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Abstract

Chapter 1 provides an insight into the current areas of research that could provide an-
swers to the global energy problems outlined in Appendix A, namely the reductive func-
tionalisation of carbon oxides and as an extension to this, the activation of other small
molecules. The review predominantly concentrates on the chemistry of the 5f elements
which already contain examples of reductive functionalisation of carbon oxides, albeit in
homogeneous phase. In addition the chapter provides an overview of the current re-
search in surface science and by extension, the development of molecular models that
mimic such surfaces. This synopsis provides an insight into the difficulties involved in this

area of research and why molecular mimics are of vital importance.

Using ligating Si-O bonds to mimic a silica surface, Chapter 2 outlines the research which
enabled the development of a series of uranium siloxides, centred on the previously un-
reported pentakis(triarylsiloxy) uranate(IV) ion. Characterisation data and full analysis
are included within this chapter which provided the basis for the investigations discussed
in the following chapters. This chapter also presents an interesting UV-Vis analysis of
the uranium siloxides which will enable a wider understanding of the f-elements and the
role f-orbitals have on the chemistry and geometry of f-element molecules. Chapter 2
develops a deeper understanding of these complexes by investigating the mechanisms

of formation and the chemistry of the U(Ph3SiO)5 fragment using ESI techniques in con-



junction with NMR analysis.

Chapter 3 investigates the reactivities of the uranium siloxides previously developed and
discusses a new dioxo species and a rare and novel UY monooxo complex which was
synthesised and successfully isolated. An analysis of other dioxo and monooxo com-
plexes is included which allows the reader to develop an appreciation of how few and
far between monooxo products are. In addition, previous examples of monooxo’s are
lacking characterisation data and are mostly products of oxygen atom donor reactions,
not as a result of small molecule activation as is presented here. There is currently one
previous example of such a system resulting from small molecule activation which is also

discussed in this chapter.

Chapter 4 investigates a second ligand system which could be used to mimic a silica sur-
face. Whilst the ligand, tris tertbutoxy has been investigated previously, at the time of this
work, the ligand had not been successfully used in relation to a uranium complex. The
U35 species, [(U(OSi(O'Bu)s)s)(1—n8:18-tol))] is presented here alongside the com-
plexes [((‘Bu0);Si0);U],(112- O)5 and U(OSi(O'Bu)s),. During the development of this
species, very similar species were published by another group and these syntheses and
characterisation data are presented here as a comparison to the species developed as

part of this work.

Chapter 5 investigates the reactivities of the uranium siloxides developed in Chapter 4
including decomposition analysis and reactions with small molecules such as O,, |, and
CO, and presents the resulting complexes some of which were developed by a Masters

student working in collaboration with the author.
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Chapter 1

Siloxides as surface mimics and the

use of uranium in molecular models

In order to establish the motivation behind the research presented here, the global pic-
ture is first analysed and presented in Appendix A with focus on current trends in climate
change and the peak oil crisis. The analysis begins with the role carbon dioxide plays
within the atmosphere and the potential effects on the planet when the atmospheric com-
position changes. The following discussion leads on from the global picture, analysing
and investigating potential solutions via the use of siloxides as surface mimics and the
use of uranium in those molecular models which has repeatedly shown interesting and

unusual chemistry when used to activate small molecules such as carbon oxides.

1.1 Atomic and physical properties of uranium

No other element has such a Jekyll and Hyde reputation!’]
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The actinides and more specifically early actinides such as uranium, are distinguished
from the lanthanides and transition metals in a number of aspects. One of the most
significant physical properties of the actinides is the contraction of the ionic radii as the
nuclear charge increases across the period. This is also observed more prominently
in the lanthanide series. The lanthanide contraction is caused by the strong attraction
between the electrons in a 4f orbital and the positively charged nucleus. This attraction is
only partially shielded by the electrons in other orbitals. As the nuclear charge increases

across the lanthanide series, the shielding becomes less efficient.

The 5f orbitals of the actinides are not as effectively shielded by the filled 6s and 6p
subshells compared to the 4f orbitals of the lanthanides, so whilst actinide contraction is
observed, it is not as pronounced as the lanthanide series. Due to the fact that the 5f
subshell of the actinides is less effectively shielded than the lanthanides, the 5f electrons
in actinide ions are not considered as ‘inner’ subshells but more closely described as
part of the ‘outer’ subshells. For this reason, the 5f electrons can play a greater role in
bonding than the equivalent 4f electrons of the lanthanides. This effectively means the

5f, 6d and 7s subshells can all play a role in bonding in the actinides. 22!

With the 5f—orbitals more available for bonding and the ionic radius of uranium being
comparatively large, as shown in Appendix M, compared to the later actinides, a greater
number of oxidation states and higher coordination numbers available.ll This can be
further analysed by considering the electronic configuration of the oxidation states of
uranium itself. A U"' complex would have an electronic configuration of [Rn]5f3, UV =
[Rn]5f2 and UY = [Rn]5f until the 5f orbitals are empty at UY'. It is this variety of available
oxidation states that provides access to different chemistry compared to the relatively
restricted lanthanide series, which almost entirely relies on the Ln'! oxidation state. [?1(]

Due to these unusual qualities, research has developed in the field of uranium catalytic
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chemistry with a number of successes in the field of small molecule activation.

1.1.1 Small molecule activation and uranium

The previously discussed characteristics and properties of uranium provide access to
interesting and sometimes unpredictable chemistry. Evidence has been reported that
uranium can activate small molecules efficiently and effectively and therefore the de-
velopment of uranium-based catalysts has gathered pace.!'1%] The following sections
examine the development of uranium—based catalysts with emphasis on small molecule

activation over the last thirty years.

Dinitrogen activation

In order to activate H, and N, to synthesise NHj;, pressures of around 150-250 bar and
temperatures of around 300-500 °C are needed, which are both dangerous, expensive
and resource—intensive, thereby impacting greatly on environmental cycles.!8! Such con-
ditions are due to the inert nature of dinitrogen. Dinitrogen’s bond dissociation energy
is 944 kJ mol~'l"] making cleavage of the triple bond difficult and activating dinitrogen
has proven a challenge. Dinitrogen is a non—polar molecule with tightly bound ¢ and
7 electrons. This coupled with the large gap between its HOMO and LUMO means
dinitrogen will not readily accept or lose electrons. There have been examples recorded
of dinitrogen activation through ‘end—on’ or ‘side—on’ bonding to actinide and transition

metal centres. 118

Elongation of the N—N bond within a dinitrogen complex is often taken as a measure of
the degree of reduction of the N, moiety, albeit an indirect one. Bond elongation is com-

monly caused by donation of electrons from a metal orbital of appropriate symmetry into
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the anti-bonding molecular orbitals of dinitrogen. Once activated, dinitrogen may then
proceed to other products, resulting in functionalisation, further activation or complete
cleavage. Figure 1.1 illustrates generic examples of monometallic and bimetallic bonding

to dinitrogen.!”]

