments due to the bridgehead. The ratio of these resonances

is consistent with the formulation of the complex [SnF4{k?-CH3C(CH2PPh;)s}]

Figure 5.8 — The structure of [SnF4{k’>-CH3C(CH,PPh;)s}] showing the atom labelling scheme. The
ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Selected
bond lengths (A) and angles (°) are: Sn1-P1 = 2.6302(5), Sn1-P2 = 2.6314(5) Sn1-F1 = 1.9670(12),
Sn1-F2 = 1.9488(12), Sn1-F3 = 1.9791(12), Sn1-F4 = 1.9307(12), P1-Sn1-P2 = 91.245(14), P1—
Sn1-F4 = 172.46(4), P2-Sn1-F2 = 174.74(4), F1-Sn1-F3 = 173.44(5).

Crystals of [SnF4{k?-CH3C(CH2PPh,)s}] were grown by layering a CH,Cl, solution of the
complex with hexane. The crystal structure (see above in Figure 5.8) shows that this
complex is monomeric in the solid state, consistent with the solution state data. The
complex features a six-membered chelate ring which has a chair-like conformation; this is
in contrast to [GeF4{k?-CH3C(CH2PPh,)3}] (see Chapter 3), which has an envelope-like
conformation. There is no evidence that the third arm can displace a fluorine from the tin

centre to form a cation.

The reaction of [SnF4(MeCN);] with the tetraphosphine ligand, P(CH,CH;PPh;)s, in CH2Cl,
leads to the formation of a mixture of products, two of them identifiable, which are
[SnF4{k?-P(CH,CH2PPh;)s}] and [SnFa{k!-P(CH2CH,PPh,)s},]. In the 31P{*H} NMR spectrum at
183 K there are multiplets corresponding to [SnF4{k?>-P(CH2CH,PPh;)3}], the complex gives
rise to three resonances which are observed as a doublet, a doublet of doublet of triplets
and a doublet of doublet of triplet of triplet of doublets in 2:1:1 ratio (shown in Figure
5.9), this is consistent with the complex being present in the mixture (shown in Figure
5.10 below). In [SnF4{k?-P(CH2CH>PPh;)s}] the apical phosphorus and one of the terminal

arms is coordinated to the tin centre, with the other two terminal arms remaining ‘free’.
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There is also a second product, [SnF4{k!-P(CH2CH,PPh3)3}2], that displays a quintet of
guartets in the low-temperature phosphorus NMR spectrum as well as a doublet, and in
the low-temperature °F{*H} spectrum, a triplet is seen, this is consistent with k!
coordination of two equivalents of the tetraphosphine ligand to the tin centre. This is an
unusual coordination mode for P(CH.CH,PPh3)s, with no structurally authenticated
examples in the CCDC database of this coordination mode in the solid state. Both of the
identified products are shown in Figure 5.10 below; NMR spectroscopy suggests there is

also at least one other unidentified product.

b

T T T T T
-6 -8 -10 -12 -14 -16 -18
T T T T

Chemical shift (ppm)

30 20 10 0 -10 -20 I -50
Chemical shift (ppm)

4 13 I B 10 9 8
Chemical shift (ppm)

Figure 5.9 — 3'P{*H} NMR spectrum of the product of the reaction of [SnF4(MeCN);] with
P(CH2CH2PPh2)3 in CD2C|2 at 183 K.
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Figure 5.10 — The two major products of the reaction of [SnF4(MeCN),] with P(CH,CH,PPh,)s. (a)
[SnF4(K2-P{CH2CH2PP|’]2}3)] and (b) [SnF4(K1-P{CH2CH2PPh2}3)2].
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5.3.2 Reactions of monodentate phosphine tin(IV) fluoride complexes with TMSOTf
PMe, PMe, PMey
OTf K o
i 3 eq. TMSOTY, - 3 TMSF 1 eq. TMSOTf, - 1 TMSF &
F——5Sn OTf - «d F Sn F » F—5n oTf
CH,Cl, CH,Cl,
TfO/ F/ F
PMe, PMe; PMes

2 eq. TMSOTf, - 2 TMSF

CH,Cl,
Y Y
Sn3F5OTf + [PMe3F][OTf] + other products PMe
3 TfO
»
““‘\ Me;Pa, \
F——Si—OTf > "0+ oth
/ other products
TfO MesP
PMes TfO

Scheme 5.1 — Reactions of [SnF4(PMes),] with TMSOT{.

The reaction of [SnF4(PMes);] with one equivalent of TMSOTf in CH,Cl; leads to the
isolation of [SnF3(PMes),(OTf)] (see Scheme 5.1). In the *H NMR spectrum of this
complex, there is doublet at 6 = 1.70, which is a shift of Ad = +0.02 from the parent
tetrafluoride complex. The resonances in *°F{*H} and 3'P{*H} NMR spectra at 298 K are
broad, indicating that the complex is dynamic at this temperature. At 183 K the 3'P{*H}
NMR spectrum shows a triplet of doublets at 6 =-3.2, which is a shift of A5 = +15.9 from
the tetrafluoride complex, indicating an increase in charge at the tin centre. There is also
an increase in the YJ119sn-31p coupling constant from 2975 Hz to 3412 Hz; this is a similar
trend seen for the triflate complexes in chapter 2, where the replacement of a halide with
triflate increases the coupling constant. In the corresponding low-temperature *F{*H}
NMR spectrum (shown in Figure 5.11 below), there are two resonances corresponding to
the Sn-F fluorines in the compound; there is a triplet of triplets at § =-151.4 and a triplet
of doublets at 6 =-127.9. This is consistent with the complex having the same structure as
the germanium analogue (Figure 3.19). The YJ110sn-F coupling constant for the fluorine
trans to the triflate is smaller than for the fluorines cis to the triflate (3013 Hz vs 3253 Hz),
but both are larger than the coupling for the tetrafluoride (2745 Hz). In the low
temperature (183 K) 1*°*Sn NMR spectrum, there is an ill-defined multiplet at § = 559.9, a

high-frequency shift from the tetrafluoride by Ab = +28.1, which suggests that the triflate
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is bound (a truly cationic complex would be expected to have a much more positive

chemical shift (see chapter 2)).

-150 -152

Chemical Shift (ppm)

C hemical Shit (ppm)

70 -8 -0 -100 -110 -120 -130 -140 -150 -160
Chemical Shift (ppm)

Figure 5.11 — °F{*H} NMR spectrum of [SnF3(PMe3),(OTf)] at 183 K in CD,Cl,.

Crystals of this compound were grown by layering a CH,Cl; solution of the complex with
hexane, and the structure was determined by X-ray crystallography (see Figure 5.12). The
geometry around the tin centre is approximately octahedral, with the triflate coordinated
to the tin centre, this is consistent with the low-temperature NMR data, and with the
germanium analogue in chapter 3 and the tin chloride analogue in chapter 2. Comparing
this structure with [SnF4(PCys)2] the only other structurally characterised mono-dentate
phosphine complex of SnFs, the d(Sn-P) distance is shorter in the triflate complex
(2.5778(4), 2.5405(4) vs. 2.6538(11)A), although this could be due to the smaller steric
requirement of PMes vs. PCys or the increased charge on the tin centre. The d(Sn-F) are
broadly similar in the two complexes (1.9761(9), 1.9595(10), 1.9871(9) vs. 1.959(2),
1.980(2) A). The molecule has approximate Cay symmetry, therefore three Sn-F stretching
bands (2A1 + B1) would be expected in the IR spectrum; they are observed at 517, 547 and

573 cm™, together with peaks associated with the triflate.
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Figure 5.12 — The crystal structure of [SnF3(PMes),(OTf)] showing the atom labelling scheme. The
ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Selected
bond lengths (A) and angles (°) are: Sn1-P1 = 2.5278(4), Sn1-P2 = 2.5405(4), Sn1-F1 = 1.9761(9),
Sn1-F2 = 1.9595(10), Sn1-F3 = 1.9871(9), Sn1-01 = 2.2445(12), P1-Sn1-P2 = 171.615(13), F1-
Sn1-F3 = 171.00(4), 01-Sn1-F3 = 176.66(4)

The reaction of [SnF4(PMes);] with two equivalents of TMSOTTf leads to the isolation of
[SnF2(PMes)2(OTf),]. In the *H NMR spectrum there is a further shift of AS = +0.02 from
the monotriflate (to 6 = 1.88). In the low temperature (183 K) 3'P{*H} NMR spectrum,
there is a triplet at § = 10.2, consistent with the formation of the complex, here the tin-
119 satellites have a coupling constant of YJ119sn-31p = 3654 Hz, which is a further increase
from the mono-triflate. In the 3P{*H} NMR spectrum there is also a minor product which
displays a triplet at 6 = 4.5, which could be another isomer of the product of the form
[SnF2(PMes),(OTf)«][OTf].«, although in this case, the signal is too weak to observe tin
satellites. The °F{*H} NMR spectrum (at 183 K) showed a triplet resonance corresponding
to the Sn-F fluorines appears at § = -142.7, here the coupling constant is *J119sn-19F = 3393
Hz which also constitutes an increase from mono-triflate to bis-triflate. In the low
temperature 12°Sn NMR spectrum, there is a resonance at & = -609, which appears as a
triplet of triplets; this is a shift of AS = +19 from the tetrafluoride complex. Assuming that
the fluorides are cis to each other (and that the geometry is similar to
[GeF,(PMe3s),][0Tf],), then the molecule would be expected to have approximate Cyy
symmetry, so two bands associated with Sn-F stretching modes would be expected (A1

and B;); these are seen at 517 and 531 cm™.
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This complex is not indefinitely stable in solution. If a CHCl; solution of the complex is
layered with hexane, crystals of the complex [Sn(PMes),(OTf),] deposit, here the tin
centre has been reduced to Sn(ll). This demonstrates that replacing fluorine with triflate
can induce redox chemistry in these systems. The structure is shown in Figure 5.13 below
—the geometry is approximately disphenoidal at tin. There are long contacts with
neighbouring triflates to form a weakly associated chain in the b-direction; the additional
contact completes an approximately five-coordinate square pyramidal geometry at tin,
shown in Figure 5.14 below. The structure seems to be analogous to the known

[Ge(PM63)2(OTf)2].16

Figure 5.13 — The structure of [Sn(PMej3),(OTf),] showing the atom labelling scheme. The ellipsoids
are drawn at the 50% probability level, and H atoms are omitted for clarity. Selected bond lengths
(A) and angles (°) are: Sn1-P1 = 2.7796(10), Sn1-P2 = 2.6610(8), Sn1-01 = 2.523(3), Sn1-01 =
2.342(3) P1-Sn1-P2 =96.27(3), 01-Sn1-04 = 154.39(10).
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@03

(a) (b)

Figure 5.14 — (a) The extended structure of [Sn(PMes),(OTf),] in the b-direction showing tin
triflate contacts (purple dashed lines) (b) the geometry around the tin centre with only the

coordinated oxygens from the triflates shown (Sn1---03 = 3.044 A).

The reaction of [SnF4(PMes);] with three equivalents of TMSOT( leads to the formation of
[SnF(PMe3s)2(OTf)s]. In the *H NMR spectrum there is a doublet resonance at § = 2.0,
which is a change of A = +0.32 from the tetrafluoride complex. The *°F{*H} NMR
spectrum of this complex consists of a triplet resonance at 6 =-132.9 (corresponding to
the Sn-F fluorine) and singlet at 6 = -77.6 (corresponding to the triflate anion) in a 1:9
ratio, here Y119snr = 3557 Hz, which is a further increase from the bis-triflate. In the 3'P{*H}
NMR spectrum, there is doublet at § = 18.3, which is a shift of A = +37.4 from the
tetrafluoride complex, here the tin-phosphorus coupling constant is *J119snp = 3740 Hz,
which is 765 Hz larger than the tetrafluoride complex. In the low temperature *°Sn NMR
spectrum, there is a resonance at § =-617, which appears as a broad quartet; this can be
explained by the fact that Y119snp = Y119snr, leading to the expected triplet of doublets

overlapping to form a pseudo-quartet.

Making the assumption that the phosphines are still trans to each other and the triflate
are still bound, the geometry would be Cy,, one Sn-F peak (A1) would be expected in the
IR spectrum, which is seen at 510 cm™. This complex is not stable in CH>Cl, and over the
course of a couple of hours, crystals of the polymeric Sn3Fs(OTf) form (the structure of

which is shown in Figures 5.15 below), resonances corresponding to [SnF(PMe3)(OTf)s]
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disappear, and resonances corresponding to [PMesF]* appear in the F{*H} NMR
spectrum.? It is clear that some of the phosphine ligands are being oxidised and
fluorinated, and the tin(IV) centre is being reduced to tin(ll). This reduction from tin(IV) to
tin(ll) is also seen in [SnF,(PMes),(0Tf),], but here the outcome of the reduction is

different ( the product in that system is [Sn(PMe3s)2(OTf).]).

Sn2

Figure 5.15 — The asymmetric unit of [Sn3Fs(OTf)] showing the atom labelling scheme. The
ellipsoids are drawn at the 50% probability level. Selected bond lengths (A) and angles (°) are:
Sn1-F1 =2.055(2), Sn1-F2 = 2.143(3), Sn1-F3 = 2.148(3), Sn2—F1 = 2.385(2), Sn2—F3 = 2.165(2),
Sn2—F4 = 2.175(3), Sn2—F5 = 2.268, Sn3—F2 = 2.183(3), Sn3—F4 = 2.156(3), Sn3—F5 = 2.083(2).

Figure 5.16 below shows the extended structure of this compound along both the cand b
directions. The compound has an infinite two-dimensional structure in the b and ¢
directions, with the layers stacking in the ‘a’ direction. The layers are capped with triflates
bonded to Snl. There are three distinct tin environments in the structure; two four-
coordinate tin centres, with Sn1 connected to F1-3 and a triflate and Sn2 connected to F1
and F3-5. There is also a three coordinate tin centre Sn3 which is connected to F2, F4, and
F5. Each Sn1 unit is connected to two Sn2 centres, one through F1 and another through
F3 and to a Sn3 centre through F2. Each Sn2 unit is connected to two Sn3 units, one
through F3 and one through F4. This compound is an unusual example of a 2-D tin

fluoride layered polymer.
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(a)

(b)

Figure 5.16 — The extended structure of [SnsFs(OTf)] in the (a) c-direction, (b) b-direction.
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Figure 5.17 — 3'P{*H} spectrum of [SnF3('PrsP),;][OTf] in CD,Cl, at 298 K (there is also a small

amount of [HP'Pr3]* present in the NMR as well as a small amount of [SnF4(P'Pr3),].

In the complex [SnF3(PMes),(OTf)], the triflate is strongly associated with the tin centre
(see Figure 5.12). A more sterically crowded phosphine may be able to exclude the triflate
from the tin coordination sphere. To this end, P'Pr; was chosen due to its larger cone
angle than PMes (160° vs. 118°).17 The reaction of [SnF4(P'Pr3);] with one equivalent of
TMSOTTf in CH>Cl leads to the formation of [SnF3(P'Pr3),(OTf)]. In the H spectrum of this
complex, a doublet of doublets is seen at & = 1.45 ppm, Ab = +0.04 from the tetrafluoride
complex. The resonance for the CH is at § = 2.77, which constitutes a shift of AS = +0.22.
This is much larger than that seen for the PMejs derivative. The 3'P{*H} NMR spectrum at
room temperature is a sharp quartet (shown above in Figure 5.17) at 6 = 38.2 (A6 = +7.6
from the tetrafluoride), this suggests that at this temperature the triflate is not bound to
the tin centre, as all the three fluorines are in equivalent environments on the 3P NMR

timescale, but at low temperature, there are signs of the multiplet splitting into a triplet

200



Chapter 5

of doublets although it is not well resolved. In the room temperature °F{*H} NMR
spectrum, there is a broad resonance at around & =-73.8 and a second, broader
resonance around 6 =-116.9, both of which sharpen at 183 K, but the couplings are still
not resolved at this temperature. The resonance at § = -73.8 has tin satellites with Ysnr =
3518 Hz, and the resonance at 8 = -116.9 has YJsnr = 3244 Hz. The 1°Sn NMR spectrum at
183 K shows a resonance at 6 =-611.1, which appears as a triplet of doublets of triplets,
consistent with the triflate being coordinated at this temperature. The 18 line pattern has
been simulated using the SPINACH software package'?; based on the coupling constants
extracted from the phosphorus and fluorine spectra, the pattern matches closely with the
experimental data, which supports the assighnment of the triflate being coordinated to the
tin centre (see Figure 5.18 and Figure 5.19). In summary, these data suggest that at low
temperature the triflate coordinates to the tin centre, but at room temperature, it is
closer to the high-temperature limit where [SnF3('Pr3P),]* predominates in solution. The
addition of two equivalents of TMSOTf to [SnF4(P'Pr3),] leads to the formation of
[SnF2(PPr3)2(0Tf)2], in the 3P{*H} NMR spectrum of this product there is a triplet and in
the °F{*H} NMR there is a broad resonance at 6 = -56.9 which is flanked by tin satellites.
In the 11°Sn NMR spectrum there is a triplet of triplets at -630 ppm, which is consistent

with the formation of the product.
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Figure 5.18 — 11°Sn spectrum of [SnF3('Pr3P),(OTf)] at 183 K in CD,Cl,.
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Figure 5.19 — Simulation of the 11°Sn spectrum of [SnF3(P'Pr3),(OTf)] using SPINACH.8
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Table 5.1 — Selected multinuclear NMR data for complexes of the form [SnF4.n(PMes),(OTf),] for n
=0, 1, 2, 3 and [SnF4.n(P'Pr3),(OTf),] forn=0, 1, 2.