Weak Activation Strong Activation
End-on Monometallic M—N—N M=—N=72N
(unknown)
End-on Bimetallic M——N—=N—M M=—=N=7=—"=N=—/M
N N
M/ |I\M M/ | \M
. . . 1N N N
Side-on Bimetallic M ||| M
N~ QL
N \\\\\\\) //’,
SN
HN* NH
M M M pZ M
Side-on End-on Bimetallic >N/ \N/
NZ N

Figure 1.1: Dinitrogen binding modes in monometallic and bimetallic complexes

[((N3N)U)»(N,)] (NsN = N(CH,CH,NSi(!Bu)Me,);) was the first uranium, side bound dinitro-
gen complex and was synthesised by reacting the trivalent complex [U(N3N)] with N, to
form a side—on bridged dinuclear uranium complex as shown in Scheme 1.1.1°1 The N,
bond length is 1.109+ 0.007 A, which is similar to the bond length of free dinitrogen at
1.0975 A. This comparison of data can be interpreted to indicate that little activation of
the dinitrogen bond had occurred. However the data still provides evidence that uranium

complexes could be used to bind dinitrogen and lead to activation of the bond.[']

The uranium complex (Ar(R)N);U(N,)Mo(N('Bu)Ph); (R = N—tert-butylanilide) was isol-
ated and is an example of a stable hetero—bimetallic dinitrogen complex. Li(N[R]Ar)(OEt,)
was reacted with one equivalent of Ul;-(THF), resulting in a yellow compound being isol-

ated, identified as the U'Y complex, (U(1)(N[R]Ar)5) which could be reacted further to form
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Scheme 1.1: The first example of a side—on dinitrogen U"' complex

U(THF)(N[R]Ar);. Activation of dinitrogen was unsuccessful and therefore the uranium
complex was reacted in a 1:1 ratio with Mo(N[tBu]Ph)3 under 1 atm of nitrogen which
resulted in the aforementioned nitrogen bound complex as shown in Scheme 1.2.1'% The
N-N distance of the end—on bound dinitrogen is substantially longer with an observed
distance of 1.232 A, an increase of 0.13 A. This indicates that the dinitrogen molecule

had been activated by a uranium—based complex for the first time.

Ar(R)N N(Bu)Ph
1 atm N, 25°C \ = gN('Bu)Ph
> s, U——N=N=Mo
Mo(N['Bu]Ph), Ar(R)NV /
ArR)N N('Bu)Ph

Scheme 1.2: The first example of a heterodinuclear end—on dinitrogen U" complex

Complete cleavage of dinitrogen was observed when potassium naphthalenide was re-
acted with [(Etg—calix—4—tetrapyrrole)U(dme)][K(dme)] and dinitrogen gas to synthesise
[(K(dme)(calix—4—tetrapyrrole)U),(u—NK),][K(dme),]. This product was unprecedented
and provided a unique example of a binuclear mixed—valent p—nitrido UY/U"Y complex in
addition to providing the first example that a highly reducing uranium centre could reduce

the strong dinitrogen bond when in the presence of the correct ligand environment.!'"]

The first example of a mixed sandwich U"' complex reacting with dinitrogen is shown in
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Scheme 1.3. The reaction resulted in dinitrogen bonding in a side—on manner forming
a UV complex. The key N-N bond length was reported to be 1.232(10) A, similar to a
N=N double bond which suggests that the dinitrogen had been partially reduced by the
uranium centre. Unfortunately this nitrogen bound complex was not stable and released
N, very easily in both the solution and solid state resulting in the retrieval of the U

starting material.[?]

Pr 35i

=

iPriy
PrES

oo C\ i, 3
\U/ | D U\ u

\ i Q
<% i&

Scheme 1.3: A binuclear, side—on bridging dinitrogen unit, reducing N, to N3~

8

By subjecting the U"" complex (Cp -);U to 80 psi of N, an example of a monometallic
end—on bound dinitrogen complex was synthesised as shown in Scheme 1.4. When the
pressure was reduced, C¢Dg solutions of the uranium complex released N, regenerating
(Cp - )3U. The N-N bond distance of 1.120(14) Ais relatively similar to that of free N, at

1.0975 A, indicating that the N, molecule had not been significantly altered.!'3!

g/\Q— R Nz- (:jpsi) %— \/@

Scheme 1.4: The monometallic end—on dinitrogen U"' complex, (Cp - );U(n'N,)



Carbon monoxide activation

The activation of carbon based small molecules is an important process especially since
the development of the Fischer—Tropsch process in the 1930’s. The bond energy of car-
bon monoxide is greater than dinitrogen at 1079 kJ mol~" but the bond is more easily
broken due to the polarity between the carbon and oxygen atoms causing a greater de-
gree of ionic bonding.['*l CO can bond to a metal centre in an ‘end—on’ manner via the
carbon or the oxygen although normally found to be via a o—bonding interaction between
the carbon and the metal with secondary m—bonding between the d—orbitals on the metal
centre and the p—orbitals on the carbon.l'® Other binding modes are illustrated in Figure

1.2 with many examples on transition metals found in the literature.['61[17]

O
M—C=0 O L|
i I AN
/7 N\
M—C——O0 M M \M/
Type 1 - Linear Type 2 - Bridging two metals Type 3 - Bridging three metals
oO—M
0O O
Vi V4 C//
C C \
/N % N4
M M M M
Type 4 - Unsymmetrical, Bridging Type 5 - Unsymmetrical Bridging Type 6 - Unsymmetrical Bridging

Figure 1.2: Carbon Monoxide binding modes in monometallic and bimetallic complexes

The first reported example of carbon monoxide bound to uranium was (Me;SiCsH,);UCO,
which was synthesised by reacting 1 atm of carbon monoxide at 20° C with (Me;SiCgsH,)3U
and is shown in Figure 1.3. The volumetric studies carried out showed the uranium com-
plex absorbed 1.0 + 0.05 M equivalents of CO at 25 ° C. It was also found that the
reaction could be reversed under vacuum several times with no decomposition of the
uranium complex. The CO was found to be bound to the uranium centre through the

carbon in a linear fashion, supported by X—ray analysis. In addition a significant reduc-
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tion of the carbon monoxide stretching frequency was observed (1969 cm~1), indicating

a lengthening and therefore weakening of the C=0 bond. '8!

SiMe;
Me;Si
0‘ ll“' |
oy
/ co
Me3Si

Figure 1.3: (Me;SiCsH,);UCO, the first example of carbon monoxide bound to a uranium complex

The first example of a CO bridged dinuclear uranium compound is shown in Scheme
1.5.['%] Carbon monoxide was reacted with the uranium complex resulting in a pale brown
solution. Infrared characterisation showed a distinct band at 2092 cm~", which is close to
that of other coordinated CO complexes. X—ray diffraction analysis supported the bridged
CO formulation although no reliable CO bond distance data were available due to disorder

of the crystals.

LU= 2LU + CO _— LU-CO-UL

Scheme 1.5: The first example of carbon monoxide bridged dinuclear uranium complex

The previously reported complex, [U(n—CQOT)(n—Cp*)(THF)] was reacted with CO at am-
bient pressure to give the dimeric U" deltate complex as shown in Scheme 1.6. Most
of the bond distances were unremarkable and the majority of discussion focusses on the
U(C303)U planar unit. The U2-O3 bond distance was found to be slightly longer than

aryloxides and the U1-O1 and U1-02 bond lengths observed were significantly longer
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(2.516(3) A and 2.484(3) A respectively). The C—O bond lengths were found to lie in
between the average single and double CO bond lengths. In addition the C-C bond
distances were also noticeably distorted with one long and two shorter bonds and this
was investigated further with DFT calculations which reproduced the same distortions

suggesting the distortions are effected by the sterics within the system. 20!

3CO £
_— U2—03-===

2 U—THF
-2THF <
TO1

Scheme 1.6: Reductive cyclotrimerization of CO to the deltate dianion by an organometallic
uranium complex

Based on the work previously reported on the deltate dianion, subtle changes in the
steric or electronic properties of the starting material were utilised to investigate whether
the squarate dianion was possible. By replacing the Cp* ligand with CpMesH to form the
complex, [U(n—CgHg(Si'Prz—1, 4),)(n—Cp"esH)(THF)] and exposing it to ambient pres-
sures of CO at -30 °C the squarate dianion was synthesised and is shown in Scheme
1.7. The oxocarbon unit was found to be planar like the deltate dianion and the U-O
distances were observed to be almost identical to the deltate distances. The difference
however, is found in the U-C distances which were longer (3.045 A average) than those

found in the deltate dianion (2.662 A average). 2]

Scheme 1.8 shows an example of CO insertion into a uranium carbon double bond.
The tetrahedral complex [(Cp);U(n——COCHPMePh,)] was synthesised by reacting the
starting material, [(Cp)3U(=CHPMePh,)] with atmospheric pressures of CO at ambient
temperature. The C—O bond length of the 1,—CO fragment is 1.27 A, the P—C distance

was 1.77 A and the C—C distance was 1.37 A which suggest a delocalised structure as
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SilPry

siPr
Scheme 1.7: Reductive cyclotetramerization of CO to squarate by a U" complex

depicted in Scheme 1.8 as two resonance structures. [??!