Compound 5(31P{1H}) 6(19F{1H}) 6(119Sn)a 2J(31P_19F) 21(19F_19F) 11(1195n_3lp) 11(119sn_19F)
(ppm) (ppm) (ppm) (Hz) (Hz) (Hz) (Hz)
trans-[SnF4(PMes),]* |-19.1 (quin) |-132.8 (t) -628.0 (t of 155 - 2975 2745
quin)
[SnF3(PMes),(OTf)] |-3.2 (td)® -127.9 (td)? -599.9 (m) 153 41 3412 3253
-151.4 (tt)? 121 3013
[SnFa(PMes),(0Tf),] |10.2 (t)? -142.7 (t)? -609 (tt) 107 - 3654 3393
[SnF(PMes),(OTf)s] | 18.3 (d) -132.9(t) -617 (m) 88 - 3740 3557
trans-[SnF4(P'Pr3)2] | 30.6 (quin) |-99.1 (t) -622.0 (quin 124 - 2477 2920
of t)
[SnF3(PPr3),(OTH)]  |38.2(q) -73.5 (br) -611.1 (tdt)  |121 - 2856 3518°
-116.9 (br) 3244b
[SnFa(PIPr3),(OTf)2] | 49.4 (1) -56.9 (br) -630 (tt) 117 - 2971 40820

2 Recorded at 183 K, ® Average 1*¥/*17Sn satellites

Table 5.1 summarises the multinuclear data for the trimethylphosphine and
triispropylphosphine complexes. Like the analogous germanium systems (see Chapter 3),
as fluoride is replaced by triflate, there is an increase in the 3'P{*H} NMR chemical shift,
indicating an increase in charge at metal centre. Two main factors affect the °F{*H}
chemical shift in these systems, the first being the ligand trans to the fluorine in question;
the trans effect of the fluoride leads to much more positive chemical shifts than those
that are trans to a triflate. The other factor is the number of fluorides that have been
removed, and the more fluorides removed, the more positive the chemical shift. As
fluorides are removed there is a decrease in the 2Jpr coupling constant, with the coupling
constant for the tris-triflate complex being almost half that of the tetrafluoride complex in
the case of the trimethylphosphine complexes. There is also a substantial increase in the
Y110snp and Y119snr coupling constants as the fluorides are replaced by triflates for both
series of phosphine complexes. Low temperature *°Sn chemical shifts for these
complexes all occur within a narrow range, consistent with 6-coordinate neutral

complexes.
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The reaction of [SnF4{o-CeHa(PMes),}] with TMSOTf in CH,Cl, leads to the formation of a
mixture of products as identified by 3!P{*H} NMR spectroscopy, the only identifiable one
being the Sn(ll) reduction product [Sn{o-CsHa(PMes)2}(OTf),], which was identified by
single crystal X-ray analysis. The 3'P{*H} NMR spectrum contains a singlet at 6 = -18.0
ppm, flanked by tin satellites (*119sn-31p = 1879 Hz, Y1175n-31p = 1792 Hz), the coupling
constants are consistent with those seen in previously reported tin(ll) diphosphine

complexes.®

Crystals of [Sn{o-CcHa(PMe3),}(OTf)2] were grown by layering a CH,Cl; solution of the
complex with hexane and the structure is shown in Figure 5.20a. The triflates remain
coordinated to the tin centre. Interactions with nearby molecules give rise to loosely
associated trimers (Figure 5.20b); this is in contrast to the germanium analogue, which
forms dimers in the solid state (see chapter 3). The long Sn---OTf contacts complete a
distorted octahedral coordination environment around the tin centres; however, if the
lone pair on the tin is included, then the geometry could be said to be distorted
pentagonal bipyrimidal instead (Figure 5.21). The higher coordinate geometry in the tin

analogue probably reflects the larger ionic radius of tin(ll) compared to germanium(ll).

(a) (b)

Figure 5.20 — (a) The structure of [Sn{o-CsH4(PMe,),}(OTf),]; note that the poor data quality means
the structure refinement is poor. Therefore, only the connectivity is shown and not any structural

parameters (b) the trimeric structure with long triflate contacts as purple dashed lines.
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Figure 5.21 — View of the distorted pentagonal bipyramidal geometry around the tin centre in

[Sn{o—C5H4( P MEZ)z}(OTf)z] .

5.4 Conclusions

In this chapter, the reactivity of tin(IV) fluoride phosphine complexes with TMSOTf is
explored. It was shown that the fluorides can be sequentially removed from [SnFa(PMes),]
by adding n equivalents of TMSOTf in CHCl,, forming [SnFa.n(PMes)2(OTf)n] (n =1, 2, 3).
These complexes were characterised by multinuclear NMR spectroscopy, which revealed
that there are systematic trends as you go down the series (increase in both the 3'P and
1BF chemical shifts), which are similar to the germanium analogues described in chapter 3.
The complexes with n = 2 and 3 were shown to be unstable in solution, leading to the
Sn(ll) reduction products, [Sn(PMes)2(OTf);] and the 2-D polymeric solid Sn3Fs(OTf),
crystallising from their respective solutions. Thus, removing fluoride and replacing it with
triflate promotes redox chemistry in these systems, which is not seen in the tetrafluoride
complexes, and indeed for tin is not seen with chlorides or bromides, but does occur for
iodides.?’ The reaction of the bulkier phosphine complex [SnF4(P'Pr3),] with one
equivalent of TMSOTf leads to the formation of [SnF3(P'Pr3),][OTf], for which solution
state evidence suggests that this complex is ionic with an ion separated [SnF3(P'Prs)2]*
monocation and [OTf]" at room temperature, but at low temperature, the triflate remains
bound. The reaction of [SnF4(P'Prs),] with two equivalents of TMSOTf leads to the
formation of [SnF2(P'Pr3)>(OTf),]. The reaction of [SnF4{o-CsHa(PMe3)>}] with TMSOTS leads
to a mixture of products, with the only one identifiable being the Sn(ll) reduction product,
[Sn{o-CsHa(PMe3)2}(OTf)2], which is evident in the NMR spectra of this complex and also in

a crystal structure, which shows that it exists as a loosely associated trimer in the solid
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state. The reaction of [SnF4(MeCN),] with CH3C(CH,PPh,)s was shown to form [SnFa(k?-
CH3C(CH2PPh;)3)] with no evidence of direct displacement of fluoride by the third
phosphine function. The reaction of [SnF4(MeCN);] with the tetraphosphine ligand
P(CH,CH,PPh;)3 was also explored and was shown to form a mixture of products including

[Sn F4{K2-P(CH2CH2PPh2)3}] and [Sn F4{K1-P(CH2CH2PP|’]2)3}2].
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X-Ray Crystallographic Data

Table 5.2 — X-ray crystallographic data®

Chapter 5

Compound [SnF3(PMes),(OTf)] | [Sn(PMes),(OTf)] | SnaFs(OTH) [SnF4{Kk2-CH3C(CH,PPh,)3}]
Formula C;7H18Fs03P2SSn CsH18Fs06P2S,5n CFgO3SSn3 Ca1H39F4P3Sn
M 476.90 568.97 600.14 819.32
Crystal system orthorhombic monoclinic monoclinic monoclinic
Space group (no.) | Pbca (61) P2:/n (14) P2:/n (14) P2:/n (14)
a/A 11.4007(2) 12.9043(3) 13.4971(4) 13.8624(2)
b /A 11.84650(10) 10.9889(3) 7.6953(2) 12.9086(2)
c/A 23.9749(3) 15.1867(6) 10.7894(30 20.5379(4)
alf 90 90 90 90

B/ 90 110.338(3) 97.810(2) 98.7350(17)
v/° 90 90 90 90

U/A 3238.01(7) 2019.27(11) 1110.24(5) 3632.50(11)
V4 8 4 4 4

w(Mo-Kgq) /mm? 1.967 1.704 6.983 0.886

F(000) 1872 1120 1072 1664

Total number reflns | 85205 15141 29342 59518

Rt 0.079 0.049 0.122 0.044
Unique reflns 5553 6008 3642 11707

No. of params, 187,0 232,0 145,0 443,0
restraints

GOF 1.014 1.052 1.030 1.035

R1, WR; [I > 26(1)]® |0.024, 0.052 0.043, 0.098 0.036, 0.075 0.033, 0.072
R1, WR; (all data) 0.031, 0.055 0.061, 0.103 0.052, 0.080 0.048, 0.077

2 Common items: T = 100 K; wavelength (Mo-Kq) = 0.71073 A; 8(max) = 27.5% P R1 = 2| | Fo|-| Fc| | /2] Fol;
WRy=[ZwW/(Fo?-F2)2/ZwF,*]+?

CCDC Numbers: [SnF3(PMes),(OTf)] (2104492), [Sn(PMes)2(OT)2] (2104490),

SnsFs(OTF) (2104491), [SnFa{k?-CH3C(CH2PPh,)s}] (2104493)

207




Chapter 5

5.6 Experimental

[SnF4(PMes),]* and [SnF4(CsHi{PMe,})]* were made by literature methods; the identity and purity
of the products were determined by NMR spectroscopy comparing with published literature data.
Refer to appendix A for sources of reagents, drying of solvents, instrument specifications and

standard references for NMR.

[SnF3(PMes),(OTf)]: To a solution of [SnF4(PMes),] (0.100 g, 0.29 mmol) in CH>Cl, (2 mL) a solution
of TMSOT(f (0.064 g, 0.29 mmol) in CH,Cl; (2 mL) was added dropwise to form a clear solution. The
reaction was stirred for 2 h, the volatiles were then removed in vacuo to leave a solid, which was
washed with hexane (3 x 10 mL) and dried in vacuo to form a white powder. Crystals suitable for
single crystal X-ray diffraction were made by layering a CH,Cl; solution of the complex with hexane.
Yield 0.083 g (60%). Required for C7H1sFsP2S,5n (476.91): C, 17.6; H, 3.8. Found: C, 17.5; H, 4.2%. IR
(Nujol/ecm™): v=517m, 546m, 573m (Sn-F), 1156 (-0S0;), 1224, 1261 (CF3). *H NMR (CDCl,, 298 K):
& =1.70 (d, Ypn = 12 Hz, CH3). 2F{*H} NMR (CD4Cl,, 298 K): & =-149.2 (br s, SnF), -126.9 (br s, SnF), -
78.8 (s, OTf); (183 K): & = -151.4 (tt, Up-rtrans-or) =121 Hz, 2pr = 41, Yyyesnr = 3013 Hz, Ys17snr = 2893
Hz, [1F], SNFans-ots), -127.9 (td, 2Jpr(cis-oth = 153 Hz, 2Jee = 41 Hz, Y1190 = 3253 Hz, Y1750 = 3108 Hz,
[2F], SnFcsor), -78.5 (s, [3F], OTf). 3*P{*H} NMR (CHCl,, 298 K): 6 = -6.01 (s); (183 K): 6 =-3.2 (td,
2Jpr(cis-oth = 153 Hz; Upritrans-oth = 121 Hz; Y11gsnp = 3412 Hz; Y117s0e = 3263). °Sn NMR (CH,Cl,, 183 K):
6 =-599.9 (m).

[SnF2(PMe3s),(OTf),]): To a solution of [SnF4(PMes),] (0.100 g, 0.29 mmol) in CH>Cl, (2 mL) a solution
of TMSOTf (0.128 g, 0.58 mmol) in CH,Cl; (2 mL) was added dropwise to form a clear solution. The
reaction was stirred for 2 h. The volatiles were then removed in vacuo to leave a solid, which was
washed with hexane (3 x 10 mL) and dried in vacuo to form a white powder. Yield 0.103 g (59%).
Required for CsH1sFsO6P25:5n (606.98): C, 15.8; H, 3.0. Found: C, 15.7; H, 3.6%. IR (Nujol/cm™): v =
531 (s) (Sn-F). *H NMR (CD:Cl,, 298 K): & = 1.88 (d, Zpn = 12 Hz, CHs). 2*F{*H} NMR (CDCl,, 298 K): &
= -140 (br s, [2F], SnF), -78.0 (s, [6F], OTf); (183 K): & = -142.7 (t, 2Jp. = 107 Hz, Y1190 = 3393 Hz,
Y1750 = 3232, [2F], SnF), -78.4 (OTf), -77.8 (OTf, sum of OTf resonances [6F]). 3}P{*H} NMR (CH.Cl,,
298 K): & = 7.3 (br); (183 K): & = 10.2 (t, 2pr 107 Hz; Y11ssnp = 3654 Hz; Yiizsne = 3484). 11950 NMR
(CH:Cly, 183 K): & = -609 (tt, Y119snp = 3654 Hz, J119sne = 3393 Hz).
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[SnF(PMes),(OTf)s]: To a solution of [SnF4(PMes),] (0.100 g, 0.29 mmol) in CH2Cl; (2 mL) a solution
of TMSOTf (0.192 g, 0.86 mmol) in CH,Cl, (2 mL) was added dropwise to form a clear solution. The
reaction was stirred for 10 mins., the volatiles were then removed in vacuo to leave a solid, which
was washed with hexane (3 x 10 mL) and dried in vacuo to form a white powder. Yield 0.137 g (64%).
Required for CoH1sF1009P2S35n (737.07): C, 14.7; H, 2.6. Found: C, 14.3; H, 3.7%. IR (Nujol/cm™):v=
510m (Sn-F), 1158m, 1164m (-0S0,), 1191m, 1202m, 1237m, 1243m (CFs). *H NMR (CD,Cl,, 298 K):
&=2.0(d, 2pu = 13 Hz, CH3). *F{*H} NMR (CD,Cl,, 298 K): & =-132.9 (t, %Jpr = 88 Hz, Y1195ne = 3557 Hz,
Y117snr = 3396 Hz, [1F], SnF), -77.6 (s, [9F], OTF). 32P{*H} NMR (CD,Cl,, 298 K): & = 18.3 (d, Ypr = 88 Hz,
Y110snp = 3740 Hz; Y1175 = 3568 Hz). 129Sn NMR (CH,Cly, 183 K): & = -617 (m).

[SnF4(P'Pr3);]: To a suspension of [SnF4(MeCN),] (0.648 g, 2.34 mmol) in CH,Cl, (5 mL) a solution of
PPr3 (0.750 g, 4.68 mmol) in CH,Cl, was added to form a slightly cloudy solution. The reaction was
stirred for 1 h, then the solution was filtered and the filtrate was concentrated in vacuo to yield a
white solid, which was washed with hexane (3 x 10 mL) and dried in vacuo. Yield: 0.862 g (71%).
CigHa2F4P2Sn-3/4CH,Cl, (578.84): C, 38.9; H, 7.6. Found: C, 38.8 H, 8.1%. IR (Nujol/cm™): v = 535s
(Sn-F). *H NMR (CD,Cl, 298 K): 6 = 1.41 (dd, 3Jpy = 15Hz, 3Jun = 7 Hz, [18H], CH3), 2.55 (septet of d,
3Jun =7 Hz, 2Jpu = 1 Hz, [3H], CH), F{*H} NMR (CD,Cl, 298 K): & =-99.1 (t, 2Jp¢ = 124 Hz, YJ119snr = 2920
Hz, Y117sne = 2792 Hz), *'P{*H} NMR (CD,Cl,, 298 K): & = 30.6 (quint, 2Jpr = 124, Y119s0p = 2477 Hz,
Y147snp = 2363 Hz). ™9Sn NMR (CH,Cl,, 183 K): 6 = -622.0 (quin of t, YJ11esne = 2920 Hz ,Y117snp = 2477
Hz).

[SnF3(P'Pr3),(OTf)]: To a solution of [SnF4(P'Prs),] (0.100 g, 0.19 mmol) in CH,Cl (2 mL) a solution of
TMSOTf (0.043 g, 0.19 mmol) was added dropwise to form a clear solution. The reaction was stirred
for 1 h, volatiles were then removed in vacuo to yield a white solid, which was washed with hexane
(3 x 10 mL) and dried in vacuo. Yield: 0.095 g (76%). Required for C19H42Fs03P,5-1/2CH,Cl, (718.68):
C, 32.6; H, 6.0. Found: C, 32.1; H, 6.7%. IR (Nujol/cm™): v = 540m, 558m, 571m (Sn-F). 1150m (-
0S0,) 1223, 1260 (CF3). *H NMR (CD2Cl, 298 K): & = 1.45 (dd, 3Jpn = 15Hz, 3w = 7 Hz, [18H], CHs),
2.77 (septet of d, 3Jun = 7 Hz, Ypy = 2 Hz, [3H], CH), F{*H} NMR (CD,Cl,, 298 K): & = -116.9 (br s, Ysnr
= 3244 Hz, SnF), -78.5 (s, OTf), -73.5 (br s, Ysar = 3518 Hz, SnF). 3P{*H} NMR (CH,Cl,, 298 K): & = 38.2
(9, Yer = 121 Hz, Ya1ssnp = 2827 Hz, Yr17np = 2702 Hz), 11950 NMR (CH,Clz, 183 K): -611.1 (tdt, Y11ssnr
= 3558, 3200 Hz, YJ119snp = 2856 Hz).
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[SnF,(P'Pr3),(OTf),]): To a solution of [SnF4(P'Prs);] (0.200 g, 0.39 mmol) in CH,Cl, (2 mL) a solution
of TMSOTf (0.173 g, 0.78 mmol) was added dropwise to form a clear solution. The reaction was
stirred for 1hr, volatiles were removed in vacuo to yield a white solid which was washed with
hexane (3 x 10 mL) and dried in wvacuo. Yield: 0.231 g (77%). Required
for CaoH42Fs06P2S2Sn-CH,Cl, (860.20): C, 29.3; H, 5.2. Found: C, 29.1; H, 5.8%. IR (Nujol/cm™): v =
519w, 533w (Sn-F), 1150 (0S0O,), 1234w, 1261w (CF3). *H NMR (CDCly, 298 K): 1.49 (dd, 3/pi = 16Hz
[8H], CHs), 3.05 (septet of d, *Jun = 8 Hz, 2Jpn = 3 Hz, [3H], CH). **F{*H} NMR (CDCl,, 298 K): -77.9 (s,
OTf), -56.9 (br, YUsyr = 4082 Hz). 31P{*H} NMR (CH1Cl,, 298 K): 49.4 (t, ¥pr = 117 Hz, Yy11050p = 2971 Hz,
Y117snp = 2839 Hz), 1°Sn NMR (CH,Cl,, 183 K): -630 (tt, J1195nr = 4013, YJ1195np = 2941).

[SnFa{k?-CH3(CH,PPh3)3})]: To a suspension of [SnFi(MeCN);] (0.200 g, 0.72 mmol) in CH,Cl, (2 mL),
triphos (0.451 g, 0.72 mmol) was added as a solid and the resulting solution was stirred for 2 h to
yield a cloudy solution, which was then filtered. Volatiles were removed from the filtrate in vacuo
to yield a white solid, which was washed with hexane (3 x 10 mL) and dried in vacuo. Crystals
suitable for single crystal X-ray diffraction could be grown by layering a CH,Cl, solution of the
complex with hexane. Yield: 0.326 g (55%). Required for Ca1H3sF4P3Sn-1/2CH,Cl; (861.78): C, 57.8;
H, 4.7. Found: C, 58.2 H, 4.8%. IR (Nujol/cm™): v =516m, 552m, 564m (Sn-F).xH NMR (CD,Cl,, 298
K): 6 =0.87 (s, [3H], CH3), 2.28 (s, [2H]), 2.91-2.95 (m, [2H]), 3.11 (m, [2H]), 7.1-8.1 (m, [30H], ArH).
F{*H} NMR (CDCly, 298 K): & = -144.2 (tt, *Jpr = 98 Hz, %Jgr = 45, [2F], SnF), -109.7 (m, [2F], SnF).
31P{*H} NMR (CD,Cl,, 298 K): 6 = -6.9 (dtd, %Jpr = 121, 98, 51, [2P]), -27.1 (s, [1P]).2**Sn NMR (CHCl,,
183 K): 6 =-681.4 (m).

Reaction of [SnF4(MeCN);] with P(CH,CH,PPh3);

To a suspension of [SnF4(MeCN),] (0.200 g, 0.72 mmol) in CH,Cl; (2 mL), P(CH,CH,PPh;); (0.485,
0.72 mmol) was added as a solid and the resulting solution was stirred for 2 h to yield a clear
colourless solution. Volatiles were removed in vacuo to yield a white solid, which was washed
with hexane (3 x 10 mL) and dried in vacuo. Yield: 0.254 g. Required for C42H42F4P4Sn-1/2 CH,Cl,
(907.79) ): C, 56.2; H, 4.8. Found: C, 56.4 H, 5.0%. IR (Nujol/cm™): v = 508m, 541m, 564m (Sn-F). 1H
NMR (CD,Cl,, 298 K): & = 1.43-2.50 (br, [12H], CHa), 7.27-7.39 (br, [30H], ArH); °F{*H} NMR (CD.Cl,,
298 K): -114.3(br m, [2F], SnF), -149.4 (br m, [2F], SnF); (183 K): -115.0 (t, 2Jer = 133 Hz, SnF)*, -
118.7 (m, [2F], SnF)A, -146.3 (m, [1F])*, -148.2(m, [1F])” (* minor product, » major product);
31P{*H} NMR (CD,Cl,, 298 K): 6 = -12.2-14.0 (ill defined multiplets); (CD,Cl,, 183 K): § =-16.8 (m), -
12.13 (m), -7.05 (m), 11.0 (m), 10.1 (m).
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Reaction of [SnFi{o-CcH4(PMe;),}] with TMSOTf

To a suspension of [SnFs{o-C¢Ha(PMe3)2}] (0.100 g, 0.26 mmol) in CH,Cl,, TMSOTf (0.057 g, 0.26
mmol) was added as a solution in CH,Cl, (2 mL) the resulting cloudy mixture was stirred for 2 hr,
volatiles were removed in vacuo and the solid washed with hexane (3 x 10 mL) and dried in vacuo
to yield a white solid. Yield: 0.102 g. *H NMR (CD2Cl,, 298 K): & = 1.93 (m, [12H], CH,), 7.80 (m,
[12H], ArH); 2°F{*H} NMR (CD,Cl,, 298 K): -78.5 (s, OTf) 31P{*H} (CD,Cl,, 298 K): & = -18.0 (s, Y1105np =
1879 Hz, Y117sn.31p = 1792 Hz). (resonances correspond to [Sn{CsH4(PMe,),}][OTf], the only
identifiable product)
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Chapter 6

Chapter 6  Synthesis, properties and electronic structure
of neutral and cationic phosphine complexes of

silicon(lV) halides

6.1 Introduction

6.1.1 Silicon halide phosphine complexes

As group 14 is descended the reorganisation energy required to distort the tetrahedral
MXa unit into either a Dan geometry (required for trans complexes) or a C,y geometry
(required for cis complexes) decreases therefore it is significantly easier to distort SnCls
compared to SiCls. The strength of metal-ligand interactions also decrease as the halides
get heavier, which would suggest that tin fluoride complexes would be the most stable
and silicon iodide would be the least stable.! Therefore it is imperative to see what the

limits are for silicon halide coordination chemistry with phosphine ligands.

There have been few experimental studies on phosphine complexes of silicon tetrahalides
in the literature. The first studies in the 1960s claimed to report monodentate phosphine
adducts of SiCls and SiBrs; the complexes were characterised by partial microanalysis
(halide content). However, this report was not reproducible, and it was suggested that
they were likely to be phosphine oxide adducts rather than the intended phosphine
adducts.?? Later, it was demonstrated that the complexes [SiX4(PMe3)>] (X = Cl, Br) form
instead, with IR data and a low-quality crystal structure (for the chloride) indicating that
the trans-octahedral complex forms.*> More recently, a higher quality crystal structure of
[SiCl4(PMes),] has been determined, as well as the structure of [SiBra(PMes)2],
demonstrating that they both have the expected trans-octahedral phosphine
coordination (Figure 6.1).° The lack of evidence of adduct formation between SiF4 and
phosphine ligands in solution has been attributed to the energy cost associated with
rearranging the tetrahedral SiF4 unit into the geometry required for the target octahedral
product; however, there is tensiometric titration evidence of the formation of a 1:1 and

1:2 adducts of SiFs and PMesz under solvent-free conditions at -78 °C .° There have been
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no reports in the literature of phosphine adduct formation with the weakly Lewis acidic

Sil.®

Cl Br,
Si Cl Si Br

Cl Cl Br

q/P‘t P

(a) (b)

Br

Figure 6.1 — Crystal structures of (a) [SiCla(PMes),] and (b) [SiBra(PMes).]. Both redrawn from Ref.
6.

Diphosphines (0-CsHa(PMe3); and R2P(CH2)2PR2 (R = Me, Et)) also react with SiCls and SiBra
to form stable complexes; in most cases the expected cis coordination is observed, similar
to the tin analogues. However, similar to germanium, but unlike the tin analogues, they
do not form complexes with bidentate arsine ligands.® The reaction of SiCls with the
methylene-linked Me2PCH,PMe; leads to the formation of trans-[SiCla(k*-
Me,PCH,PMe;),], irrespective of the ratio used; the different reactivity of this ligand
compared to other bidentate phosphine ligands is no doubt due to the small bite angle of
this ligand (forming a four-membered ring), which precludes bidentate ligand

coordination; the structure of this complex is shown in Figure 6.2 below.®

Dispite significant efforts, the reaction of [SiCl4(L)2] with common reducing agents (CsK, K,
sodium naphthalide, [(DiPPNacNac)Mg].]) did not lead to the isolation of Si(ll) phosphine
adducts. Computational work does suggest that Si(ll) phosphine adducts should be stable
species (AG = -56.1 k)] mol? for [SiCl2(PMes)]), and they are predicted to be even more

stable than the Si(1V) adducts, which have already been synthesised,® but were predicted

to be of borderline stability.’
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Figure 6.2 — Structure of [SiCls(k!-Me,PCH,PMe,),]. Redrawn from Ref. 6.

The ionic compound [SiClz(PMes)2][ClO4] was reported by Ozin in the 1960s, and can be
formed from two different preparations, one by the reaction of AgClO4 with SilCls in
benzene, followed by the separation of [SiCl3][CIO4] from the precipitated Agl, followed
by the distillation of two equivalents of PMes into the reaction solution to form the
product as a white solid. The second method is by reacting [SiClz(NMes),][ClO4] with two
equivalents of PMes in MeCN. The authors reported that this complex was characterised
by partial microanalysis (halide content) and IR spectroscopy; however, the IR data were
not reported in the paper, hence the evidence for this species is limited and very little is

known about its properties.®

6.1.2 Cationic silicon halide complexes

The only known cationic silicon halide phosphine complex is [SiClz(PMes),]*, isolated as
discussed above, as its perchlorate salt. In contrast, there are many examples of carbene
stabilised cationic silicon halide complexes. The reaction of NHC; (NHC; = 1,3-
dimethylimidazolidin-2-ylidene) with SiCls leads to the formation of the 1:1 adduct

[SiCla(NHC4)]. Two equivalents of this adduct can react with the electron-deficient silane,
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H,Si(C2Fs),, to generate [SiCl;H(NHC1)2][SiCl3(CaFs)2]. The cation in this complex is trigonal
bipyramidal, with two NHC; ligands and a hydride in the equatorial positions and the two
halides in the axial positions.® The reaction of [SiCls(NHC1)] with BCl; leads to the
formation of the salt, [SiCl3(NHC1)][BCls], containing a tetracoordinate silicon-based
monocation. This can then be reacted with a further equivalent of [SiCls(NHC1)] to form
[SiCl3(NHC;1)2][BCls]; here the [SiCla(NHC1)] acts as a carbene transfer reagent, with SiCls as
the by-product. In the [SiCl3(HNC1).]* cation, the carbenes occupy two of the equatorial

positions, the third is taken up by a chloride, with the other two chlorides axial.’

The reaction of the heavier silicon tetrahalides with NHC, (NHC; = 1,2-bis(2,6-
diisopropylphenyl)imidazole-2-ylidene) leads to the displacement of one of the halides
from the silicon centre to form the salts [SiX3(NHC,)][X] (X = Br, I) (see Figure 6.4).
Remarkably, in the case of the bromide and iodide salts, they can be reduced with KCs to
form the neutral Si(ll) species [SiX2(NHC>)], and are very rare examples of a monomeric
Si(11) complexes. [Sil2(NHC;)] can be reacted further in fluorobenzene with 3 equivalents
of NHC3 (NHGC; = 1,3,4,5-tetramethyl-imidazol-2-ylidene) to form [Si(NHCs)s][l]. featuring a
very unusual Si(ll) dication (see Figure 6.4).° Structures of the various carbenes described

in this chapter are shown in Figure 6.3 below.

~ ) ~ ) Me ~ Me
Me\N/\N/Me Dlpp\N/\N/Dlpp \N/\N/

\—/ \—/ _

Me Me

NHC, NHC, NHC;

Figure 6.3 — Structures of the NHCs described in this chapter.
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(a) (b)

Figure 6.4 — The structures of (a) the cation in [Sil3(NHC;)][I] and (b) the dication in [Si(NHCs)s][l]2

the iodide anions are removed for clarity. Both redrawn from Ref. 8.

Cationic silicon(IV) halide complexes with N-donor ligands have been long known,
although they remain quite few in number. The complex [Si(bipy)s]la can be synthesised
by the reaction of Sils with three equivalents of bipy; this compound features a
tetracationic silicon species where all the halides have been displaced. Formation of the
cation in this case is presumably driven by the weakness of the Si-I bond.!! Reaction of
nitrogen donor ligands with other silicon(IV) halides can also lead to the formation of
cationic complexes. The reaction of the mixed halide SiCl,Br; or SiCls with the N-
methylimidazole (NMI) leads to the displacement of two of the halides to form the salts,
[SiCl2(NMI)4]X2 ( X= Cl, Br); these feature six-coordinate distorted octahedral silicon

centres where the NMI ligands all lie in a plane.’?

The reaction of the triamine ligand, pmdta, with SiCl; and Na[BArf] in toluene leads to the
formation of the complex [SiCls(pmdta)][BArf], which features a mer coordinated triamine
(see Figure 6.5 (a)). Similarly, the reaction of the tridentate macrocyclic ligand, Mestacn,
with SiCls leads to the displacement of one of the chlorides to form the salt fac-
[SiCl3(Mestacn)]Cl as one of the products, although through this route a clean sample
could not be obtained. However, if SiCls, TMSOTf, and Mestacn are reacted in a 1:1:1 ratio
in CH2Cl,, then the pure complex [SiCls(Mestacn)][OTf] can be isolated. In these salts, the

triaza macrocycle is fac coordinated (see Figure 6.5 (b)).:
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(a) (b)

Figure 6.5 — Crystal structures of the cations (a) [SiCls(pmdta)]* and (b) [SiCls(Mestacn)]*.

Both redrawn from Ref. 11.

Halide displacement by neutral N-donor ligands can also be extended to SiFa, which is
surprising considering Si-F bonds are the strongest single bonds of any group 14 halide
(see section 1.4). The reaction of SiF4 with Mestacn in toluene or CH,Cl; leads to the
formation of [SiF3(Mestacn)][SiFs]; the cation exhibits a sharp resonance at 6 =-147.6
with 2°Si satellites (Ysir = 208 Hz) in the °F{*H} NMR spectrum. Anion metathesis with
Na[BArf] leads to the clean isolation of [SiF3(Mestacn)][BArf]. The reaction of SiF4 with the
acyclic di- or tri-amine, tmeda (N,N,N’,N’-tetramethyl-1.2-diaminoethane) or pmdta,
however, leads to k?>-coordinated complexes with no fluoride displacement. Clearly, in
these systems, the additional stabilising effect of the macrocycle is needed to liberate the

fluoride.

Neutral O-donor ligands can also be used to generate silicon(IV) halide cations. The
reaction of HMPA (hexamethylphosphoramide) with SiCls leads to the formation of
[SiCl3(HMPA),]Cl, trans-[SiCla(HMPA),], or fac/mer-[SiCl3(HMPA)s]Cl depending on the
ratio of SiCls:HMPA. This system was studied by both 3!P{*H} and 2°Si NMR spectroscopy,
as well as by X-ray crystallography. The 2°Si NMR spectral parameters for the various
species are shown in Table 6.1 below; it can be seen that the five-coordinate

[SiCl3(HMPA),]* cation has a much less negative chemical shift compared to both the
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neutral six-coordinate complex and the two six-coordinate cations. [SiCla(HMPA);] and

mer-[SiClz3(HMPA)3]Cl have also been structurally characterised.**

Table 6.1 — Selected NMR spectroscopic data for silicon chloride HMPA complexes.*

Complex 29Si/ppm 2Jsin/Hz
[SiCls(HMPA),]CI -120.5 15
trans-[SiCls(HMPA),]  |-205.5 9.7

mer-[SiCls(HMPA)s]Cl  |-206 -

fac-[SiCls(HMPA);]CI -210 5

6.2 Aims

The aim of this chapter is to develop the chemistry of silicon halides with phosphine ligands. With
a focus on expanding the known chemistry to include silicon iodide and towards the generation of

cationic complexes through halide abstraction.

6.3 Results and discussion

6.3.1 Reactions of silicon(1V) halides with phosphine ligands

This chapter invesigates the reactivty of phosphine ligands with silicon halides, with the
main aim of generating phosphine-stabilised silicon-centred cations, which are rare. As
part of this study, the complexes [SiCls(PMes)2] and [SiBrs(PMes),] were prepared
according to literature procedures.® NMR data for these complexes match closely with
the reported data. Previously, no 2°Si NMR resonances could be obtained for these
complexes due to the reactivity of the complexes with the relaxation agents used which
were either TEMPO or [Cr(acac)s]. However, the bulkier relaxation agent tris(2,2,6,6-
tetramethyl-3,5-heptanedionato)chromium(lll), which has been used previously with the
SiCls/HMPA systems discussed in section 6.1.2,'* was found not to react with these
complexes on the timescale necessary for NMR spectral acquisition and hence 2°Si NMR
spectra could be recorded. For the complex [SiCls(PMes)2] in CD,Cl, a triplet is seen in the
29Si NMR spectrum (Figure 6.6) at & = -210 (Ysip = 266 Hz), which is to low frequency of
SiCls (6 = -20 in CeFs)'® and is consistent with the trans-octahedral geometry seen in the

solid state being retained in solution. A triplet is also seen in the 2°Si NMR spectrum of
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the bromo analogue, [SiBra(PMes)2] (6 = -284 Ysip = 227 Hz), with A8 =-192 from SiBra.
Large low-frequency shifts are also seen in the 11°Sn NMR spectra of the analogous tin(IV)

halide complexes.'®

-1 I80 I -2I00 I -2I20 I -2I40
Chemical shift (ppm)

Figure 6.6 — 2°Si NMR spectrum of [SiCl4(PMes),] at 183 K in CD,Cl,.

Previously, it was shown that Sil4 had no reactivity with phosphines in CH,Cl, solution.®
However, if two equivalents of PMes are added to Sils dissolved in a hydrocarbon solvent
(see Scheme 6.1 below), precipitation of a yellow product occurs immediately. In the H
NMR spectrum of this solid, there is a broad singlet at 6 = 1.66, which is +0.77 ppm from
PMejs itself, indicating ligand coordination. In the 3'P{*H} NMR spectrum, there is a broad
singlet at & = 3.2, with A8 = + 65 from free PMes. This resonance cannot be due to ligand
iodination, as the resonance for [IPMes]* comes at 6 = 80.0.7 Silicon-phosphorus coupling

is resolved for this complex at 253 K with a magnitude of Jsjp = 93 Hz.