2o . 2H 25

\O D \//

Qé H >\ PMePh, \A\ PMePh,

H H

Scheme 1.8: Carbon monoxide insertion into the uranium carbon double bond

These examples show that CO can interact with uranium complexes in a variety of ways.
Uranium also possesses the ability to activate the coordinated CO fragment and to func-
tionalise the fragment providing evidence that uranium may be a suitable element to be

used in a catalytic CO transformations.

Carbon dioxide activation

As discussed in section A.1, CO, is relatively inert. This characteristic of CO, requires
the molecule to be activated prior to any reaction taking place and this can be achieved
by bonding CO, to a metal centre. This can be achieved in a number of ways such as
‘end—on’ or bridging between two metal centres. The following section highlights some of

the key uranium—based complexes that have successfully activated CO,.
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One of the first examples of a carbon dioxide insertion into a uranium methyl bond was
demonstrated by reacting [(Cp*),U(Me),] with an excess of CO, to yield bis(acetate)
complex [(Cp*),U(OAc),]. In addition by adding just one equivalent of CO, to the same
starting material, the monomeric methyl acetate complex, [(Cp*),U(Me)(OAc)] was syn-
thesised.

2LU + CO, _— LU-(CO,)-UL

'‘Bu

LU=

CO + LU-O-UL

Scheme 1.9: The first example of carbon monoxide bridged dinuclear uranium complex

The complex shown in Scheme 1.9 also reacted with CO, to form an oxide—bridged
uranium compound releasing carbon monoxide.['® A similar complex was also investig-
ated in the CO, reactivity studies. The ortho t-butyl substituents on the aryloxides were
replaced with adamantyl substituents as shown in Scheme 1.10. This complex formed

the previously unreported ' —OCO" radical anion.

ALY + CO, _— AdLY-0CO

Scheme 1.10: The first example of an end—on carbon dioxide uranium complex

Characterisation of the resulting complex showed the CO, molecule had bound in an
almost linear fashion with U-O—C and O—-C-0O angles of 171.1 © and 178.0 ° respectively.
The infrared vibration spectra also showed a significantly reduced frequency for CO, of

2188 cm~' compared to free CO, which has a vibrational frequency of around 2349

em-1.123
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Scheme 1.11 shows the symmetrical U" dimer (OTtbp),U(u—O)(u—0,COTtbp),U(OTtbp),
which was synthesised from U reduction of CO,. The O—Ar bonds were similar to other
O—Ar bonds however the U-u—O distance is 2.095(3) A, shorter than expected and the
U—-O-U angles was not the predicted linear angle, but observed at 140.4(5) °. The car-
bonates have U-O bond distances of 2.315(7) and 2.371(7) A and UO—-C bond distances

of 1.258(12) and 1.253(13) A suggesting delocalisation of the charge. 24

By .
=
TtbpO, N OTtbp 1 bar CO, (OTop) U’O/(
Ttbpo—uZ | |\ UZ—oTtbp 80°C,0.25h
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Scheme 1.11: Insertion of carbon dioxide into uranium aryloxide bonds

A more recent example shown in Scheme 1.12 highlights the reductive coupling of CO,
to form a bridging oxalate complex. The identity of the R group and therefore the sterics
of the complex are vital to the outcome of the reaction. When R = Me, two products
were identified, (U(n8—CgHg(1, 4—SiMejy),)(n°—CpMes)),(u—O) and the bridging oxalate,
(U(n®—CgHg(1,4—SiMej3),)(n° —CpMes)), (n—pu?:u?—C,0,4). When R = Et or 'Pr, the bridging
carbonate complex, (U[n®—CgHg(1, 4—SiMe3),](n°—CpMesR)), (u—n':n?—CO;) and the bridging
oxalate complex (U[;8—CgHg(1, 4—SiMeg),](n° —CpMe«R)), (u1—n2:m?—C,0,) were formed
and when R = Bu the only product observed was the bridging carbonate complex,
(U[n®—CgHg(1, 4—SiMej),](n° —CpMestBuy), (y—n':n2—CO;). 1.12 specifically shows how
the oxalate was synthesised as the major product when the R group size was increased
(R = Me (20%), Et (30%), 'Pr (60%)). The structural analysis of the oxalate complexes
obviously differ depending on the R group, however the U-O bond distances ranged from

2.431(4) to 2.441(5) A with the average C—O distances observed at 1.263 A.[25]
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Scheme 1.12: Reductive activation of CO, by mixed sandwich uranium Il complexes

These examples of show that uranium has been used successfully to react with small
molecules such as N,, CO and CO,. Both sterics and electronics play a role in the
synthetic outcome of these reaction. Development in this area could potentially result in

some interesting and significant outcomes.

1.2 Surface sites and molecular mimics

The majority of industrial processes employ heterogeneous catalysis for several reasons.
Solid catalysts, or solid—supported catalysts are mechanically robust and self-supporting,
which simplifies the construction and operation of large—scale reactors. Additionally, cata-
Iytic reactions are then either gas—solid or, more rarely, gas—liquid and the removal of the
catalyst is then clearly simple. Solid phase catalysts are usually thermally robust, allow-
ing a wider range of temperatures. Approximately 90% of industrial catalytic processes

are based on heterogeneous catalysis. %]

There are several difficulties when attempting to explain fundamental aspects of surface—
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mediated catalysis. The majority of the material is bulk material and conforms to the
structure of the normal solid and is only indirectly involved with the catalytic mechanism,
as the reaction takes place on the surface of a dense—phase catalyst. Even on the sur-
face, reaction does not occur at every atomic position but at a subset, which means that
if the average structure of the surface can be determined, little structural data may be

available for the active site or sites.

Several chemical approaches have been used to circumvent these disadvantages, with
the hope that increased structural and mechanistic understanding of the active site or
sites will allow a rationally designed approach to catalysts with greater activity. One ap-
proach is to employ a microporous material, such as a zeolite, which is a crystalline, peri-
odically folded surface in which every atom is at the surface or is surface—like. Structural
determinations are in principle no different from a structural determination of a small mo-
lecule crystal. Within the microporous structure, catalytic sites can be introduced either
as surface atoms, for example in the formation of a microporous Brgnsted acid shown

below where (s_) represents the surface:

5 — Si[SiO4] = § — Sit_x[AIH[SiO4] (1.2.1)

A second approach is to mount an atom exohedrally on the surface such that the atom
is chemically bound to the surface and all the reactivity that is established by this route
is determined by these surface atoms and not the unmodified support. A proportion of
surface materials are based on silica and there are various types of functional group
active sites on a silica surface, a number of which are shown in Figure 1.4. It is key to

begin by understanding the support surface and the active sites.

The concentrations of each type of active site can be varied with treatment. Dehydroxyla-
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tion transforms vicinal silanol groups into isolated groups with treatment temperatures
around 700 °C. At higher temperatures in the region of 800 °C the vicinal groups are
transformed into strained four membered ring siloxane bridges. The concentrations of
each type of silanol or siloxane bridge are therefore dependant on the pretreatment the
surface receives and can be manipulated accordingly. Silica can be considered homo-

geneous, with regard to its active surface sites, with R;SiOH. [2]

H AN H
~
o} (¢} o /
| / \ O O—H
SI\ O/Si\ /Si\o \S
o™ o) / ‘ 0 ‘ \ o '
/ 0 \ 0 0
[VaVaVaV ) | [SaVaVaVA [VaVaVaV )
AW | | / \
WaVaVaVal A S [VaVaVaVa [VaVaVa V)
Isolated Silanol Group Vicinal Silanol Groups Geminal Silanol Groups

Figure 1.4: Types of surface silanol groups

In order to understand the reactivity of these groups, the tools of molecular chemistry
are employed to investigate such systems. Complexes are developed that ‘mimic’ the
surface active sites but on an organometallic, molecular level. There are key questions
that should always be considered when using one system as a mimic for another. For
example; does the molecular system react in identical ways to the surface it is mimicking?
Can the structure of the molecular systems be rationalised in terms of the solid surface
sites? Is it possible to study the steps of a reaction on the molecular mimic and is this
a true reflection of the chemistry involved on the surface site?[?8! Investigations into the

acidity and behaviour of the Si—-OH unit are therefore important.