222



Chapter 6
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Scheme 6.1 — Reaction of Sil; with trimethylphosphine.

The yellow complex is stable in CH,Cl; after synthesis, and crystals of the complex were
grown by layering a CH,Cl; solution of the complex with hexane. Rather unexpectedly, a
single crystal structure determination of this product (Figure 6.7) shows that one of the
iodides has been displaced spontaneously from the silicon centre to form a [Sils(PMes)]*
cation. This does not occur in the bromide and chloride systems, which form six-
coordinate trans-octahedral complexes exclusively. The difference in the reactivity of the
iodides vs. the lighter halides probably reflects the small size of the silicon centre,
together with the relative weakness of the Si-l bond (see section 1.4). The cation has a
trigonal bipyramidal geometry with the PMes ligands mutually trans. The I-Si-l bond
angles are not significantly different from the expected 120°. The P-Si-P bond angle
deviates from the expected 180° by a few degrees (176.4(3) °), as appears to be common
in these types of cations, for example, in the related complex [SnCl3(PMes)2]*, where the

P-Sn-P bond angle is 173°, which was attributed to crystal packing effects.®
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Figure 6.7 — The structure of the monocation in [Sil3(PMes)2][l] showing the atom labelling
scheme. Ellipsoids are drawn at the 50% probability level, H atoms, the I counter anion and lattice
CH,Cl, are omitted for clarity. Selected bond lengths (A) and angles (°) are: Si1-P1 = 2.380(5), Sil-
11 =2.503(4), Si1-12 = 2.471(7), P1-Si1-P1 = 176.3(4), 11-Si1-12 = 119.92(14), I11-Si1-11 = 120.2(3).

symmetry operation: (1+Y-Z,+Y,3/2-Z).

The crystallographically equivalent Si-P bonds are slightly longer than the bond lengths in
the tetrahalide complexes [SiXa(PMes),] (X = Cl, Br); this probably reflects the weaker

Lewis acidity of silicon iodide vs. the lighter halides, even in the monocation.

The cation has D3, symmetry, so group theory analysis predicts two Si-I stretching modes
(A1’ and E’) although only E’ is IR active and this peak is seen at 379 cm™. Group theory
also predicts two stretching bands for the Si-P bonds (A’1 and A”’;); out of these, only the

A”; stretch is IR active; this asymmetric stretch appears at 404 cm™.
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Figure 6.8 — Showing |---l interactions (purple dashes) between the [Sils(PMes),]* cations as well

as between the [Sils(PMes);]* cations and I, looking down the P-P axis.

In the crystal structure of [Sils(PMes)2][l], there are long, weak |-+l interactions that fall
just within the sum of the van der Waals radii (4.08 A)!%; the cations and iodide anions
form a 2-D network through these interactions as shown in Figure 6.8. Three
[Sils(PMes)2]* units form weakly associated triangles via the coordinated iodides, the
shortest |- distances are 3.933 A. There are also cation-anion interactions between two
of the iodine atoms in each [Sils(PMes)2]* unit at two iodide counter anions, with d(I---1) =
3.685 A, well within the sum of the van der Waals radii (4.08 A). These interactions lead to
the formation of a porous structure that contains void spaces which form pockets and
channels in the structure aligned in the c direction and account for ca. 21% of the volume
of the cell. These voids contain disordered CH,Cl; solvent, which was accounted for in the

structure refinement by using a solvent mask.?°
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Scheme 6.2 — Reaction of Sil, with bidentate phosphines.

In order to investigate whether bidentate phosphines would also lead to iodide
displacement, the reactions of Sils with Et,P(CH,),PEt; and 0-C¢Ha(PMe3), were explored
(Scheme 6.2). The addition of the diphosphine to a solution of Sils in hydrocarbon solvent
leads to the immediate precipitation of orange solids, which were formulated as the
neutral six coordinate complexes, [Sils{Et,P(CH,),PEt,}] and [Sila{o-CeHa(PMe2)2}],

respectively, on the basis of crystal structure determinations (vide infra).

In the *H NMR spectrum of [Sils{o-CeHa(PMe3),}], the methyl resonance occurs at 6 = 1.99,
+0.68 ppm to high frequency from the ‘free’ diphosphine. In the 3!P{*H} NMR spectrum,
there is a singlet resonance at 6 = -33.6; this is a much smaller shift than seen in the
analogous chloride or bromide complexes (0.7 and -2.1 ppm, respectively). The phosphine
resonance is flanked by silicon satellites with YJsip = 26 Hz, which is much smaller than for
the chloride and bromide complexes (Ysip = 137 and 103 Hz, respectively).® These data are

consistent with the weaker Lewis acidity of Sil; compared to the lighter homologues.

In the *H NMR spectrum of [Sila{Et2P(CH2)2PEt,}], three resonances are seen at 6 = 1.41,
1.98, 2.36, with an integration ratio of 12:4:8, consistent with cis-bidentate coordination.
The corresponding 3'P{*H} NMR spectrum contains a singlet at 6 = -25.6, some -7.4 ppm

to low frequency from the diphosphine itself.

Crystals of [Sila(0-CsHa{PMe3},)] were grown by layering a CH,Cl, solution with hexane,
while crystals of [Sila(PEt2{CH;}.PEt;)] came from slow evaporation of a CH,Cl, solution of
the complex. The structures (see Figure 6.9 below) confirm the cis-octahedral
coordination environment around the silicon centre with bidentate diphosphine

coordination and retention of four coordinated iodides, similar to the bromide and
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chloride analogues.® There is no evidence of displacement of the iodides from the silicon

centre with these ligands, unlike the PMes complex discussed earlier.

(a) (b)

Figure 6.9 — The crystal structures of (a) [Sils{o-CsHa(PMe3),}] showing the atom labelling scheme.
Ellipsoids are drawn at the 50% probability level and H atoms are omitted for clarity. Selected
bond lengths (A) and angles () are: Si1-P1 = 2.3707(9), Si1-P2 = 2.3678(9), Si1-I1 = 2.6812(7), Sil-
12 =2.6326(7), Si1-I3 = 2.6266(7), Sil-14 = 2.6371(7) P1-Si1-P2 = 86.14(3), 11-Si1-I13 = 175.81(3), 12-
Sil-14 = 93.47(2) and (b) [Sils(PEt2{CH},PEt;] showing the atom labelling scheme. Ellipsoids are
drawn at the 50% probability level and H atoms are omitted for clarity. Selected bond lengths (A)
and angles (*) are: Si1l-P1 = 2.391(8), Si1-P2 = 2.405(7), Si1-I1 = 2.647(7), Si1-12 = 2.631(5), Si1-I3 =
2.670(7), Sil-14 = 2.645(6) P1-Si1-P2 = 86.14(3), 11-Si1-3 =175.81(3), 12-Si1-14 = 93.47(2).

The d(Si-I) are similar in the two [Sils(diphosphine)] complexes, and all fall within the
range of 2.6266(7)-2.6812(7) A, i.e. elongated relative to Sils itself (2.43 A),2! consistent
with the higher coordination number in the former. The d(Si-l) in the bidentate phosphine
complexes are also ca. 0.15 A longer than for the five-coordinate [Sils(PMe3),]* cation
(2.471(7)-2.503(4) A) and can also be explained by the lower coordination number (less
steric crowding) in the PMes; complex, along with the presence of the positive charge

strengthening the Si-l interaction.
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[Sils(PMes3)2][1], [Sila{Et2P(CH2)2PEt,}] and [Sila{o-CsHa(PMe2),}] represent the first
phosphine complexes of silicon iodide. For PMes, it has now been shown that complexes
form with all the silicon halides (although for X = F, the only evidence is through
tensiometric data), much like tin(IV) (see Chapter 5) and unlike germanium(IV) (see
Chapter 3). The bidentate phosphine complexes represent the first structurally
characterised complexes featuring the ‘Sils’ unit. This paucity of examples is due to the
propensity of Sils to auto-ionise, as demonstrated by the formation of the [Sils(PMes);][1]
salt with PMes and by the cationic complexes formed with N-, O- and C-donor ligands
discussed in section 6.1.2. In this case, the diphosphines are sufficiently good donors to

form chelate complexes, but are sufficiently poor as not to cause auto-ionisation.

6.3.2 Reaction of Gel; with PMe3

Tin(lV) iodide is known to react with some phosphine ligands in CH,Cl, to produce
iodinated phosphines rather than simple adducts, for example the reaction of PCys and
Snl4 leads to the formation of [IPCys][Snl3].?2 However, phosphine adducts can be formed
by the reaction of tin metal powder with diiodophosphines.?* While previous work has
shown that GeF4 can form adducts with phosphines, there are no reports of adducts of
Gels with phosphine ligands, whereas previous work has shown that GeCls and GeBr4
react with phosphines in solution to form halophosphonium salts with GeXs anions via

redox chemistry.?*

The reaction of Gels with two equivalents of PMejs in toluene led to the formation of a
red/brown solid, the 'H NMR spectrum of which shows a doublet at 6 = 1.81, i.e. AS =
0.84 vs. uncoordinated PMes, indicating adduct formation. In the 3!P{*H} NMR spectrum,
there is a singlet at § = -41.3, which is only a modest shift (A8 = +19.2) from ‘free’ PMes.

This product is not iodinated phosphine, as [PMesl]* occurs as +80.0 ppm.?

Single crystal X-ray analysis of a crystal grown by layering a CH,Cl; solution of the
germanium product with hexane show that the germanium centre has, in fact, been
reduced to Ge(ll) and the phosphine ligand oxidised to form the complex,
[Ge(OPMes)s][Gels)2 (see Figure 6.10). The dicationic part of the compound can be
considered to be a phosphine oxide analogue of the dication [Ge(PMes);]?* described in
Chapter 4. Notably, the O-Ge-0 bond angles in the phosphine oxide complex are more
acute than the P-Ge-P bond angles (91.03(12)° vs. 98.085(17)-100.507(18)°).
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Using the crystal structure geometry of [Ge(OPMes)s]?* as a starting geometry DFT
calculations were performed on the dication using the B3LYP functional and 6-113G(d)
basis set. NBO analysis on the ground state structure shows that the germanium centre
has a natural charge of +1.34, which is much greater than in the corresponding phosphine

complex (+0.16) (Chapter 4).

Figure 6.10 — The crystal structure of the dication in [Ge(OPMes)s][Gels], showing the atom

labelling scheme. Ellipsoids are drawn at the 50% probability level, H atoms and the [Gels] counter
anions are omitted for clarity. Selected bond lengths (A) and angles (°) are: Ge2-01 = 1.888(4), O1-
P1=1.537(5), 01-Ge2-01 = 91.03(12). Symmetry operations: (+Y-X, 1-X, Z), (1-Y,1+X-Y, %-Z).
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6.3.3 The reaction of silicon(1V) halide phosphine complexes with halide abstraction
agents
PMe; B PMe; ]
&‘X X
Na[BArF], -NaX o

4 | CH,Cl, | N,

PMes PMe;

X =Cl, Br
Scheme 3.3 — The reaction of [SiXs(PMes),] with Na[BAr]

Following the discovery of the [Sils(PMes)2]* monocation discussed above, we sought to
determine whether analogous cations could be generated with the lighter halide
homologues. Na[BArf] was chosen as the halide abstraction agent based upon the

successful generation of tin(lV) cations (discussed in Chapter 2).

The reaction of [SiCls(PMes),] with Na[BArf] in CH,Cl; leads to the precipitation of NaCl
and the formation of the [SiCl3(PMes),][BAr] salt (Scheme 3.3). In the 'H NMR spectrum
of this complex there is a doublet at § = 1.60, which is to low frequency of the neutral
tetrachloride precursor complex. In the 3'P{*H} NMR spectrum there is a sharp singlet
resonance at 6 =-3.5, is also to low frequency of the neutral complex, with the silicon-
phosphorus coupling being YJsip = 211 Hz, (i.e. a decrease of 55 Hz from that for
[SiCls(PMes),]. In the 2°Si NMR spectrum of this complex, a triplet is seen at 6 = -105, a
shift of +106 ppm from the tetrachloride complex, consistent with an increase of positive
charge at silicon in the cation. In the IR spectrum of the complex, the Si-Cl E’ stretch
occurs at 527 cm?, and the Si-P A”’; stretch at 484 cm™. Crystals of this complex were

grown by layering a CH,Cl; solution of the complex with hexane.
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Figure 6.11 — The structure of the cation in [SiCl3(PMes),][BArf] showing the atom labelling
scheme. Ellipsoids are drawn at the 50% probability level. H atoms and the BArf counter anion are
omitted for clarity. Selected bond lengths (A) and angles (*) are: Si1-P1 = 2.3276(14), Si1-P2 =
2.3230(13), Si1-Cl1 = 2.0832(13), Si1-Cl2 = 2.0809(13), Si1-CI3 = 2.0866(12), P1-Si1-P2 = 179.00(6),
Cl1-Si1-CI2 = 120.32(7), CI2-Si1-CI3 = 121.28(6), CI1-Si1-CI3 = 118.39(6),

The crystal structure of [SiCl3(PMes),][BArf] reveals a trigonal bipyramidal geometry (see
Figure 6.11) at the silicon centre, similar to that seen in [SnCl3(PMes);][AICl4] (Chapter 2).
In the Si cation, the PMes groups are eclipsed with respect to each other and are
staggered with respect to the chlorides; this contrasts with the neutral [SiCls(PMes)2],
where the PMes groups are staggered with respect to each other. There is a small
decrease in the Si-P bond length upon going from the neutral tetrachloride complex to
the monocation (see Table 6.2). This is accompanied by a substantial decrease in the d(Si-
Cl) by ca. 0.14 A upon formation of the monocation, indicating that most of the positive
charge is taken up by the SiCls unit. There is also a large increase in the average C-P-C
bond angle (by ~ 2°) upon forming the monocation; consistent with the SiCls* unit being a

better Lewis acid towards phosphines compared to SiCla.
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Table 6.2 — Selected geometric parameters for silicon halide PMes; complexes

[SiCI4(PMe3)2] [SiC|3(PMe3)2][BAI’F] [S”g(PMeg,)z]“]
d(si-x) / A 2.2069(3) 2.0832(13) 2.502(4)
2.2296(3) 2.0809(13) 2.478(8)
2.0866(12)
d(Si-P) / A 2.3484(3) 2.3276(14) 2.385(6)
2.3230(13)
C-P-Cangles/° 104.76(5)-105.94(5) | 106.4(3)-108.2(3) 104.2(7)-109.1(9)

The corresponding bromo complex, [SiBrs(PMes)>][BArf], can be synthesised by the
reaction of [SiBrs(PMes);] with Na[BArf] in CH,Cl,. The *H NMR spectrum of this complex
shows a doublet resonance at § = 1.62, with A§ =-0.1 from the neutral [SiBrs(PMes)]. The
31p{IH} NMR spectrum a broad singlet at 6 = 3.5 (A8 = +4.7). At 183 K, this resonance
shifts to 6.3 ppm and the expected silicon satellites are resolved, with YJsip = 184 Hz, which
is smaller than for the tetrabromide complex (227 Hz).® This is in line with the trend seen
for the chloride analogues (257 Hz to 211 Hz). There is a triplet resonance in the 2°Si NMR
of this complex at 6 = -140, a shift of +144 ppm from the neutral [SiBras(PMes),]. The IR
spectrum shows the Si-Br E’ stretch at 433 cm™ and the Si-P stretch at 474 cm™. A

summary of the key NMR spectroscopic data is shown in Table 6.3 below.

Table 6.3 — Selected spectroscopic data for neutral and cationic silicon(lV) phosphine complexes

Compound 31p{1H}/ ppm 25 / ppm? Ysip/ Hz v(Si-X)/ cm?
[SiCls(PMe3),]® 23 210 257 417
[SiCls(PMe3s),][BAr] -3.5 -105 211 527
[SiBra(PMes);]® -1.2 -284 227 321
[SiBrs(PMes),][BAr] 3.5 -140 184 433
[Sils(PMe3)2][l] 3.2 -229 93 379

2 recorded in CD,Cl; at 183 K using [Cr(TMHD)s] as relaxation agent

Addition of a second equivalent of Na[BArf] to [SiCl3(PMes),][BArf] did not abstract
further halide, therefore, to attempt to generate dicationic complexes, the appropriate
AlX3 was used as an alternative halide abstractor (following the success of generating

dicationic complexes of tin(IV) chlorides in chapter 2). However, in this case, the reaction
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of [SiXa(PMes),] with two equivalents of AlX3in CH,Cl; led to the formation of a mixture of
species including [AlX3(PMes)] (X = Cl or Br) as indicated by distinctive multiplet
resonances in their 3'P{*H} NMR spectra.?® This suggests that silicon halides are poorer
Lewis acids towards phosphines than AlXs, which can abstract a phosphine ligand from
the silicon centre (or, if the phosphines are labile, can outcompete the silicon centre for
coordination), and the silicon halides are more halophilic than the aluminium halides so
the halide is not abstracted. The reaction of Ag[BArf] with [SiCls(PMes),] also leads to the

abstraction of PMes from the silicon centre.

As the addition of two equivalents of aluminium halides did not generate dications, effort
moved to TMSOT( as an alternative halide abstractor. The reaction of [SiCls(PMes3),] with
one or two equivalents of TMSOTf in CH,Cl, generated the complexes [SiCl3(PMes),(OTf)]
and [SiCl,(PMes),(OTf)2]. There is a small positive shift in the *H NMR resonance upon
converting the tetrachloride to the mono- and bis-triflate derivatives. However, in the
31p{1H} spectrum, there is a negative shift to & = -0.21 for the mono-triflate and a positive
shift to 6 = +3.2 for the bis-triflate. In the case of [SiClo(PMes),(OTf),], silicon satellites are

observed with Ysip= 211 Hz, which is a decrease from the parent tetrachloride complex.

A few crystals of [SiCl,(PMes),(OTf),] were grown by layering a CH,Cl, solution of
[SiCl3(PMes),(OTf)] with hexane; from these, the crystal structure of [SiCl,(PMes),2(OTf);]

could be determined (see Figure 6.12).
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Figure 6.12 — The structure of [SiCl2(PMes)(OTf),] showing the atom labelling scheme. Ellipsoids
are drawn at the 50% probability level and H atoms are omitted for clarity. Selected bond lengths
(A) and angles () are: Si1-P1 = 2.3388(6), Si1-P2 = 2.3477(6), Si1-Cl1 = 2.1753(5), Si1-CI2 =
2.1881(5), Si1-01 = 1.8401(11), Si1-04 = 1.8438(11), P1-Si1-P2 = 175.49(2), Cl1-Si1-CI2 =
178.98(3), 01-Si1-04 = 175.01(6).

The complex [SiCl,(PMes)2(OTf),] exhibits a trans-octahedral geometry in the solid state,
with both OTf groups coordinated and also mutually trans. This is in contrast to the
[GeF2(PMes)2(OTf),] analogue (Chapter 3), in which the triflates only interact weakly with
the metal centre and are mutually cis. The difference in structure between the two
complexes is surprising considering that the silicon is smaller than germanium and might
be expected to form a lower coordinate species. The triflates are sufficiently small that
the silicon centre can accommodate both of them; the short silicon-oxygen distances,
d(Si-0) = 1.850(4), 1.846(4) A, suggest that the interaction with the silicon centre is
strong. The silicon-phosphorus bond lengths (2.3477(6), 2.3388(6) A) are similar to those
in [SiCla(PMes)2] (2.3484(3) A), whereas the silicon-chloride bonds (2.1753(5), 2.1881(5) A)
are significantly shorter than those in [SiCla(PMes),] (2.2296(3), 2.2069(3) A), but longer
than those in the [SiClz(PMes)2]* cation. These data indicate that for the silicon complexes
the positive charge is accommodated mostly by the silicon halide unit rather than the

phosphine.

From a mixture of SiCls:PPr3:TMSOT( in solution (CH,Cl,) crystals of the phosphonium salt,
[PPrsH]>[Si(OTf)s], were isolated, which contained the unusual anion [Si(OTf)s]%, which is
shown in Figure 6.13 below. This demonstrates that triflate is sufficiently small that even

for silicon(IV), six triflate anions can fit within the coordination sphere.
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Figure 6.13 — The structure of the dianion [Si(OTf)e]* in [HPPr3],[Si(OTf)s] showing the atom
labelling scheme. Ellipsoids are drawn at the 50% probability level, and the cations are omitted for
clarity. Selected bond lengths (A) and angles (°) are: Si1-01 = 1.766(4), 01-5i-01 = 88.7(2), 91.3(2),
180.0(3). Symmetry operations: (+Z, +Y, +X), (1-Y, 1-Z, 1-X), (1-X, 1-Y, 1-Z), (1-Z, 1-X, 1-Y), (+Y, +Z,
+X).

6.3.4 DFT analysis of Si(IV) phosphine complexes

DFT calculations using the B3LYP-D3 functional were performed on the cations
[SiX3(PMes)2]* (F, Cl, Br, 1) in order to better understand their electronic structure. For
[SiCl3(PMes)2]* and [Sils(PMes)2]*, their structures have been crystallographically
determined, so the geometric optimisations started from the experimental geometries.
For the [SiF3(PMes),]* and [SiBrs(PMes);]* cations, the experimental structures are
unknown, so the geometry of [SiClz(PMes)2]* was chosen as a starting point (with the
chloride exchanged for the appropriate halide) and the structures were allowed to refine
and optimise. In all cases, the calculations converged with no imaginary frequencies,
showing that the optimised geometries are minima on the potential energy surface. To
compare with their neutral counterparts, calculations were also performed on the
tetrahalide complexes, [SiXa(PMes),] ( X = F—1). For X = Cl, Br, the starting geometries
were based on published crystal structures for these complexes,® while for X = F and | the
structures were computed starting from the geometry of [SiCls(PMes);] (changing the Cl

to the appropriate halide).
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Table 6.4 — Comparing computed and experimentally determined geometric parameters for

[SiCI3(PMe3)2]+

[SiCls(PMes),]* | X-ray data / A | DFT (B3LYP-D3) / A
Si-Cl 2.0832(13) |2.12782
2.0809(13) |2.12767
2.0866(12) |2.12785
Si-P 2.3276(14)  |2.35909
2.3230(13)  |2.35908

Cl-Si-Cl 120.32(7) 120.03881
121.28(6) 119.99066
118.39(6) 120.03881

P-Si-P 179.00(6) 179.97953

Table 6.5 — Comparing computed and experimentally determined geometric parameters for

[Si|3(P|\/|63)2]+

[Sil3(PMes),]* |X-ray data /A | DFT (B3LYP-D3) /A
Si-| 2.503(4) 2.57309
2.471(7) 2.57336
2.57324
Si-P 2.380(5) 2.44975
2.44975
I-Si-I 119.92(14) |119.98383
120.2(3) 120.000888
120.01529
P-Si-P 176.3(4) 179.96224

Table 6.4 and Table 6.5 above compare the geometric parameters from the experimental
X-ray crystallographic data and the computed geometries for the [SiCl3(PMes);]* and
[Sil3(PMes3),]* cations. There is good agreement between the X-ray crystallographic
geometries and the optimised geometries from the DFT calculations (although, of course
the DFT calculations assume an isolated cation in the gas phase, whereas the X-ray
crystallographic data are determined from the solid state and include the anions and

packing effects).
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Table 6.6 — Selected NBO data for the complexes [SiXs(PMes),] and [SiX3(PMes),]*

[SiFs(PMes)2] | [SiCla(PMes)2] |[SiBra(PMes)2] |[Sila(PMes).]
Natural charge on Si 1.81 0.77 0.49 0.14
Natural charge on P 1.02 1.11 1.13 1.13
Natural charge on X (av.) |-0.68 -0.48 -0.41 -0.31
[SiF3(PMes),]* | [SiClz(PMes).]" | [SiBrs(PMes),]* |[Sils(PMes).]*
Natural charge on Si 1.79 0.84 0.57 0.23
Natural charge on P 1.00 1.07 1.10 1.08
Natural charge on X (av.) |-0.64 -0.37 -0.29 -0.14

NBO calculations were performed on the complexes to determine how the charge is
distributed in the various Si(IV) phosphine complexes. The NBO data are summarised in
Table 6.6. In general, the positive charge on the silicon centre decreases upon going from
F to I. Except for the case of X = F, the abstraction of a halide leads to an increase in
positive charge on both the silicon centre and on the halides. For X = F there is a small
decrease in natural charge on silicon upon fluoride abstraction. Overall, in the complexes
there is only a moderate change in the charge on the phosphorus atoms, consistent with
the 31P{*H} NMR shifts being similar across the halides and also with the 2°Si NMR shifts

being much more sensitive to the specific halide present and the charge on the complex.

6.4 Conclusions

In this chapter, the chemistry of silicon (1V) halides with phosphine ligands were explored,
with particular emphasis on developing a series of unusual cationic Si(IV)-phosphine
species. The first examples silicon iodide phosphine complexes were synthesised and
characterised; in the case of PMejs, the reaction with Sils led to spontaneous iodide
displacement and the formation of the ionic complex, [Sils(PMes),][l], contrasting with
the chemistry of the other halides with PMes (where only the neutral [SnXa(PMes);]
complexes were observed).® Silicon(IV) iodide was also shown to react with the
diphosphine ligands Et,P(CH,).PEt; and 0-CsHa(PMe3), to form six-coordinate neutral
complexes with cis-octahedral coordination, the first known complexes featuring the Sils

unit. Comparing these complexes with the known Si(1V) iodide complexes there are two
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main differences to note, firstly, there are no known neutral silicon(1V) iodide complexes
with NHC ligands (all known examples are cationic due to iodide displacement), whereas
two are now known with phosphine ligands. Secondly, due to the bulkiness of the NHC
ligands previously used, the coordination numbers of known NHC silicon(l1)/(1V)
complexes are four or fewer, whereas for phosphine ligands coordination numbers are
found to be five or six. Less bulky NHCs may form complexes with higher coordination

numbers.

The related [SiX3(PMes)2]* (X = Cl, Br) cations have been synthesised by the reaction of the
tetrahalide complexes with Na[BArf]. In contrast, the reaction of [SiCls(PMes),] with
TMSOT( leads to the formation of neutral complexes [SiClz(PMes),(OTf)] and
[SiCl2(PMes),(0Tf),] with the OTf remaining coordinated to the silicon centre, while the
reactions of the tetrahalide complexes with AlXs or Ag[BArf] led to the removal of the

phosphine from the silicon centre.

DFT calculations suggest that the charge on the silicon centre in [SiXs(PMes);] and
[SiX3(PMes)2]* increases in the series F > Cl > Br > |, in line with expectations based on the
decreasing electronegativity going down group 17. Going from the tetrahalide to trihalide
complexes the majority of the charge is accommodated by the ‘SiXs’ with no significant

change in the natural charge on the phosphorus atom.

The complexes described in this chapter are very rare examples of phosphine complexes
of silicon halides, with some classes of complexes being completely unknown prior to this

work.
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6.5 X-ray crystallographic data

Table 6.7 — X-ray crystallographic data®

Compound [SiCl3(PMes),][BArF] | [SiCly(PMes),(OTf),] |[Ge(OPMes)s][Gels]
Formula C3gH30BCl3F24P,Si CsH13C12Fs06P2S,Si CoH27Geslg03P3
M 1149.81 549.27 1255.38
Crystal system orthorhombic monoclinic hexagonal
Space group (no.) Pbca (61) P2, (4) P63/m (176)
a/A 17.7948(7) 7.9858(2) 14.9724(2)
b /A 19.5965(6) 12.3268(3) 14.9724(2)
c/A 26.8774(11) 10.7399(2) 7.94029(14)
a/° 90 90 90

B/° 90 92.284(2) 90

v/° 90 90 120

U /A3 9372.6(6) 1056.39(4) 1541.53(4)
Zz 8 2 2

1(Mo-Kg) /mm 0.415 0.787 9.078

F(000) 4592 566 1128

Total number reflns 66260 29360 38440

Rint 0.063 0.041 0.062
Unique reflns 14048 6701 1907

No. of params, 626, 3 250,0 52,0
restraints

GOF 1.012 1.037 1.313

R1, WR; [I > 20(1)]° 0.070, 0.180 0.026, 0.058 0.036, 0.082
R1, WR; (all data) 0.138,0.237 0.030, 0.060 0.040, 0.082

Chapter 6
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Compound [Sil3(PMe3),][1]-:CH,Cl, | [Sila{o-CsHa(PMe2)2}] | [Sila{Et2P(CH2),PEt2}]
Formula C7H20Cl314P,Si CioH16l4P,Si CioH2414P,Si
M 772.76 733.889 741.953
Crystal system hexagonal monoclinic monoclinic
Space group (no.) | P6s/mmc (194) P21/n (14) Cc(9)

a/A 18.1858(3) 7.22644(14) 12.8535(6)
b /A 18.1858(3) 16.7515(3) 8.8973(3)
c/A 13.4510(3) 17.0301(4) 17.8528(9)
a/° 90 90 90

B/° 90 101.887(2) 103.382(5)
v/° 120 90 90

U /A3 3852.56(15) 2017.35(7) 1986.24(16)
Z 6 4 4

w(Mo-Kg) /mm? 5.217 6.379 6.480

F(000) 2112 1323 1355

Total number reflns | 167082 52055 10249

Rint 0.094 0.079 0.093
Unique reflns 2407 6706 3943

No. of params, 52,0 159,0 158, 62
restraints

GOF 1.079 1.021 1.013

R1, WRz [I > 20(1)]°  |0.097, 0.240 0.026, 0.059 0.079, 0.213
R1, WR, (all data) 0.116, 0.252 0.029, 0.060 0.082, 0.215

a Common items: T = 100 K; wavelength (Mo-Kg) = 0.71073 A; 8(max) = 27.5% ° Ry = 5| | Fo|- | Fe| | /2| Fol;

WR=[EW(Fo?-F2)2/WF, Y2
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Compound [HP"Pr3],[Si(OTf)e]
Formula C24H32F18018PS6Si
M 1232.87
Crystal system cubic

Space group (no.) Pa-3 (205)
a/A 17.1572(5)
b /A 17.1572(5)
c/A 17.1572(5)
o/° 90

B/° 90

v/° 90

u/k 5050.5(2)

z 4

w(Mo-Kg) /mm? 0.485

F(000) 2480

Total number reflns 12472

Rint 0.037
Unique reflns 2407

No. of params, restraints | 114, 6

GOF 1.248

Ry, WR; [I > 20(1)]° 0.131,0.276
R1, WR; (all data) 0.147,0.284

Chapter 6

a Common items: T = 100 K; wavelength (Mo-Kq) = 0.71073 A; 8(max) = 27.5% PRy = 3| | Fo|- | Fe| | /2| Fol;

WR2=[EW(Fo2-F )2/ TWF,*] Y2
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6.6 Experimental

Refer to appendix A for sources of reagents, instrument specifications and references for NMR.

[SiCls(PMe3),] and [SiBrs(PMes),] were made using published literature methods.®

[Sils(PMes).][1]: Sils (0.500 g, 0.99 mmol) was dissolved hexane (5 mL), to this PMe; (0.142 g, 1.85
mmol) was added as a solution in hexane, causing a yellow powder to precipitate immediately,
the reaction was stirred for 1 h. The supernatant was filtered away, and the solid was washed
with hexane (3 x 10 mL) and was dried in vacuo to yield a yellow solid. Crystals of this complex
suitable for X-ray crystallography were grown by layering a CH,Cl, solution of the complex with
hexane. The complex can also be synthesised using n-pentane as a solvent. Yield: 0.478 g (75%)
Required for CsHislsP2Si.1/4CsH14 (709.40): C, 12.7; H, 3.1. Found: C, 11.8; H, 3.6%. IR (Nujol/cm™):
v =379s (Si-1). *H NMR (CD,Cl,, 298 K): & = 1.66 (d, YJpy = 11 Hz, CH3). 31P{*H} NMR (CD,Cl,, 298 K): &
=3.2 (brs); (253 K): 6 = 4.6 (s, Ysip = 93 Hz ). 2°Si NMR (CD,Cl,, 298 K): & =-233 (brs); (253 K): 6 = -
229

[Sila{o-CeHa(PMe2)2}]: Sils (0.150 g, 0.28 mmol) was dissolved in hexane. To this 0-C¢Ha(PMe2)2
(0.055 g, 0.28 mmol) was added as a solution in hexane, causing immediate precipitation of an
orange powder. The reaction mixture was stirred for 1 h. The supernatant was filtered away, and
the solid was washed with hexane (3 x 10 mL) and dried in vacuo to yield an orange solid. Crystals
of this complex suitable for X-ray analysis were grown from layering a CH,Cl, solution of this
complex with hexane. The complex can also be synthesised using n-pentane as a solvent. Yield:
0.173 g (85%) Required for CioH16l4P2Si-1/2CsH1, (769/94) : C, 19.5; H, 2.9 Found: C, 19.3; H, 2.7%.
IR (Nujol/cm™): v=281m, 310m (Si-I) *H NMR (CD,Cl,, 298 K): & = 1.99 (m, [12H], CHs), 7.69-7.90
(m, [4H], ArH). *1P{*H} NMR (CD,Cl,, 298 K): 6 = -33.6 (s, YJsip = 25 Hz). >*Si NMR (CD,Cl,, 298/183 K):

n.o.

[Sila{Et.P(CH3)2PEt;}]: Sil; (0.300 g, 5.60 mmol) was dissolved in toluene (5 mL), to this
Et,P(CH;),PEt; (0.116 g, 5.62 mmol) was added as a solution in toluene (2 mL), causing the
precipitation of an orange solid. The reaction was stirred for 1 h. The supernatant was filtered
away, and the solid was washed with hexane (3 x 10 mL) and dried in vacuo to yield an orange
solid. Crystals of the complex suitable for X-ray crystallography were grown by layering a CH,Cl,
solution of the complex with hexane. Yield: 0.233 g (56%). for C1gH2414P,Si-1/2CsH1> (766.99): C,
19.3; H, 3.8. Found: C, 19.2; H, 4.3%. IR (Nujol/cm™): v=278m, 305m (Si-I). *H NMR (CD,Cl,, 298
K): 8 = 1.41 (m, [12H], CHs), 1.98(m, [4H], CH>), 2.36 (br m, [8H], CH,). *'P{*H} NMR (CD,Cl,, 298 K):
8=-25.6 (brs); (183 K): 6§ =-20.8 (br, s). *Si NMR (CD,Cl,, 298 K): -696 (br, s) ;(183 K): 6 = -687 (br,
s)

242



Chapter 6

[SiCls(PMes).][BArF]: [SiCls(PMes),] (0.200 g, 0.62 mmol)) was dissolved in CH,Cl (5 mL) and
Na[BArf] (0.550 g, 0.62 mmol) was added as a solid. The reaction mixture was stirred for 1 h
during which a small amount of white precipitate formed (NaCl). The supernatant was filtered
away and concentrated in vacuo to yield a white solid. Crystals of the complex suitable for X-ray
crystallography were grown by layering a CH,Cl; solution of the complex with hexane. Yield: 0.492
g (69%) Required for C3gH30BCl3F24P,Si (1149.73): C, 39.7; H, 2.6. Found: C, 39.7; H, 3.1%. IR
(Nujol/cm™): v=527s (Si-Cl)."H NMR (CD,Cl, 298 K): & = 1.60 (m, [18H], CHs), 7.57 (s, [4H], ArH),
7.73 (s, [8H], ArH). 3'P{*H} NMR (CD,Cl,, 298 K): 6 = -3.5 (Ysip = 211 Hz); (183 K): § =-2.4 (Ysp = 211
Hz). 2°Si NMR (CD2Cl,, 298 K): & = -104 (t, Usip = 211 Hz); (183 K): -105 (t, Usip = 211 Hz).