1.2.1 Silanols as molecular mimics for surface sites

Silanols are compounds containing the Si—-OH bond and are homologous with the carbon

containing alcohol group, C—OH. There are three major groups within the silanol family.
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First the silanol groups which contain just one Si—OH unit. Second the group of silanols
containing compounds which possess one or more Si(OH), units and finally the third
group containing all the silanol compounds which possess one or more Si(OH), units. 271

For the purposes of this work only silanols with one Si—OH unit will be considered.

In general silanols tend to be difficult to synthesise and store. There are currently two
main methods used to synthesise silanols. The first is to hydrolyse compounds containing
the Si—X unit (X = F, Cl, Br, I, H). The second method is to oxidise the Si—H unit of the
desired compound using an oxidising agent such as KMnO,, AgNO,, AgNO;, Ag,O, O3

or dioxiranes. [27]

The Si—-O group also shows a tendency to undergo an intermolecular condensation re-
action resulting in a very stable siloxane compound and water. This tendency means the
isolation of pure silanols can be problematic and this is, to a large extent, the reason for
the high price of many silanol derivatives. Solutions to this issue involve storage of the
silanols at lower temperatures to reduce the rate at which the condensation reaction oc-
curs, dilution of the silanols in order to reduce the probability of a condensation reaction

and using bulky R groups on the silicon in order to stabilise the silanol kinetically.

Finally, during the preparation of most silanols, the R3Si—ClI group is synthesised first.
The hydrolysis of the Si—Cl moiety results in acidic impurities which can cause degrada-
tion of the desired silanol. Mild bases such as triethylamine or aniline can be effective in

the removal of such impurities. [%”]

Si-0 Bonding

The o—bonding in a Si—O bond is very different from a C—O bond. The bond dissociation

energies of the two are 498 kJ/mol and 358 kJ/mol respectively showing that the C-O
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single bond is weaker. The converse is observed in the case of Si=O and C=0, in which

case, the bond dissociation energies are 749 kJ/mol and 803 kJ/mol respectively. 282

The principle difference between these two quantities rests on the description of the con-
stituent atomic orbitals that are assembled under the LCAO approximation. In carbon,
the p—orbitals have no radial node, are contracted and can form w—interactions readily
at the distance of a C=0 bond. However, because of the strong interaction between the
two atoms, the gap between the bonding and anti—-bonding orbitals is substantial and any
donation into a ox—orbital is negligible. A C—O single bond therefore has single bond

character only.

For a Si—O single bond, other effects are involved. The s—p gap is somewhat larger, lead-
ing to a higher degree of p—character in the valence shell; the electronegativity difference

is greater therefore:

0.89

Ax =x(0) - x(C)

Ax =y (0)—x(S) = 154

resulting in a far more polar bond and therefore a greater electrostatic contribution. In

additon the radial node present in the 3p orbital destabilises 3p — —2p m—interactions.

Because the bonding—antibonding gap is smaller in an Si—O bond, then the availability of
the ox—orbitals becomes important and the interaction between the p—rich Si bonding hy-
brids and the anti—-bonding CH or SiH o*—orbitals is significant.!3%311 This bonding model
provides a more satisfactory explanation than the earlier hypothesis of p—d dative bond-
ing.[3233] This r—acidity at the Si centre also plays a role in the geometry of the M—O-Si

linkage, as discussed below.

In addition, when comparing the silyl ligand, Ph3SiOH to the alkyl ligand, Ph3COH it has

been noted that the silyl ligand is more electron withdrawing. Whilst the carbon atom is
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in fact the more electronegative of the two, the silicon atom possesses a strong inductive
effect which has an impact on the whole ligand. This is reflected by the acidity of the
two ligands. For example Ph;SiOH (pK; = 16.57, DMSO) is a stronger acid than the
alkoxide equivalent Ph3COH (pK; = 16.97, DMSO). In addition it is worth noting that the
siloxide ligand binds to metal centres in a more ionic fashion than the less acidic alkoxide

ligands.[34]

Si—O-M Bonding

The Si-O-M bond is normally linear, whereas the C—-O—-M bond is more often bent. It
is generally accepted that the principle bonding between siloxides or alkoxides and the
metal centre occurs through a o—bond from the oxygen to the metal centre. There is
also an argument for significant interaction between the ligand and the metal via donation
from the pr—orbitals on the oxygen, see Figure 1.5 (a) and (b) respectively.3¥ This type of
bonding presumes a three electron donation from the ligand to the metal centre, therefore

enabling the stabilisation of low coordinate and electron deficient metal centres.

The linear nature of the Si-O—M bond angle has been previously accredited to the d—
orbitals on the silicon atom accepting electrons from the p—orbitals on the oxygen. [35:36]
However, more recently this theory has been superseded and the linear nature of the Si—
O-M bond is more accurately described by considering ‘Bent’s rule’3”] and electronegat-
ivity differences.[®'] Bent’s rule predicts that bonding sp hybrids to atoms of higher elec-
tronegativity will result in an increased percentage of p character, which will lead to smal-
ler bond angles.[®!l Therefore, because carbon has a greater electronegativity value (2.5)
compared to silicon (1.9) the orbital of the oxygen atom will posses greater p character

and lead to smaller (non-linear) bond angles.
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Figure 1.5: Si—-O Bonding modes (a) po donation and (b) pr donation

1.2.2 Surface organometallic chemistry

As discussed in section 1.2, surface science can use the surface of a material to stabilise
inorganic catalysts. Moreover, reactions that are unprecendented in solution can occur
at surface—bound metal atoms. This has proved to be useful in the transformation of
alkanes, which is of great interest to the petrochemical industry in their quest to trans-
form small hydrocarbons such as methane. Because of reactions such as this, surface
organometallic chemistry (SOMC) is an area of chemistry that has gained popularity and
is used to anchor complexes onto surfaces such as oxides, zeolites or metals in order to

use the complex further in catalysis.

There are a variety of examples of complexes bound to zeolites. Once bound, the struc-
ture of the complex is investigated along with the possible mechanism, reactivities of the
complex and the catalytic properties in relation to the activation of alkanes via a meta-

thesis type reaction, which is examined further here.

Metathesis of alkanes

The metathesis of alkanes is not without its issues. For example, if the metathesis of al-
kenes are considered for a moment, in most cases there is only one double bond for the

reaction to occur. Now consider alkanes, and more specifically, C, where n>3. Each C—C
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bond is a potential reaction site and therefore multiple products are to be expected. [3840]
To illustrate this point further, a complex previously reported in 1978 by Schrock and
Fellmann!*'l can be used as an example when the tantalum complex is bound to a de-
hydroxylated silica surface, represented as s- in Scheme 1.13. The reaction produced

two silica bound tantalum compound and neopentane gas.[*?]