[SiBrs(PMes),][BAr]: [SiBri(PMes),] (0.100g, 0.20 mmol) was dissolved in CH,Cl, (5 mL) to which
Na[BArf] (0.177 g, 0.20 mmol) was added as a solid, the reaction mixture was stirred for 1 h,
during which a small amount of white precipitate formed which was removed by filtration (NaBr).
The supernatant was concentrated in vacuo to yield a white solid. Yield: 0.233 g (91%). Required
for CagH30BBr3F24P,Si (1283.11): C, 35.6; H, 2.4. Found: C, 35.8; H, 2.7%. IR (Nujol/cm™): 433s (Si-
Br). *H NMR (CD,Cly, 298 K): & = 1.62 (m, [18H], CHs), 7.57 (s, [4H], ArH), 7.73 (s, [8H], Ar-H).
31P{*H} NMR (CD,Cl,, 298 K): 6 = +3.5 (br s); (183 K): 6 = +6.3 (s, “Jsip = 184 Hz). 2°Si NMR (CD,Cl,,
298 K): n.o; (183 K): & = -140 (t, Usp = 184 Hz).

[SiCl3(PMes),(OTH)]: [SiCls(PMes),] (0.100 g, 0.31 mmol) was dissolved in CH,Cl, (5 mL) and
TMSOTf (0.069, 0.31 mmol) was added as a solution in CH,Cl; (2 mL), resulting in a colourless
solution. The reaction was stirred for 1 h, after which the volatiles were removed in vacuo to yield
a white solid, which was washed with hexane (3 x 10 mL) and dried in vacuo. Yield 0.119 g (88%).
Required for C;H15Cl3F303P,SSi (435.63): C, 19.3; H, 4.2. Found: C 19.3; H, 4.4%. IR (Nujol/cm™): v =
383m, 423m (Si-Cl). *H NMR (CD,Cl,, 298 K): 6 = 1.67 (d, 2Jpn = 12 Hz, CH3). 3'P{*H} NMR (CD,Cl,,
298 K): 6 =-0.21 (s, Ysip = 248 Hz). °Si NMR (CD,Cl, 298 K): -146 (t, Ysip = 248 Hz)

[SiCl,(PMes),(OTf),]: [SiCls(PMes),] (0.200 g, 0.62 mmol) was dissolved in CH,Cl; (5 mL) to which
TMSOTf (0.216 g, 1.24 mmol) was added as a solution in CH,Cl, (2 mL), resulting in a colourless
solution. The reaction was stirred for 1 h and the reaction mixture was layered with hexane (10
mL) and stored at -18 °C, which after one day afforded a crop of colourless crystals, which were
collected by filtration, washed with hexane (3 x 10 mL) and dried in vacuo. Yield: 0.231 g (68%).
Required for CgH15Cl.Fs06P,S,Si-1/4CsH14 (570.79): C, 20.0; H, 3.8. Found: C, 19.6; H, 4.2%. Found:
C, 19.6; H, 4.2%. IR (Nujol/cm™): 442m, 462m (Si-Cl). *H NMR (CD,Cl,, 298 K): 6 = 1.67 (d, 2Jpy = 12
Hz, CHs). 3'P{*H} NMR (CD,Cl,, 298 K): 6 = 3.2 (s, Ysip = 211 Hz). ?°Si NMR (CD,Cl, 298 K): -194 (t,
Ysip =311 Hz)
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[Gels(PMes),]: Gels (0.200 g, 0.34 mmol) was dissolved in toluene (2mL) to form a light yellow
solution and PMe; (0.052 g, 0.68 mmol) was then added as a solution in toluene (2mL), causing
the reaction mixture to turn a deeper yellow colour. After stirring for 1 h, volatiles were removed
in vacuo and the resultant yellow-orange solid was washed with hexane (3 x 10 mL) and dried in
vacuo. Yield: 0.160 g (64%). Required for CsH1sGelsP; (732.39): C, 9.8; H, 2.5. Found: C, 10.2; H,
2.9%. IR (Nujol/cm™): 262m (Ge-I). *H NMR (CD,Cl,, 298 K): 6 = 1.81 (d, %Jpr = 11 Hz, CH3). 3!P{*H}
NMR (CDCly, 298 K): 6 = -41.3.

DFT Calculations

The electronic structure of these complexes was investigated using DFT calculations using the
Guassian 16W software package.?’” The density functional chosen was B3LYP-D3% with the basis
set 6-311G(d)? for all atoms except in species containing Br and | where the Lanl2dz basis set was
used for these atoms.3° For [SiCls(PMes),],® [SiBra(PMes),],° [Sils(PMes),]* and [SiCls(PMes),]* the
initial geometries were taken from their crystal structures, For [SiFs(PMes),] and [Sils(PMe3s);] the
complex [SiCls(PMes),] was chosen as the starting geometry, with the halide atoms exchanged as
appropriate. For [SiF3(PMes),]* and [SiBr3(PMes),]* the [SiCls(PMes),]* cation was chosen as the
starting geometry with the halide atoms exchanged as appropriate. In all cases the structures
converged to a stable geometry with no imaginary frequencies. For the complexes with known
geometries the DFT geometries were compared with the crystallographic geometries and were

found to be in good agreement.
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Chapter 7

Chapter 7  Synthesis of salts of [SbS;)*> towards the

electrodeposition of Sh,S;

7.1 Introduction

Main group binary and ternary materials have a wide range of important applications. For
example PbTe for infrared detectors,! GST (germanium antimony telluride) for phase
change memory,? and SnSe for thermoelectric applications.> Within the ADEPT (Advanced
Devices by ElectroPlaTing) Program Grant the electrodeposition of various main group
materials has been investigated, mainly through the use of haloanion sources of the
elements in question.*® This work sought to expand the scope to the electrodeposition of
sulfide-containing main group semiconductor materials, which were not accessible

through the halide systems.

7.1.1 Antimony sulfide thin films

Sb,Ss is a V-VI material semiconductor. It has a layered structure consisting of (Sb4Se)n
ribbon-like chains in the b-direction, which are held together by weak van der Waals
interactions.® This material has a band gap of 1.7 eV, which is within the range for visible
light, it also has a high absorption coefficient (10° cm™).”® The material only has one
stable phase, and Sh;Ss films can also be crystallised at temperatures at or lower than
350°C.° Sulfur and antimony are relatively earth abundant elements which adds to the
interest in this as a sustainable semiconductor material. Both p° and n!! type
semiconductor behaviour has been observed for this material. There are a wide variety of
applications for Sb,Ss, including thermoelectric devices,! solar cells,*>'3 microwave

technologies,'! photocatalysis,*"'41> and optoelectronics'®.

Various methods have been used to deposit thin films of Sb,Ss, one of them being
chemical bath deposition. Here the substrate is submerged in a solution containing the
precursor materials, which then react with the surface of the substrate to deposit films.
With this technique various parameters can be changed, including ion concentration, pH
and complexation agents. Doped materials can also be formed by the introduction of

other materials into the bath.'’ The first example of this technique used potassium
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antimony tartrate (K2[Sb2(CsH206)2]), triethanolamine and thioacetamide, producing films

of thickness ca. 1um on SnO, coated glass slides over 92 h.18

Spray pyrolysis has also been used to deposit films of Sb,Ss. Here a precursor mixture is
sprayed onto a substrate at elevated temperature at a constant rate to form a
polycrystalline thin film.1® AACVD (aerosol assisted chemical vapour deposition) can be
used to deposit films of Sb,S3 using antimony dithiocarbamates [Sb{S.CN(Me)R}s] (R =
"Bu, Hex, Bn) as the precursors.?? LPCVD (low pressure chemical vapour deposition) can
also be used to deposit Sb,Ss thin films using the precursors Sb(SR)3 (R = 'Bu, CH,CF3).2!
However, it is notable that with both of these precursor types, contamination with
oxygen or antimony was common, although the use of a tris(thiobenzoato)antimony(lll)
complex can mitigate these problems, with AACVD generating contaminant-free Sb,Ss

films.22

Electrodeposition has also been used to deposit films of Sb,S; onto FTO electrodes
(fluorine doped tin oxide), using an aqueous solution of SbCl; and Na;S,03 under
potentiostatic and galvanostatic conditions. The deposited films are polycrystalline and
the crystallinity can be improved by annealing.?3 Pulsed electrodeposition using the same
precursor mix has also been used? to give films with a thickness of 250 nm. Other
materials such as Cu can be electrodeposited on top, which can then be heat treated to
form CuSbS,.%° Prior to the work in this thesis, there were no examples of
electrodeposition of Sb,S3 from a single source precursor. Here a single source precursor
means that all the elements required for the target material are present in the same

precursor molecule.

7.1.2 Non-aqueous electrodeposition

One advantage of non-aqueous electrodeposition is that the range of accessible
potentials are usually larger than in aqueous electrolytes. This can be very useful, for
example, in the electrodeposition of materials such as GST (germanium antimony
telluride), where the potential for electrodeposition of germanium from aqueous solution
is typically within the range for water reduction, whereas in CH,Cl; it is well within the
potential window of the solvent (-2.0 to +1.0 V) at -1.6 V.26 GST is a ternary alloy
containing germanium, antimony and tellurium, it can exist in both crystalline and

amorphous forms. The amorphous phase is much less conducting than the crystalline
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phase and the phase can be rapidly changed by heating the material. This switching

behaviour means that GST can act as a phase change memory material.?

Other advantages of using non-aqueous solvents such as CH,Cl; is their lower viscosity
and surface tension (compared to water), which can allow better filling of small pores (on
the nano-scale), which is advantageous for the deposition of material into small
structures for device applications. Electrodeposition is also a non-line-of-sight technique,
which allows for deposition into more complicated substrate architectures than possible

via line-of-sight techniques like sputtering or chemical vapour deposition.

Previously within the ADEPT Programme Grant a set of electrodeposition precursors has
been developed for the electrodeposition of a range of main group materials from non-
aqueous media. The previously used precursors were based on tetrabutylammonium
chlorometallates of the form [N"Bus][MCls] (M = In, Ga, Bi, Sb) or [N"Bua]2[MCle] (M = Se,
Te, Ge). It has been shown that these precursors can be used to deposit either the
crystalline elemental material, as well as binary (InSb, Bi>Tes) and ternary (GST)
materials.?* There are however no analogous halometallate precursors suitable for the
introduction of sulfur into the target materials, therefore the work in this study focuses
on development of a different precursor system for the non-aqueous electrodeposition of
main group sulfide materials. One possible solution to this challenge is to consider
utilising thiometallate salts as single source precursors to deliver both the metal and the

sulfur.

7.1.3 Electrodeposition from [MS,]™ salts

Previously, single source precursors of the form [MS4]? (M = Mo or W) have been used to
electrodeposit transition metal sulfide materials from aqueous and non-aqueous
solvents.'>28-30 yery recently it has been shown that the single source precursor
[N"Bua]2[M0S4] can be used to deposit MoS; from CH,Cl; across an insulating SiO surface
using lateral growth from a TiN electrode. [N"Bu4]Cl was used as the supporting
electrolyte and [HNMes]Cl as a proton source to remove the excess sulfur (as H2S).3! This
thiomolybdate anion can also be used for electrodeposition from aqueous solvents.3?2 WS,
has been deposited from acetonitrile solution using [NHa]2[WSa] as a single source

precursor using either sodium or lithium perchlorate as the electrolyte.®
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Antimony has an analogous tetrathioantimonate anion ([SbS4]*), however, there have
been no previous studies to explore the prospects of using this anion as a single source

precursor for the electrodeposition of antimony sulfide thin films.

The voltammetric behaviour of this Sb(V) anion at an automatic controlling growth
mercury electrode has been investigated and has been shown to be electrochemically
active, though here HgS is deposited at the electode?’ The work in this chapter therefore
explores the preparation and characterisation of salts of the [SbS4]3 anion, and its
corresponding tetraselenoantimonate anion ([SbSes]*") with a range of possible cations,
and preliminary electrochemical studies to determine whether [SbS4]>" can be used to
grow Sb,Ss thin films by electrodeposition. The electrochemical studies were performed

by Dr Shibin Thomas, Dr Alexander Wallace and Alexander Black.

7.2 Aims

The aim of this chapter is to develop precursors for the electrodepostion of Sb,S3 from a
single source precursor. With secondary aims of developing precursors for non-aqueous

electrodeposition as well as precursors for the electrodeposition of Sb;Ses.

7.3 Results and discussion

7.3.1 Synthesis and characterisation of [SbS;]* salts

The known salt Na3[SbS4]-9H,0 was synthesised as part of this work. Sb,S; was treated
with six equivalents of elemental sulfur in concentrated sodium hydroxide solution.
Boiling this solution for two hours caused the colour of the solution to change to orange-
yellow. Cooling this solution overnight led to the deposition of yellow crystals of
Na3[SbS4]-9H,0.33 [SbS4]* is a regular tetrahedral anion and group theory predicts only
one IR active Sb-S stretch (T;). The IR spectrum of the compound shows an intense peak
at 388 cm™ which is diagnostic of the [SbS4]* anion.?* However, group theory predicts
that both the A; and T, vibrations will be Raman active, and the Raman spectrum shows

these peaks at 363 cm™ 380 cm?, respectively.

121Sh NMR spectroscopy of the compound in D0 shows a resonance around & = 1032

ppm, this is consistent with reported literature data for this anion,? although because of
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the inherent characteristics of the quadrupolar antimony-121 nucleus (see chapter 1) only

very symmetric species are expected to be seen in the NMR spectrum.

Using analogous methodology, salts of other alkali metals (K-Cs) with this anion were also
synthesised, all of which show identical *2!Sb NMR chemical shifts confirming the
presence of the same [SbS4]3" anion in the salts. These also all feature the diagnostic IR

band around 388 cmL.

In order to test whether these salts could be used for the non-aqueous electrodeposition
of Sh,Ss their solubilities were tested. While they were all found to be soluble in H,0, they
were all found to be insoluble in common organic solvents such as CH,Cl, and MeCN and

decomposed by alcoholic solvents.

To overcome this problem of lack of solubility in organic solvents, salts with different
counter cations were synthesised. Prior work has shown that [NR4]* cations are good
candidates for solubilising inorganic anions in solvents such as CH>Cl>.3® However,
tetraalkylammonium salts of [SbS4]3> have not been reported in the literature, therefore,

synthetic routes to these salts had to be developed.

Cation metathesis is commonly used to synthesise alkylammonium salts of thiometallates
(e.g. [M0S4]%),%” but in this system attempts at metathesis led to decomposition of the
anion. However, it was found that replacing the alkali metal hydroxides in the original
synthesis with alkylammonium hydroxides allowed the direct formation of [SbS4]* salts
(Scheme 7.1). Within this study [NR4]3[SbS4] (R = Me, Et, "Pr, "Bu) salts have been
prepared and characterised. Like for the alkali metal salts, the tetraalkylammonium salts
all have a peaks characteristic of [SbS4]* in their vibrational spectra and resonances
consistent with the presence of the anion in their 2Sb NMR spectra in D,0 (See Figure

7.4).

A
Sb,S; +6 S +xs. [NR,]JOH P> [NRy];5[SbS,]

Scheme 7.1 — Synthesis of alkylammonium salts of tetrathioantimonate.

Crystals of [N"Buas]3[SbS4] were grown from a saturated THF solution of the compound
stored at -18 °C. The compound crystallises as the hexahydrate, [N"Buas]3[SbS4]-6H,0. The

anions in the structure are disordered over two independent positions with both
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tetrahedra interpenetrating (shown in Figure 7.1 below). The sites are occupied in a
1/3:2/3 ratio. Each of the [SbS4]* anions is surrounded by six H,O molecules forming a
hydrogen bonded network around the unit (shown in Figure 7.2 below), forming an 18-
membered ring, including three sulfurs from the anion; three water molecules also
interact with the remaining sulfur. It seems that (adventitious) water is needed to grow
crystals suitable for X-ray diffraction, but the powder initially formed was confirmed to be
anhydrous (evidenced by IR spectroscopy and elemental analysis) and can be reformed by

drying these crystals in vacuo.

The antimony-sulfur bond lengths, d(Sb-S), are similar to those reported before for this

anion (~ 2.33 A) and the S-Sb-S angles are also similar to those reported (~ 109.23 °).

Figure 7.1 — View of the structure of the [SbS4]> anion disordered over two sites with the sulfur
atoms associated with Sb1 in yellow (66% occupancy) and those associated with Sb2 in blue (33%
occupancy). Selected bond lengths (A) and angles (°) are: Sb1-S1 = 2.3148(10), Sb1-S2 =
2.3627(19), Sb2—S3 = 2.329(2), Sh2-S4 = 2.364(4), S1-Sb1-S1 = 110.918(12), S1-Sb1-S2 =
107.98(3), S3-Sb1-S3 = 110.88(6), S3—Sb1-S4 = 108.02(7). Symmetry operations: (%+Z, %:-X, 1-Y),
(%-Y, 1-Z, %+X).
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Figure 7.2 — View of the hydrogen bonding network around the [SbS4])* anion (Sb1) in
[N”Bu4]3[SbS4]-6H20.