tBu

( s-O
tBu S-O/,,/I‘

Ta""u// * " Si——OH
/ ) /

tBu s0
tBu
tBu
( tBu
7,
) tBu ,’/,
s-SI0—"Tag.,, * $-Si0y, ( Bu /<
'Ta\/

e

Scheme 1.13: Tantalum compound on dehydroxylated silica surface

Following this example, the synthesis of the monohydride tantalum compound3 was
synthesised by exposing the two tantalum products, depicted in Scheme 1.13, to 1 atm
of hydrogen in temperatures of up to 200° C. The hydride species[®8! showed no catalytic
reactivity when reacted with cycloalkanes and only a Ta'' cyclo—alkyl species was formed
with the evolution of hydrogen gas. However, when the tantalum hydride species was
exposed to acyclic alkanes a catalytic metathesis reaction was observed (25° C -200°
C) leading to both higher and lower homologues. For example, the metathesis of ethane
simply formed methane and propane. However, as predicted, when exposed to an alkane
with more than one C—C bond a mixture of products were observed and the metathesis of
propane led mainly to the products n—butane and isobutane with other observed products

being ethane, n—pentane, isopentane and propane.
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In addition to the tantalum hydride, zirconium hydrides have also been investigated. The
development of a highly electron deficient zirconium neopentyl complex, which was sta-
bilised by being bound to the surface of dehydroxylated silica causing steric crowding,
as shown in Scheme 1.14. The product was reacted with hydrogen (6 x 10* Pa at
150° C) to form the hydride and various reactions were observed with cyclo—octane and
methane.!*¥l However, more interesting was the synthesis and reactivity of a zirconium
monohydride and dihydride.*®! The reactivities of these complexes were reported with re-
gard to exposure to methane. The monohydride reacted slowly and incompletely to form
[s—(SiO);ZrMe] whilst in contrast the dihydride reacted quickly and completely to form

the species [s—(SiO),ZrMe,] via the intermediate [s—(SiO),ZrHMe] as shown in Scheme

1.15.
tBu tBu
A
/_Zr.'uu,,/tBu o SOIIG oy S_SiO\Zr"'“u//tBu
tBu > s-O/ >
tBu tBu

Scheme 1.14: Zirconium species on a dehydroxylated silica surface
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Scheme 1.15: Zirconium hydride species on a dehydroxylated silica surface reacting with methane

This observation suggests that dihydrides and perhaps polyhydrides could be used more

effectively in the catalytic reactions involving methane and other alkanes.
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1.3 Current molecular models for surface materials

One of dominant area of research has been on the use polyhedral oligosilasesquiox-
anes (POSS) as surface mimics.[*8l This group of molecules are useful in this area of
chemistry for two reasons. Firstly, they possess an adequate degree of oligomerisation
making them relevant models for highly silaceous materials and secondly, they retain the
Si—OH functionality which allows them to be used as ligands in a wide range of transition
metal and main group complexes.*®l In addition, the extensive framework within POSS
suggests that the electronic properties should be closer to those of silica and siliceous
solids compared to conventional models such as siloxide ligands. For example, the elec-
tron withdrawing properties of the SigO,, framework are similar to CF5 which is a stark
contrast to the electron donating properties of the R;Si derivatives. Furthermore, conven-
tional models fail to mimic the geometry observed in silica supported species due to the
metal centre being the dominant force in the ligand arrangement. A silica surface dictates

its own structure due to the inflexible nature of the solid surface itself.

The first example of a transition metal containing siloxane that was designed to mimic sur-
face sites possessed three hydroxyl groups bonded to a single metal atom.!”! The new
compounds are called polyhedral oligometallasilsesquioxanes (POMSS) and synthesised
by substituting transition metal atoms into the silicon oxygen framework of polyhedral
oligosilasesquioxanes. One of the most notable examples in this area is a vanadium con-
taining silsesquioxane complex.*8-%01 Vanadium complexes are reported to be possible
catalysts for the oxidation of methane and other hydrocarbons. In addition, a number
of studies have reported that vanadium formed the elusive "three—legged" surface com-

plexes which are preferable due to the increased stability of three anchors.
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1.3.1 Triphenylsiloxide as a molecular surface mimic

Triphenylsiloxide has been used as a ligand on a number of transition metal and lanthan-
ide complexes with a view to synthesise a mimic for a surface bound species; such com-

plexes include both heteroleptic and homoleptic systems.

1.3.2 Lanthanides

Scheme 1.16 shows various lanthanum siloxide complexes which have been reported in
the literature, the first of which was [La(OSiPhg);(THF)5]- THF which was synthesised by
reacting [La(N(SiMe,),),] with aliquots of Ph,SiOH at 0°C.5"! The resulting [La(OSiPh,),],
was then stirred in THF and recrystallised from THF/diethyl ether mix. Derivatives of this
complex were synthesised by using different solvent systems. [La(OSiPhs)s(py)s] was
prepared by condensing pyridine onto the solid, [La(OSiPhs);], and recrystallised from
a pyridine/diethyl ether mix. Finally [La(OSiPhs)], was stirred with OP("Bu)5 to form the
complex, [La(OSiPh3);(OP("Bu)s),]. Only one of these complexes had full character-
isation data, [La(OSiPh3);(THF)3]- THF. The complex has average La—Og;jx bonds of

2.226(3) A, La—O7yr bonds of 2.643(7) A and Si—O bonds of 1.598(0) A.15"]

Cerium has also been investigated and Ce(OSiPh;),(1u—0SiPhs3), can be synthesised
by reacting Ln[N(SiMej3),]5 (Ln = La, Ce) with Ph;SiOH which crystallises as the dimer
[Ce(OSiPhs)s], with bridging siloxide ligands. The average Ce—Ogjox bond lengths were
observed at 2.163(6) A whilst the Ce—Opyrigging Were found to be slightly longer at 2.384(5)
A.152 Secondly, Ce(OSiPh,), was prepared from Ce(OPr'), by reacting it with Ph;SiOH in
DME. Single crystals of Ce(DME)(OSiPh3), which were of X—ray diffraction quality were
yielded from a toluene/Et,O mix and Ce—Og;j,x bond lengths were observed at 2.11(48)

A, on average, whilst the Ce—Opye were found to be slightly longer at 2.581(10) A.[53!
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Scheme 1.16: The homoleptic triphenylsiloxide lanthanum complexes and lewis base adducts

Finally, by heating Ln(NO3)3(H,0), (Ln =Y, Ce, Nd, Pr) in the presence of NH,NO; the
anhydrous trivalent nitrates (NH,4)xLn(NO3)s,x Were formed which could then be reacted
with three equivalents of NaOSiPhs to synthesise [Ln(OSiPhg);(THF)3](THF). Only the
cerium compound was characterised fully, but the average Ce—Oyg;ox bond lengths were

observed at 2.222(4) A whilst the Ce—O 7y were found to be 2.591(7) A.[54

An example of a samarium complex was synthesised by reacting a previously prepared
solution of [Cp ,SmF], in THF with Ph,SiOH. The characterisation data showed the com-

plex had a Sm—Oyg;x bond of 2.169(8) A and a O-Si bond of 1.590(8) A.[5%

Two further samarium siloxide examples were developed by reacting Sm(N(SiMes),)5
with Ph3SiOH and recrystallised from ether. By reacting [(Ph3SiO)3SiO]3Sm(THF); with
[Cp - Sm(u—0Si(O'Bu););Sm], a mixed polynuclear siloxide was isolated and the product,

[(Ph3SiO)3SmM(Cp - )Sm(OSi(O!Bu)z)3Sm] is shown in Scheme 1.17. Only structural data
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were published for the second complex which gave an average Sm—CQgjox bond length of

2.161(8) A and an Si-O bond length of 1.608(2) A.15¢]

N(SiMes) THF OSIPhT3HF
3 Ph,SiOH a7
Sm > .~ | N s
MessiN” N(Siviey), Ph,SIO I OSiPh,

Scheme 1.17: The samarium complex, Sm(OSiPh;);(THF);-(THF)

Three dysprosium complexes have been reported, which are similar to the lanthanum
complexes discussed previously and shown in Figure 1.6. [Dy(u—OSiPh3)(OSiPhs),],
(a), Dy(OSiPhg)3(THF)5 (b) and Dy(OSiPhs);(py)s (c) were synthesised using Dy(NR5)s,

Ph;SiOH and either toluene, THF and pyridine respectively with no structural data avail-

able.157]
SiPhg
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Figure 1.6: Examples of dysprosium siloxides

1.3.3 Titanium

A wide variety of titanium triphenylsiloxide complexes have been reported as surface

mimics for titanium supported on silica; these compounds are summarised in Table 1.1.

Cyclopentadienyl derivatives as anchors

Large ring systems have long been investigated as ligands for their ability to stabilise

otherwise reactive metal centres. The same systems are also considered mimics for
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surfaces and as such, group IV metallocenes have been developed as a homogeneous,
single site, metallocene anchored catalysts, as shown in Scheme 1.18. The M—-O-Si IR
stretch of this system was observed at 957 cm~" for the Ti and Zr derivatives, whilst
the Hf derivative was recorded at 977 cm~'. The M-O (M = Ti, Zr, Hf) bond lengths
were observed through X—ray analysis and were found to be 1.842(4) A, 1.961(6) A and
1.934(5) A respectively and M—O-Si bond angles of 164.5(2)°, 173.0(4)° and 171.9(4)°

respectively.[58]

@ Kol @ _OSiPh,
W + Ph3SIOH  + HN _— > ™ + HN cl

M =Ti, Zr, Hf

Scheme 1.18: Synthesis of a group IV metallocene chloro triphenylsilanolate

Scheme 1.19 shows the synthesis of titanasiloxanes via a hydrogen transfer process from
a monosilanol such as triphenylsilanol to a titanium framework. The reaction gave good
yields in the region of 71-95%.15°
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Scheme 1.19: The synthesis of titanasiloxanes using silanols

Both complexes of the general formula, Cp (Ph;SiO),TiX and Cp (Ph;SiO)TiX, (X = Cl,
Me, CH,Ph) can be synthesised and are shown in Scheme 1.20. Unfortunately, only
Cp (Ph5SiO)Ti(CH,Ph), was reported with X—ray data showing the Si—O bond length to

be 1.6430(15) A and the Ti~O bond length to be 1.8055(15) A.[60]

In the above examples, the titanium metal centre is in its most commonly found Ti"V oxid-
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Scheme 1.20: Group 4 metal siloxy and silsesquioxane complexes: soluble model systems for
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silica—grafted olefin polymerization catalysts

ation state. The following provides an example of a Ti'' compound, [Cp*, Ti(OSiPhj)] of
which green crystals were grown following an insertion reaction between the starting ma-
terials, permethyltitanocene [Cp*Ti(n°:n'-CsMe,CH,)] and triphenylsilanol. Electronic
absorption data were collected and peaks were found in the ranges 497-525, 605-665
and 1300-1800 nm. The IR data were observed as an intense absorption band at 956

cm~'. X-ray data were also analysed with an observed Ti—O bond length of 1.9190(13)

A and an Si-O bond length of 1.6115(13) A.[61]
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'I|'i/CH2 + PhgSiOH —_— ﬁ 5\Ti—o

Scheme 1.21: [Cp - 2Ti(OSiPh,)], synthesised by protonolysis of the titanium—methylene bond in
a singly tucked—in permethyltitanocene

SiPhs

Other ligand systems

Whilst cyclopentadienyl derivatives are many, other ligand systems have also been invest-
igated. The reaction between [Mg,(1:—OSiPh3),(OSiPhs),(THF),] and TiCl, is shown in
Scheme 1.22. Several titanium complexes can be synthesised with this method and one
of the products, [TiCl,(OSiPhs),(THF),] - 2 THF, was synthesised and exhibits a distorted
octahedral geometry and an Si—O bond length of 1.653(3) A. In addition the complex has

o

a Ti—O bond length of 1.800(3) A.

Reacting [Mg, (1 —0SiPh;),(0SiPhj,),(THF),] with four equivalents of cis—[TiCl,(n?—mal),]
(mal = (O,0)-3—oxy—2—methyl-pyran—4—onato), [TiCI(OSiPhs)(n?—mal),] - THF was syn-
thesised in 72% yield. This new complex had an observed Si—O bond length of 1.634(3) A
and a Ti—O bond length of 1.799(3) A. Further treatment of [TiCI(OSiPh,)(n?—mal),] - THF

with Li'Bu and Ph;SiOH resulted in two further siloxide compounds being synthesised,

[Ti(‘Bu)(OSiPhs)(n2—mal),] in 63% yield and [Ti(OSiPhg),(n2mal),] in 91% yield. 62!

Complexes with the general formula [(Ph;SiO),MCl,(THF),](tol), (M = Ti, Zr, Hf) were
synthesised from MCI,(THF), and two equivalents of Ph3SiOLi in THF. X-ray analysis

showed a Si-O bond length of 1.642(2) A and a Ti-O bond length of 1.782(2) A.[63]

Ti(OSiPhs), can be synthesised by reacting Ti(O"Bu), with triphenylsilanol in toluene at
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Scheme 1.23: Synthesis of group IV complexes, [(Ph;SiO),MClI,(THF),](tol),

ambient temperature and pressure. The Ti-O bond lengths range from 1.782(4) A to
1.798(7) A whilst the Si—O bond lengths range from 1.650(4) A to 1.613(7) A. The Ti-O-

Si bond angle is observed as 148.2(3)°.164

Triphenylsilanol can also be reacted directly with the metal containing complex. An ex-

ample of this is [PcTi(OSiPhs), (shown in Scheme 1.25), an air sensitive blue/green com-
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O"Bu OSiPhg
i\\“\..OnBu + PhgSIiOH toluene, 25°C i o -OSiPhg
Bu"O— N — > Phgsio
O"Bu OSiPhg

Scheme 1.24: Synthesis of the monomeric, tetrahedral, four coordinate titanium siloxide complex,
Ti(OSiPh,),

pound, which was synthesised by reacting two equivalents of PhySiOH with one equi-
valent of the starting material, N,N’'—di—4—tolylureato(phthalocyaninato)titanium(IV). From
X-ray data the observed bond length for Ti~O was found to be 1.852(11) A whilst the
Si—O bond length was 1.627(11) A. In addition, two peaks were observed in the UV-Vis
spectrum at Amax 741 nm and 698 nm, which were attributed to the siloxy ligands. The IR
spectrum showed a band at 821 cm~" which was assigned to the O-Si—O antisymmetric

stretch. [69]

Ph3S|O

ool

TN

Scheme 1.25: Synthesis of trans—bis (triphenylsiloxy)phthalocyaninatotitanium(IV)

In addition, by adding one and a half equivalents of triphenylsilanol to one equivalent of
(PyO)zTi(OiPr)z, the product (PyO),Ti(OSiPhs), was synthesised, although in relatively
poor yields (50%). X-ray quality crystals were grown in which a Ti-O bond length of
1.85 A was observed within the siloxy ligand. In addition the colourless compound was

observed to have a UV-Vis \pnax value of 281 nm. [68]

Finally, a solution of Ti(O'Bu), was stirred with triphenylsilanol and triethanolamine in THF
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with the resulting product, (Ph3SiO)TiN(OCH,CH,); which was subsequently recrystal-
lised from toluene in yields of 78%. The X-ray analysis showed an Si—O bond length of

1.608(2) A and a Ti-O bond length of 1.834(2) A with a perfectly linear Ti-O-Si bond

angle of 180°.167]

Titanium Oxidation | Si—O Bond Ti—O Bond
Compound State Length Length
[Cp*,Ti(OSiPh,)] ! 1] 1.6115(13) A | 1.9190(13) A
(Ph;SiO),(pc) Tiles! \Y 1.627(11) A | 1.852(11) A
[(Cp - Ti(110))3(1CHR)(OSIR3)] 1 W — —
(OPy),Ti(OSiPh,), 68! \Y — 1.85 A
Cp, TiCI(OSiPh,) 58! v — 1.842(4) A
[TiCl,(OSiPhg),(THF),] - 2 THF[62] v 1.653(3) A | 1.800(3) A
[TiCI(OSiPhg) (12 —mal),] - THF 62 \Y 1.634(3) A 1.799(3) A
[Ti(‘Bu)(OSiPhs)(n?—mal),] 62 \Y, — —
[Ti(OSiPhy),(r2mal),] 62 v — —
Ti(OSiPh,), 64 \Y 1.632(1) A 1.790(6) A
[(Ph;Si0),MCl,(THF),](tol), (63 \Y 1.642(2) A 1.782(2) A
(Ph3SiO)TIN(OCH,CH,), 7] \Y 1.608(2) A 1.83(4) A
Cp’(Ph3SiO)Ti(CH,Ph), 60! v 1.6430(15) A | 1.8055(15) A
Average Bond Length 1] 1.6115(13) A | 1.9190(13) A
Average Bond Length \Y 1.634(3) A 1.81(74) A