Each of these [SbS4]3 units are encapsulated in an octahedron of [N"Bua]* cations (shown
in Figure 7.3), these octahedra are connected in a vertex-sharing fashion with a void at

the centre of eight of these units remaining empty.

Figure 7.3 — The [SbS4]* anions inside a octahedron of [N"Bug]* cations (carbon chain truncated at
the first carbon and H atoms omitted for clarity; purple dashed lines show the edges of the

octahedron, not an interaction).
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With these tetraalkylammonium salts in hand, further solubility studies were undertaken.
[MesN]3[SbSa] has similar solubility to the alkali metal salts, in that it is not soluble in non-
alcoholic organic solvents. However, the longer chain alkylammonium salts were found to
be soluble in a variety of organic solvents, including CH,Cl, and MeCN. Unsurprisingly, the
tetrabutylammonium salt is soluble in the widest range of organic solvents, even

including THF, in which none of the other salts had any appreciable solubility. Hence, this

salt was taken forward for further study in non-aqueous solvent systems.

T T T T T i T ' |
800 900 1000 1100 1200
Chemical shift (ppm)

Figure 7.4 — 12'Sh NMR spectrum of [N"Bus]3[SbS4] in DO at 298 K.

As already noted, one drawback of 12!Sb NMR spectroscopy is the large quadrupole
moment associated with 11Sb, which means that only highly symmetrical species with
near zero electric field gradients (efgs) will be observed in the NMR spectrum. There is
also no evidence of 2!Sb NMR signals in non-aqueous solvents, possibly as a result of ion-
pairing in solution, which would be expected to reduce the symmetry of the anion,
leading to a non-zero efg. To combat this, Na3[SbS4]-9H,0 and [N"Bu,]3[SbS4] were also

studied by solution Raman spectroscopy to probe the speciation in solution.
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Figure 7.5 — Raman spectrum of Nas[SbS4].9H,0 in aqueous solution.

The solution Raman spectrum of Nas[SbS4]-9H,0 in aqueous solution (see Figure 7.5
above) shows the expected peak at 366 cm™, which corresponds to the A; stretching
mode in Tq symmetry (although the peak is quite broad and is likely to be coincident with
the T, stretch). As the anion is no longer in the solid state it is in a highly symmetrical
environment, so no splitting of the degenerate mode is seen. A solution Raman spectrum
was also recorded for [N"Bua]3[SbS4] to determine whether it would exhibit similar
behaviour in water. This also shows a peak at 366 cm™, consistent with the presence of

the [SbS4]3" anion in solution.

Turning to the electrochemical properties, it has been shown that for the
electrodeposition of MoS; from [MoS4]? a proton source is needed (for removal of the
excess sulfur).3” A similar situation occurs for [SbS4]?, which contains a 1:4 Sb:S ratio,
whereas the target Sb,S3 material requires only a 2:3 Sh:S ratio. Hence, the stability of
[SbS4]? towards trialkylammonium proton sources was also explored. The addition of
[MesNH]CI to an aqueous solution of [N"Buas]3[SbSa4] leads to the rapid precipitation of an
orange powder. However, the addition of ["BusNH]CI to a solution of [N"Buas]3[SbS4] in

CH.Cl, does not cause any precipitate to form and the solution remains a yellow colour.
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A mixture of [N"Bua]3[SbSa] and [BusNH]Cl in THF stored for ~ 3 days at -18 °C (freezer)
lead to the formation of some crystals of the decomposition product,
[N"Bua]3[Sb(SS03)3]-2THF (shown in Figure 7.6). The [SSO3]? anion is known to be
generated in the reaction of sulfur with hydroxides in air.3® This is an unusual homoleptic

thiosulfate complex of antimony(V), the first such complex in the p-block.

Figure 7.6 — The structure of [N"Bua]3[Sb(SS03);].2THF showing the atom labelling scheme. The
ellipsoids are draw at the 50% probability level and H atoms, THF molecules, and cations are
omitted for clarity. Selected bond lengths (A) and angles (°) are: Sb1-S1 = 2.4539(9), Sb1-53 =
2.4650(9), Sb1-S5 = 2.4518(9), Sb1-01 = 2.706(3), Sb1-05 = 2.816(3), Sb1-08 = 2.911(4), S1—
Sb1-S3 = 92.07(3), $3-Sb1-S5 = 90.92(3), S5-Sb1-S1 = 92.38(3).

In the [Sb(SS03)3]? trianion the thiosulfate ligands are primarily bound through the
terminal sulfur atoms, the antimony-sulfur bond distances are longer than in [SbS4]*, this
is expected as in the thiosulfate anion the Sb-S is a single bond, whereas in the
tetrathioantimonate anion the Sb-S bonds have multiple bond character. There also three
long Sb-0 interactions, the oxygens involved in these interactions are on the opposite

face to the sulfurs completing a trigonal antiprismatic geometry.

In order to obtain a potential single source for the electrodeposition of Sb,Ses thin films,
the potassium salt of the analogous trianion, K3[SbSes], was also synthesised. This salt was
obtained by the reaction of elemental Sb, Se and K in ethylenediamine. The resultant solid
is a honey-yellow colour, consistent with literature reports.3® The IR spectrum of the

compound has a sharp peak at 253 cm™. There is no published IR data for the [SbSe4]*
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anion. To approximate the value, one might expect some assumptions can be made, using
equation 1.3 from Chapter 1, if one assumes that the force constant for the sulfur and
selenium analogues is the same then the ratio of the IR stretches of the sulfur and
selenium analogues will be equal to the square root of the ratio of the reduced masses of
the Sb-Se and Sb-S bonds. Using this approach, the T, IR peak should come at 286 cm™,
which is reasonably close to the measured value. Treating bonds like harmonic springs
and assuming the bond strength of Sb-S and Sb-Se are the same may not be very good

assumptions and can explain the discrepancy observed.

7.3.2 Electrochemistry of Na3[SbS;]:9H,0 in an aqueous electrolyte

The initial experiments to investigate the prospects of using the [SbS4]* anion for the
electrodeposition of Sb,S; were performed in an aqueous electrolyte using
Na3[SbS4]-9H,0 as the source of the anion. A glassy carbon button electrode was chosen
as the working electrode, a platinum disc electrode was chosen as the counter electrode
and the standard calomel electrode was chosen as the reference electrode. Trisodium
citrate (100 mM) was chosen as the supporting electrolyte as it maintains the solution at
a basic pH (the anion is stable in basic solution and unstable in acidic solution), the
precursor concentration was chosen to be 2 mM. All electrolytes were deoxygenated by
bubbling argon gas through the solution for 15 minutes. A blanket of argon was

maintained above the electrolyte during the electrochemical experiments.
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Figure 7.7 — CV on a button GC WE swept from -0.15 V vs SCE to -1.2 V vs SCE to 0.9 V vs SCE at
10 mV per s in 2 mM Nas[SbS4] in 100 mM trisodium citrate. A background voltammogram where

no Nas[SbS,] was added to the electrolyte is shown in blue.

As shown by Figure 7.7 there are two electroxidation processes which have peaks at
+0.38 V and +0.73 V vs SCE, which are labelled A1 and A2. On the second scan there are
two sharp reduction processes at -0.92 V and -1.05 V vs SCE, which are labelled with C1
and C2. As the scan sweeps to more positive potentials there are three more oxidation
processes occurring at -0.77 to -0.4 V vs SCE (A3), -0.32 V vs SCE (A4), and -0.1 to 0.05 V
vs SCE (A5). The A1l process occurs at a lower potential in the second scan, possible due to

change of the surface layer from glassy carbon to Sb;Ss.

Al and A2 correspond to the deposition of Sb,S3 and a by-product of either antimony
hydroxide or antimony oxide. C1 corresponds to the electroreduction of the by-product
to Sb(0) and C2 to the electroreduction of the anodically deposited Sb,S3 to Sb(0) as well
as an aqueously soluble sulfur containing species. Process A3 is associated with the
oxidation of the aqueous sulfur species (from process C2), both process A4 and A5 are

related to the oxidation of Sb(0) on the surface.
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The shape of the glassy carbon button electrode means some analysis techniques are
difficult to perform on the film without specialised equipment and are impossible to
anneal without destroying the electrode. In order to combat this, glassy carbon plate
electrodes were used for further electrodeposition experiments. It can be seen from the

CV in Figure 7.8 that the peaks associated with the deposition of Sb;S; are at ~1 V.

The plating process used involves firstly holding the electrode at a potential of +1 V for
one minute, then stepping the potential to -0.55 V for ten seconds before sweeping to -
1.05 V at a rate of 10 mVs?, this process is repeated 20 times to form a deposit of

sufficient thickness for analysis.

Starting potential

16 -12 -08 -04 00 04 08 12
E/Vvs SCE

Figure 7.8 — Cyclic voltammogram obtained where the potential (E) on the GC WE is
swept from -0.15 V vs SCE negative to -1.6 V then positive to 1.2 V at 10 mVs™in 2 mM

Nas[SbSs] in 100 mM trisodium citrate, 10 times.
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Figure 7.9 — Raman spectrum of the as-deposited film of Sb,Ss.

The Raman spectrum of the as deposited film shows a peak at 290 cm™®, which is
consistent with the presence of amorphous Sb;S; on the surface of the GC electrode (see
Figure 7.9).3° It is common for electrodeposited films to be amorphous as-deposited and
to require annealing at elevated temperature to form a crystalline film. An SEM (scanning
electron microscopy) image of the as-deposited film (see Figure 7.10) shows a continuous
rough film. EDX spectroscopy was also performed on the film to better understand its
elemental composition. The spectrum contains peaks associated with both Sb (La = 3.6
keV) and S (Ka = 2.3 keV) (see Figure 7.11), with an Sb:S ratio determined by EDX analysis
to be 2:2.3-2.5 (EDX on a pellet of Sb,S3 power gives a ratio of 2:2.1-2.7), which further
suggests that the deposited film is Sb,Ss.
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Figure 7.10 — SEM image of the as-deposited film
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Figure 7.11 — EDX spectrum of the as deposited film with the peaks due to sulfur and antimony

labelled, the blue, black and red lines represent different points on the film.
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The data above suggest that the as-deposited films are amorphous. In an attempt to
produce crystalline films, the tiles were annealed under an atmosphere of sulfur at 350°C
for one hour. Various annealing conditions have been used in the literature including
with*! and without?® a sulfur atmosphere. Crystallisation of Sb,Ss begins at 250 °C,
electrical conductivity improves as the annealing temperature increases, but at 400 °C it
has been shown that cracks can develop,*? these facts together lead to the choice of 350
°C as the annealing temperature. The film before annealing is a light brown colour,

after annealing the film is a light grey colour.

Figure 7.12 shows the Raman spectrum of the annealed Sb.Ss film, which is consistent
with the formation of crystalline Sb,Ss. The Raman active vibrational modes are indicated
on the diagram below and compare favourably with literature values, the peaks appear at
311 (Bag), 281 (Ag?), 239 (Bsg), and 196 cm™ (Agl), peaks associated with Big and Ag?
overlap with the peaks Ag! and By respectively. 4 However, the annealed film is no longer
continuous and appears as flakes on the electrode surface, suggesting some delamination
during the annealing (Figure 7.13). However, EDX analysis on these flakes gives an Sh:S
ratio of between 2:2.5-2.7, which strongly suggests that Sbh,Ss is still present. Thin film
XRD (X-ray diffraction) on the tile produces a diffraction pattern which is dominated by
glassy carbon electrode, but peaks are seen at 15.7, 17.6, 25.0, and 35.6° (See Figure
7.14); which correspond to the planes (200), (120), (130), and (240) of Sb,Ss.#* These data
together strongly suggest the presence of Sb,Ss. The work to produce more continuous,

better quality films is ongoing.

262



Chapter 7

200000 - ,
Ag Bzg

o
—
8 150000
= Bsg
2 At
o)
- 4
£

100000

L T T T T T 1
200 400 600
Raman shift/ cm™

Figure 7.12 — Raman spectrum of the annealed film.
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Figure 7.13 — SEM image of the crystalline Sh,S; film after annealing with elemental sulfur at 350

°Cfor1h.
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Figure 7.14 — XRD diffraction pattern of the annealed Sb,Ss.

733 Electrochemistry of [N"Bu,]s[SbS4] in CH,Cl,

In order to try to target non-aqueous electrodeposition, CH,Cl; was chosen as the solvent
initially as it has previously been used to deposit a wide range of main group materials.
The electrochemical solution contains [N"Bua]3[SbSa4] as a source of both antimony and
sulfur, [N"Bu4]Cl as a supporting electrolyte and ["BusNH]CI as a proton source in a
1:100:100 ratio. A GC button electrode was chosen as the working electrode (WE), Pt
mesh as the counter electrode (CE) and a Ag/AgCl reference electrode. A proton source
was found to be required for the deposition of MoS; using the analogous precursor
[NBus]2[MoS4]; the role of the proton source is to remove sulfur anions from the solution

and to prevent the deposition of sulfur on the electrode.
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Figure 7.15 — CV of [N"Buy]3[SbS4]:["BusNH]CI:[N"Bu,]Cl ( 1 mM: 100 mM: 100 mM), WE: r=1.5
mm GC, CE: Pt mesh, RE: Ag/AgCl. v =50 mV s™. Black: Eey=-1.5V, red: Erey=-1.1V

Using a glassy carbon (GC) electrode as the working electrode an electrochemical
response was seen in the cyclic voltammogram (see Figure 7.15) indicative of redox
process taking place in solution; a number of reduction peaks are seen in the region -0.8 V
to-1.3 V. A possible stripping peak is seen if the potential is reversed after the first
reduction peak, which could be indicative of stripping of a deposit. A similar stripping
peak is seen if a platinum UME (ultra-micro electrode) is used instead. The voltammetry is
reproducible over different batches of precursor and different experiments. An
electrochemical deposition experiment was performed by holding the potential at E = -

0.85 V. There was no visible film deposited so this was not pursued further.
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Table 7.1 — Assigned electrochemical processes for the CV in Figure 7.7

Peak Potential vs SCE/V | Assignment
Al 0.38 [SbS4]®~ oxidation to Sb,Ss(s)
A2 0.73 [SbS4]*~ oxidation to by-product Sb,03/Sb(OH)3
Cc1 -0.92 Reduction of Sb,03/Sb(OH)s to Sb(s)
C2 -1.05 Reduction of Sbh,Ssto Sb(s) and soluble S species
A3 -0.77 to -0.40 Oxidation of soluble S species
Ad -0.32 Oxidation of Sb to soluble product
A5 -0.1t0 0.05 Oxidation of remaining Sb(s)
7.4 Conclusions

This chapter describes in the synthesis and characterisation of a series of

tetrathioantimonate salts, including both alkali metal derivatives and the new
[NRa4]3[SbS4] family, with a view to investigating their prospects as single source

precursors for the electrodeposition of Sb,S; semiconductor thin films. Some of the latter

have been shown to be soluble in aprotic solvents like CH,Cl, and MeCN.

The sodium salt, Na3[SbS4]-9H,0, was used to investigate the aqueous electrochemistry of
the [SbS4]3  anion on glassy carbon. It has been shown that amorphous films of Sb,S3 can
be electrodeposited from this single source precursor. Annealing the thin film at 350°C for
1 hin a sulfur atmosphere led to the formation of crystalline Sb,S; as shown by SEM/EDX
analysis and Raman spectroscopy. Further work is now on-going to optimise the
electrodeposition conditions to further improve the film morphology and thickness and to

allow improved X-ray diffraction data to be obtained to confirm unequivocally the

presence of Sb;Ss.

The electrochemistry of [N"Bus]3[SbSa] has also been investigated in a non-aqueous
CHCl,-based electrolyte. However, while the anion is electrochemically-active in CH,Cl,

no detectable deposit formed on the electrode, contrasting with recent work on the
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growth of high quality MoS; thin films from CH,Cl,-based electrolytes.* Further work is

required to explore the effect of alternative proton sources on this system.

7.5 X-ray crystallographic Data

Table 7.2 — X-ray crystallographic data®

Compound [N"Bus]s[SbS4]-9H,0 | [N"Bus]s[Sb(SS0s)3]: 2THF
Formula SbS406N3H120Cas SbSe011N3H124Cs6
M 1085.529 1329.68
Crystal system cubic monoclinic
Space group (no.) Pa-3 (205) P2;(4)

a /A 23.4668(1) 13.0864(2)
b /A 23.4668(1) 16.3520(3)
c/A 23.4668(1) 16.7313(3)
o/° 90 90

B/° 90 94.4970(10)
v/° 90 90

Uk 12922.95(10) 3569.29(11)
Zz 8 2

w(Mo-Kg) /mm™? 0.596 0.614

F(000) 4736 1432

Total number reflns | 253455 114441

Rint 0.058 0.035
Unique reflns 7617 24571

No. of params, 224 719
restraints 0 1

GOF 1.244 1.042

R1, WR; [I > 20(1)]® 0.066, 0.163 0.042,0.103
R1, WR; (all data) 0.095, 0.215 0.047, 0.106

a Common items: T = 100 K; wavelength (Mo-Kq) = 0.71073 A; 8(max) = 27.5% P R1 = 5| | Fo|-| Fc| | /2| Fol;
WR,=[2W/(Fo2-Fc2),/TWF,*]2
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7.6 Experimental

Refer to appendix A for sources of reagents, solvents, instrument specifications, and reference for
NMR.