Table 1.1: Summary of key bond lengths found in examples of titanium triphenylsiloxides

1.3.4 Zirconium

Examples of triphenylsiloxides as ligands for zirconium based complexes are as abundant
as the titanium based compounds and are summarised in Table 1.2 along with key bond

distances.
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Cyclopentadienyl derivatives as anchors

As shown in Scheme 1.18 (Section1.3.3) the compound, Cp,ZrCl(OSiPh3) was synthes-
ised by reacting the zirconium metallocene dichloride with triphenylsilanol and piperid-
ine. The complex was then reacted with K[H,BCgH,,] to afford the 18 electron com-
plex Cp,Zr(OSiPhg)(1—H),BCgH4,4). X—Ray diffraction analysis showed the Zr—O bond
lengthening from 1.961(6) A in the first compound to 1.985(3) A in the second com-
pound, Cp,Zr(OSiPhg)(1—H),BCgH44). This species had an observed Si—O bond length
of 1.614(3) A. Whilst this is within the average values found for silicon oxygen bonds, no

comparison can be made to the starting compound due to a lack of reported data. (58!

M K /B — e, +  Kal
%
% \CI H % H ——ee B

Scheme 1.26: Metathesis reaction between Cp,ZrCI(OSiPh,) and K[H,BCgH4] to synthesise the
18 electron complex Cp,Zr(OSiPh;)(x—H),BCgH4)

The compounds Cp'(Ph;SiO),ZrCl, Cp'(Ph;SiO)Zr(CH,Ph), and Cp'(PhSi0),Zr(CH,Ph)
were all synthesised from the starting material Cp”ZrCl; and either silsesquioxane or tri-
phenylsiloxy and are shown in Scheme 1.20. Colourless crystals of Cp”’(Ph3SiO),ZrCl
were grown from a saturated hexane solution and X—ray diffraction analysis showed a

Zr—O bond length of 1.925(5) A.[60]

Other ligand systems

[(n”—C;H;)Zr(OSiPh,)], was synthesised from [(n”—C,H;)Zr(N(SiMe;),)]» and a tolu-
ene/THF solution of Ph;SiOH. The dimeric structure was characterised by X—ray diffrac-

tion studies revealing Zr-O bond lengths of 2.1810(9)—2.2494(9) A, which are significantly
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longer than the average Zr—O bond length reported to be ca. 1.93 A in the paper.[68]

Na( N(S|M93)2 subllmanon at Zir 60°C .

Zrn, HF 130°C, dynamic a2h 7r

vacuum
N\) MesSi N THF N THF/Toluene

NN OSiPh
SiMe;, Me;Si SiMe; 3

n 2

l PMej, CgDg

o

|
Zr.

MesSi—N" ~ PMe;,

SiMes

Scheme 1.27: Synthesis of the zirconium siloxide complex, [(7” —C7H;)Zr(OSiPh,)],

A second approach to synthesising zirconium derivates is to use an alkali metal siloxide.
The dimeric structure, [Zr,(OSiPh3)g(OH),(H,0),]-C;Hg was synthesised from Ph3SiOLi
in THF with NEt; and H,O and is shown in Scheme 1.28. After work—up, X—ray quality
crystals were grown from a solution of n—hexane. Analysis of the data showed the av-
erage Zr—O bond was 1.964(8) A whilst the average Si-O bond is 1.618(1) A, both well

within the range of values found in similar complexes. [6°]

H
cl cl PhsSiO | OH,
. § . : Ph,SiO., . oSiPh
o, o THF PhySiOH Ph,SIO., "”z T 1ea Nl 5Si "’z\“\ ) iPh, "
"BulLi .5eq. H,
a?” |\THF Ph,SIO |\THF Ph,SIO |\ \d |\OS|Ph
OH, |  OsiPng
H

Scheme 1.28: Synthesis of the dimeric Zr'Y complex, [Zr,(OSiPhg)s(OH),(H,0),]-C,Hg

As shown in Scheme 1.23, the starting material ZrCl,(THF), was reacted with two equi-
valents of Ph;SiOLi to give [(Ph3SiO),ZrCl,(THF),](tol), and recrystallised from toluene.
By omitting THF, the starting material ZrCl, reacted with two equivalents of Ph;SiOLi,

forming the highly toluene soluble product, [(Ph3SiO),ZrCl,],.

[(Ph3SiO),ZrCl,(THF),](tol), reacted further with the chelate ligands, N,N,N’,N’ —tetra—

methylethylenediamine (tmen), 2,2’-bipyridine (bpy) or 1,2—bis(diphenylphosphino)ethane
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(diphos) in THF which led to ligand substitution and resulted in three different products,
[(Ph3Si0),ZrCl,(tmen)](tol),, [(Ph3SiO),ZrCl,(bpy)](tol) , and [(Ph;SiO),ZrCl, (diphos)](tol) .
The same starting material could also be reacted with MeLi in the presence of 2,2—
bipyridine to form the complex, [(Ph;SiO),Zr(CH3),(bpy)](tol),. Finally, by varying the
amount of Ph3SiOLi in THF/toluene, (Ph3SiO);ZrCl,(THF)](tol)o 5 and [(Ph3SiO),ZrCl,(THF)],
were synthesised respectively from ZrCl,(THF),. Unfortunately aspects of the data were

not reported but the data that was reported on is summarised in Table 1.2.[63]

Finally, ZrCl, was reacted with Ph;SiONa in DME to synthesise (DME)ZrCl,(OSiPhs),
which was recrystallised from a solution of toluene. The X—ray diffraction analysis showed

a Zr-O bond length of 1.911 A and a Si—O bond length of 1.652 A.[7]
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Zirconium Oxidation | Si—O Bond | Zr—O Bond
Compound State Length Length
[(n” —C5H,)Zr(OSiPhg)], ! 1l — 2.215(3) A
[Zr,(C1gH;508Si)s(OH)»(H,0),] - C,Hg 16! \Y; 1.618(1) A | 1.964(8) A
Cp,ZrCl(OSiPh,) 58l \Y — 1.961(6) A
Cp,Zr(0OSiPhg)(u—H),BCgH,,) ¥ \Y 1.614(3) A | 1.985(3) A
Cp'(Ph,Si0),ZrCl1e0! \Y; — 1.925(5) A
Cp’(Ph4Si0)Zr(CH,Ph), 6% v — —
Cp'(Ph;Si0),Zr(CH,Ph)60! \Y — —
[(Ph4Si0),ZrCl,(THF),](tol), 63! \Y 1.634(2) A | 1.928(2) A
[(Ph4Si0),ZrCl,] 18! \Y — —
[(Ph,Si0),ZrCl,(tmen)](tol) 163! \Y — —
[(Ph4Si0),ZrCl,(diphos)](tol) , 63! \Y — —
[(Ph4Si0),ZrCl, (bpy)](tol), 162! \Y — —
[(Ph,Si0),Zr(CHs),(bpy)(tol), 3] \Y 1.626(3) A | 1.959(3) A
(Ph,Si0)3ZrCl,(THF)](tol)o 563! \Y — —
[(Ph3Si0),ZrCl,(THF)], ] \Y 1.646(2) A | 1.928(4) A
Cp,Zr(OSiPh,), 70! \Y — —
(DME)ZrCl,(OSiPhy), 79 \Y; 1.652 A 1.911 A
Average Bond Length v — 2.215(3) A
Average Bond Length \Y 1.631(8) A | 1.94(5) A

Table 1.2: Summary of key bond lengths found in examples of zirconium triphenylsiloxides

1.3.5 Hafnium

As summarised in Table 1.3 the number of hafnium examples utilising triphenylsiloxide
as a ligand is significantly less than the previous group 4 transition metals, titanium and

zirconium.
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Cyclopentadienyl derivatives as anchors

As shown in Scheme 1.18 the compound Cp,HfCI(OSiPh;) was synthesised from the
starting material CpHfCl, and one equivalent of Ph;SiOH in the presence of piperid-
ine. The Hf—O bond is 1.934(5) A using X—ray diffraction analysis. Further reaction with
K[H,BCgH,,] afforded the metallocene Cp,Hf(OSiPhs)(u—H),BCgH44). The Hf—O bond

length is 1.993(4) A and the Si—O bond length is 1.608(4) A.[58!