[NMe4]3[SbS4]: A round bottom flask was charged with [NMe4]OH (4.83 g, 53.0 mmol), Sb,S; (1.0 g,
3.00 mmol) and sulfur (0.56 g,18.0 mmol). To this 100 mL of distilled water was added and the
mixture was refluxed for 2 h. The resulting solution was filtered and the solvent was removed in
vacuo to afford a yellow solid, which was washed with water (1 x 20 ml), IPA (3 x 20 ml) and diethyl
ether (3 x 20 ml), before the solid was dried in vacuo. Yield 2.51g (90%). Required for C;,H3N3S4Sb
(472.40): C, 30.2; H, 7.7; N, 8.9. Found: C, 30.1; H, 7.8; N, 8.7%. IR (Nujol/cm™): v = 385s (Sb-S).
Raman (cm™): v = 382 (Sb-S). *H NMR (D,0, 298 K): & = 3.16 (s, Me). 2!Sb NMR (D,0, 298 K): & =
1033.

[NEt4]s[SbS4]: A round bottom flask was charged with Sb,S; (1.00 g, 3.00 mmol) and sulfur (0.560
g,18.0 mmol). To this 10 ml of water was added and to that 12.4g of [NEt,]JOH is added in a 35%
w/w solution. This mixture is stirred at reflux for 16 hr, the solution was filtered and the solvent
was removed in vacuo to afford an yellow solid which was dissolved in 1:1 H,O:THF and filtered the
solvent was removed in vacuo. The resultant solid was washed with hexane (3 x 10 mL) and dried
in vacuo. Yield 2.84g (75%). Required for CaHsoN3S4Sb (640.70): C, 45.0; H, 9.4; N, 6.6. Found: C,
44.6; H, 8.8; N, 6.4. IR (Nujol/cm™): v = 3865 (Sb-S). Raman (cm™): v = 384, 357 (Sb-S). *H NMR (D0,
298 K): & = 1.11 (tt, *Jun= 7.30, Jnu = 2.00 Hz, [3H], -Me) 3.10 (d, *Jun = 7.30, [2H], -CH,) **!Sb NMR
(D20, 298 K): & = 1035.

[N"Pr4]5[SbS4]: A round bottom flask was charged with Sb,S; (1.00 g, 3.00 mmol) of and sulfur
(0.560g, 18.0 mmol). To this 10ml of water was added and then 29ml of a 1M solution of [N"Pr4]JOH
was added and the mixture was refluxed for 8 hr. The solution was then filtered and the filtrate was
concentrated in vacuo. The oily solid was then extracted in CH,Cl; (50ml) under anhydrous
conditions, the solvent was then removed in vacuo yield an orange solid which was dried. Yield:
1.49g (31%), Required for C3sHsaN3S4Sb (809.01): C, 53.4; H, 10.5; N, 5.2. Found: C, 53.1; H, 10.2; N,
5.2. Raman (cm™): 382 (Sb-S). *H NMR (D,0, 298 K): & = 0.79 (t, 3Juy =7.30 Hz, [12H], -Me), 1.52 (m,
[8H], -CH3), 3.00 (m, [8H], -CH,) *'Sb NMR (D,0, 298 K): 6 = 1035.

[N"Bu4][SbSa4]: A round bottom flask was charged with Sb,S3 (0.500 g, 1.47 mmol) and sulfur (0.283
g, 8.84 mmol). To this 10 mL of distilled water was added to which ["BusN]OH (10.5g) was added as
a 40% w/w solution causing the solution to turn red, the mixture was refluxed for 2 h leading to
clear dark yellow solution which was filtered to remove unreacted starting material. The filtrate

was concentrated to dryness and THF (100 mL) was added resulting in an orange/yellow solution
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and a white precipitate, the solution was filtered to remove the precipitate, the filtrate was
concentrated to ca. 5 mL and stored at -18 °C for three days, light yellow crystals formed which
were collected by filtration and washed with hexane (3 x 10 mL) and dried in vacuo and stored at -
18 °C. Yield: 1.62 g (56%) Required for CagH10sN3S4Sb (977.31): C, 59.0; H, 11.1; N, 4.3. Found: C,
58.8; H, 11.0; N, 4.2. IR (Nujol/cm™): v = 385m (Sb-S). Raman (cm™): v = 380, 347 (Sb-S). *H NMR
(D20, 298 K): & = 1.00 (t ,*Jun = 7.3 [12H], -Me), 1.40 (m, [8H], -CH,), 1.65 (m, [8H], -CH,), 3.20, (m,
[8H], -CH,). **!Sb NMR (D-0, 298 K): & = 1035.

Ks[SbSes]: A schlenk was charged with potassium (0.634 g, 16.2 mmol), to this dry ethylene diamine
(20 ml) was added. The resultant mixture was heated to 80°C and the potassium dissolved and the
solution turned blue. Elemental selenium (1.71 g, 21.7 mmol) and antimony (0.660 g, 5.42 mmol)
were added to the solution which turned brown. The mixture was refluxed for 24 h, the solution
remained brown, on cooling the solution a yellow-brown solid precipitated out. The supernatant
was filtered off and the resultant solid was washed with THF (3 x 20 mL) to yield a honey-yellow

solid. Yield: 0.778 g (30 %). IR (Nujol/cm™): v = 253s (Sb-Se).

Na3[SbS4]-9H,0: Sb,S; (7.50 g, 2.20 mmol) was added to a beaker and mixed with 60ml of 20%
(w/w) NaOH in water. Sulphur (4.24 g, 13.0 mmol) was added to this solution, the mixture was
boiled for 2 h while stirring until the solution goes from an orange-red colour to yellow. The
volume of the resulting solution was reduced by half and allowed to cool to room temperature.
After 16 h yellow crystals formed. The resultant crystals were collected and washed with isopropyl
alcohol (3 x 20 ml) and diethyl ether (3 x 20ml) and then dried in vacuo. Yield 7.30 g (76%). IR
(Nujol/ecm™): v = 390s (Sb-S). Raman (cm™): v = 378, 363 (Sb-S). 21Sb NMR (D0, 298 K): 6 = 1033
(Sb-S).

K3[SbS4]: A round bottom flask was charged with of Sb,S; (7.50 g, 2.20 mmol) and of sulfur (4.2g,
13.0 mmol). To this 60ml of 20% KOH solution was added and the mixture was boiled for 2 h, this
solution was then filtered and the solvent volume was reduced by half, the solution was left to sit
overnight, yellow crystals formed, which were washed by IPA (3 x 20ml) and Et;0 (3 x 20 ml) and
dried in vacuo. Yield: 4.26g (26%). IR (Nujol/cm™): v = 382m (Sb-S). Raman (cm™): 382, 370, 166 (Sb-
S). 121Sb NMR (D,0, 298 K): 6 = 1034.
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Rbs[SbS4]: A round bottom flask was charged with Sb,S; (2.00 g, 5.90 mmol) and sulphur (1.13 g,
3.5 mmol) of. To this 100ml of distilled water was added, to this 7.23 g of a 50 % w/w aqueous
solution of RbOH was added. The solution was boiled stirred for 2 h. The resulting yellow solution
was filtered and the solvent was removed in vacuo the resulting red solid is washed with IPA (3 x
20 ml) and dried in vacuo. Yield: 5.14g (87%). IR cm™: 385m (Sb-S). Raman (cm™): 387, 370, 181, 154
(Sb-S). 'Sb NMR (D,0, 298 K): 6 = 1033.

Cs3[SbS4]: A round bottom flask was charged with (2.00 g, 5.90 mmol) of Sb,S;and (1.13 g, 3.5
mmol) of sulphur. To this 100ml of distilled water was added and 17.8g of a 50% w/w solution of
CsOH was added the resulting solution was boiled and stirred for 2 h. The resulting yellow solution
was filtered and the solvent was removed in vacuo, the resulting gray solid was washed with IPA (3
x 20 ml) and dried in vacuo. Yield: 7.31g (96%). IR cm™: 392m (Sb-S). Raman (cm™): 395, 383, 368,
190, 165 (Sb-S). 2Shb NMR (D0, 298 K): & = 1033.

Electrochemical experiments

All aqueous electrochemical experiments were carried out in a three-electrode cell. The
working electrodes (WE) used were either glassy carbon button electrodes that had been
polished in a 1 um alumina slurry before use or glassy carbon plates (HTW
Hochtemperatur-Werkstoffe GmbH), with its geometric surface area constrained to
approximately 9 mm?2. The counter electrode used was a platinum rod with a surface area
far exceeding that of the WE. The reference electrode used was a saturated calomel
electrode (SCE) stored in saturated KCl solution, and all potentials in this report shall be
referenced against SCE. The background electrolyte used was always deoxygenated 100

mM sodium citrate tribasic dihydrate in ultrapure water (18.2MQ cm, Purlte).
Annealing

The samples were annealed in a quartz tube placed inside a tube furnace. Firstly, the
sample was heated to 100 °C under a dynamic vacuum for 10 minutes to remove
moisture from the system, the tube was then removed from the furnace, the furnace was
then heated to 350 °C at which point the tube was reintroduced to the furnace for 1 hour
under a sulfur rich atmosphere which was maintained by heating ~0.1 g of elemental

sulfur with the samples in a static vacuum.
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Chapter 8 Summary and outlook

The anion [SbS4]* has been shown to act as a single source precursor for the
electrodeposition of thin films of Sb,S3 from aqueous solution onto both button and plate
glassy carbon electrodes. To develop this approach further, electrochemical experiments
should be performed with the analogous anion [SbSes]?. As well as this, different
electrode materials could be tested, with the ultimate aim of incorporating these films

into devices.

The reactions of tin(IV) halide pnictine complexes with various halide abstractors was
explored. The outcome of the reactions of tin chloride and bromide pnicitine complexes
with halide abstraction agents was found to strongly depend on both the ligand type and
abstraction agent used. The reactivity of tin(IV) and germanium(IV) fluoride phosphine
complexes was investigated. It was shown that fluorides can be sequentially removed
through the addition of TMSOTTf as a fluoride abstractor. In some cases these complexes
were shown to be unstable in solution and generated tin(ll) and germanium(ll) complexes
(such as [Ge(PMe3)3][OTf]2). For the bulkier P'Pr3 ligand cationic complexes could be

isolated.

After the serendipitous discovery of [Ge(PMes)s][OTf],, a rational synthesis of this
complex was developed and this chemistry was expanded to include a series
monodentate and polydentate phosphine and arsine complexes. This provided the first
examples of homoleptic phosphine and arsine Ge(ll) dications. DFT calculations revealed
that the pnictine ligand takes on a large portion of the positive charge and the germanium

centre has a stereochemically active lone pair.

The first examples of silicon(IV) iodide complexes with phosphine ligands were prepared,
including the first structurally authenticated complexes containing the ‘Sils” unit. In the
case of PMes one of the iodides is displaced from the silicon centre to form the cationic
complex [Sils(PMes);][l]. Related chloride and bromide complexes were synthesised by

the reaction of the tetrahalide complex with Na[BArf].

From a coordination chemistry perspective one way to build upon this work is to expand
the range of ligand types, for example to chalcogenoethers, to compare their reactivity to

the analogous phosphine complexes. Another route would be to explore the fluoride
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abstraction chemistry of other main group fluoride phosphine complexes to establish
differences and commonalities across the main group. Investigation of the Lewis acidic
behaviour of the cationic group 14 complex described in this thesis towards catalysis or

ring opening polymerisation of rac-lactide would be interesting.

For the Ge(ll) work one direction it could be taken is exploring the reactivity of these
complexes with small molecules, for example H,0 or NHs, or even their use as ligands in
their own right towards transition metal centres. Another option is to investigate if the
weaker chalcogenoether ligands could stabilise a germanium(ll) dication, to see where
the limit is. The electrochemistry of these salts could be investigated to determine
whether they could be used as alternatives to halometallate salts for the non-aqueous
electrodeposition of germanium and related materials. A further interesting target would
be the synthesis of neutral Si(ll) phosphine complexes as well as dicationic derivatives,
while neutral tetrahalide phosphine complexes cannot be reduced to Si(ll), the cationic

complexes synthesised in this work may be more reactive to reducing agents.
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Appendix A  General experimental considerations

Reactions were carried out under a dry dinitrogen atmosphere using standard Schlenk
line and glove box techniques, other than the ones described in chapter 7, where in
general the reactions were carried out under normal atmospheric conditions unless
otherwise stated. Solvents were dried and degassed before use. Hexane and toluene and
benzene were distilled over Na; CH,Cl, and MeCN were distilled over CaH»; Et,0 and THF
were distilled over Na/benzophenone ketyl, all solvents were subsequently stored over
4A molecule sieves. Purchased reagents were used as received, except for TMSOTf which
was distilled prior to use. The ligands 0-C6H4(PMe3),,* 0-CeHa(AsMe3),,2 CH3C(CH2AsMe)3?
and SbEts3 were prepared according to the literature procedures, as well as Na[BArf]4
(prepared by Kelsey Cairns) and [SnF4(MeCN),]°. SnCls, SnBra, AlCl3, AlBrs, CH3(CH2PPh,)s,
P(CH2CH2PPh;)3, [GeCly(dioxane)], [N"Bua][OH], [N"Prs][OH], [NEts][OH],
[NMes][OH]-5H,0, MOH (M = Na-Cs), lodine, SiCls, SiBrs, potassium, antimony, selenium,
sulfur were obtained from Sigma-Aldrich, PMes, PEts, P"Pr3, AsEt; were obtained from
Strem. Tin(ll) fluoride and Sils were obtained from Alpha Aesar. GeF, was obtained from

Fluorochem. GeCls was obtained from Acros organics

Good laboratory practice was followed at all times, including the use of PPE and
fumehoods and glove boxes for handling volatile or hazardous substances. Residues
containing tin, antimony or selenium were treated as hazardous and were collected in a
container for disposal. Organo-phosphorus or arsenic compounds are sometimes toxic
and can be pyrophoric, so were handled only is small amounts and were treated with an
aqueous sodium hypochlorite solution before disposal. Solvent residues were collected in

chlorinated and non-chlorinated containers for disposal.

IR spectra were recorded as Nujol mulls between Csl plates using a Perkin Elmer
Spectrum 100 spectrometer over the range of 200-4000 cm™. NMR spectra were
recorded using a Bruker AVII400 or AVIIIHD400 spectrometers. *H and 3C{*H} NMR
spectra were referenced to residual solvent resonances. °F{*H} was referenced to
external CFCls, 3'P{*H} to aqueous 85% H3PO4, 2’Al to [Al(H20)6]3*, 2°Si to TMS (with
tris(2,2,6,6-tetramethyl-3,5-heptanedionato)chromium(lll) as a relaxation agent, 1*°Sn to

SnMey [Cr(acac)s] used as a relaxation agent, 121Sb referenced to [SbClg][N"Bus]. Raman
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spectra were collected by a Renishaw InVia Raman microscope with a 100mW He-Ne 785
nm Laser. Microanalytical measurements were performed by either Medac or London

Metropolitan University.

Single crystal X-ray data were collected using a Rigaku AFC12 goniometer equipped with
an enhanced sensitivity (HG) Saturn724+ detector mounted at the window of an FR-E+
SuperBright molybdenum (A = 0.71073 A) rotating anode generator with VHF or HF
Varimax optics (70 or 100 um focus), with the crystal held at 100 K (N2 cryostream).
Structure refinements were performed with SHELX(T)-2018/2, SHELZ-2018/3 through
Olex2,578 with H atoms bonding to C atoms placed in calculated positions using default C-
H distances. Where additional constraints or restraints were required details are provided

in the cif file for each structure

X-ray diffraction (XRD) patterns were collected in grazing incidence mode (61 = 1°) or in-
plane mode (61 = 0.5°, 20y scan with the detector scanning in the film plane) using a
Rigaku SmartLab diffractometer (Cu-Ka, A = 1.5418 A) with parallel X-ray beam and a DTex
Ultra 250 1D detector. Scanning electron microscopy (SEM) was performed on samples at
an accelerating voltage of 10 or 15 kV using a Philips XL30 ESEM. Energy dispersive X-ray
spectroscopy (EDX) spectra were obtained coupled to SEM, using a Thermo Scientific

NORAN System 7 X-ray Microanalysis System.
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Appendix B Crystallographic information files

Cif files are located in the supplementary information. For structures that have been published

the cifs correspond to the CCDC number, for those not published the file names correspond as

follows:

[O'C6H4( PMEz)z] [A|C|4]2

[SnCI4(PEt3)2]

[SbEtsCI(OTf)]

[Sn{O-C6H4(PME3)2}(OTf)z]

[Sil3(PMes)2][I]-CHCl,

[SiCl2(PMes),(OTf),]

[Ge(OPMe3)3] [GE|3]2

[H Pnpr3]2[SI(OTf)5]

[SiClz(PMe3),][BArF]

[Sila{o-CsHa(PMes3),}]

[Sila{Et,P(CH,)2PEt,}]

[nBU4N]3[SbS4]'6H20

["BusN]5[Sb(SSOs3)3]-2THF

[SbEt(SbEts),][OTf]»

[Ge{CH3C(CH2PPh,)s}][OTf]>
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[diphos][AICI4]2

[SnCI4(PEt3)2

RK SnCI3OTf 3

SnF3(somephos)-OTf

2021DPT_GR_RK_auto

RK SiCI3(PMe3)2 OTf_auto

RK [Gel3(PMe3)2][l]_auto

RK [SiCI2(nPrP)2][OTF]2_auto

RK [Sicl3(PMe3)2][Barf]

RKSi3odiphosl

twinl_hkIf4

rk TBA3sbs4

TBA3(Sb(SSO3)32THF

[Ge(SbEt3)3][OTf]2 new

Ge(triphos)Otf -2