Other ligand systems

Similarly to the other group IV metals discussed and shown in Scheme 1.23, alkali metal
siloxides can be used to synthesise hafnium triphenylsiloxide derivatives. The convenient
starting material, HfCl, was reacted with Ph;SiOLi at 0°C to synthesise the complex,
[(Ph3SiO),HICIly(THF),](tol),. The H-O bond length was observed by X—ray diffraction

analysis at 1.929(2) A whilst the Si—-O bond length is 1.623(2) A.[63]

Hafnium Oxidation | Si-O Bond | H—O Bond
Compound State Length Length
Cp,HfCI(OSiPh,)5¢] \Y; — 1.934 A
Cp,Hf(OSiPh,)(1i—H),BCgH, 4) 581 \Y; 1.608(4) A | 1.993(4) A
[(Ph4SiO),HfCl,(THF),](tol), 3] \Y 1.623(2) A | 1.929(2) A
Average Bond Length \Y; 1.615(8) A | 1.952(2) A

Table 1.3: Summary of key bond lengths found in examples of hafnium triphenylsiloxides

1.3.6 Tris tert—butoxy siloxide as a molecular surface mimic

Tris tert—butoxy siloxides have long been used as surface models on transition metals and

lanthanide systems, but until recently, actinide complexes of this nature were unknown.
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The following analysis provides an insight into the usefulness of the ligand tris tert—butoxy

siloxide as a model system for a variety of surface support materials.

1.3.7 Lanthanides

One of the first lanthanide tert—butoxy siloxide species was prepared specifically for the
purpose of mimicking the surface material, MCM—48. [Ln(OSi(O'Bu);)(AIMe,),-(AlMe;)]
(Scheme 1.29) was characterised fully and revealed a 7 coordinate lanthanide cation with
two asymmetrically n°—coordinating tetramethylaluminium ligands, one asymmetrically
n?—coordinating siloxide ligands and one methyl group of a trimethylaluminate donor to
give a distorted pentagonal bipyramidal geometry. The complex was prepared with both
lanthanum and neodymium. The neodymium complex activated with Et,AICI produced
cis—1,4—polyisopropene in variable yields. Importantly though, this work influenced re-

search into several more lanthanide based siloxide complexes.[’"]

[Ln(AlMey)s] Me

M
e\ __—Me 'Ln//Me\AI/

HOSI(OBu > A Ty
( ) hexane, RT, 1hr e \g‘ ' “Me" e
-CH, : 4
tBuo\s:,i/ ‘Bu
Ln =La, Nd /

Scheme 1.29: Synthesis of [Ln(OSi(O'Bu);)(AlMe,),-(AlMe,)]

A library of samarium complexes were reported using mixed ligand systems with cyclo-
pentadienyl and siloxides and are shown in Figure 1.7. (Cp%),Sm(THF), was reacted
with 1.5 equivalents of (‘BuO)3SiOH to form the unsymmetrical binuclear Sm(ll) com-
plex, [(Cp - )Sm(u—O0Si(O!Bu););Sm. This was then treated with a variety of reagents

to give a number of different samarium examples. One of the complexes synthesised,
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[((*Bu0)3Si0)3Sm—(Cp - )Sm(1—OSi(O!Bu)z);Sm] is an inverse sandwich complex which
is similar to a complex synthesised and characterised as part of this work and examined

in section 4.2.[56]

Figure 1.7: Binuclear samarium siloxide complexes synthesised from (Cp-),Sm(THF), and
(‘Bu0),SiOH

Protonolysis of the tris alkyl complex [Ln(CH,SiMe3)3(THF),] (Ln =Y, Tb, Lu) with tris
tert—butoxy silanol gave the complexes [Ln(y, n?> —OSi(O!Bu);)(CH,SiMe;),], which were
characterised by X—ray diffraction. Scheme 1.30 shows the subsequent reactions that

were possible with these complexes.

Heteroleptic siloxide complexes Ln(OSi(O!Bu);)(AlMe;)(AlMe,),] (Ln = Ce, Pr, Nd) were
synthesised by methane elimination from [Ln(AlMe,);] when reacted with one equival-
ent of tris tert butoxy silanol. They were then used further as precatalysts in isoprene
polymerisation.[”2] (°—PC,Me,R,)Nd(AIMe,), (R = Me, SiMe;) was also reacted with
('Bu0)4SiOH resulting in (n°—PC4Me,R,)Nd[OSi(O!Bu);](AIMe,),(AIMe;) which was used

as a model for surface experiments on mesoporous SBA—15 and methane elimination.[’3]

Ln[(x—OSi(O'Bu)s(—R)(AIR,], (Ln = Yb, Sm; R = Et; Ln = Yb; R = Me) have been de-



M
® [o Oj
. u VamN
[Ln(CH,SiMe3)s(THF),] | Lh=Y. Lu o\/O
HOSI(O'Bu); MesSiH,C o OBu 12-crown-4 \Ln/
Ln=Y, Tb (n=2,3) pentane \Ln/ \Si/ —  » MesSiH,C \\CHQSiMe3
Lu(n=2) . SN TN, pentane .
Me3SiH,C o O'Bu |, OSi(0O'Bu);
Ln=Y,Lu
[NEtzH][BPhy] | THF [NEt;H][BPhy] | THF
(\ /w + ™\ *
o 95 'i'HF 0 O
No) THF CH,SiMe ‘'
15-crown-5 2 3 12-crown-4 [o)
[0 \\\,\>l -~ \Ln< —_— O\\//
Ln
~~CH,SiMe, heptane e | 0Si(0'Bu); heptane THE—"~~CH,SiMe,
, - THF BPh,|” -
08i(0'Bu); = [BPh,| osi(0Bu); |(BPh|
Ln=Y,Lu Ln=Y, Tb, Lu Ln=Y,Lu

Scheme 1.30: Neutral and cationic lanthanide siloxide complexes synthesised using tris fert but-
oxy silanol

veloped by reacting [Ln(AlIEt,),], (Ln = Sm, Yb) with one equivalent of (‘BuQO);SiOH. The
complexes were then used as molecular model complexes for the mesoporous silica KIT-
6. The work introduced the concept of Surface OrganoLanthanide Chemistry (SoLNnC)
(see section 1.2.2 for analysis of somc) and the models synthesised provided evidence

of alkane elimination, trialkylaluminium adduct formation and Ln"O(siloxane) bonding.["4]

1.3.8 Transition metals

Transition metals furnished with (‘BuO);SiO™ are widely known and Figure 1.8 shows
one of the first titanium species, (OPy),Ti(OSi(O'Bu);) (where Py = 2—pyridylcarbinol).
By reacting Ti(O'Pr), with PyOH the compound, (OPy),Ti(O'Pr), was isolated and then
further reacted with tris tert—butoxy silanol in order to synthesise the desired product.
Structural characterisation data were published and the observed Ti—O bond was found

to be 1.84 A.[68]

A second titanium species, [Cp - 2 Ti(OSi(OBu);)] shown in Scheme 1.31 was synthes-

ised by protonolysis of the titanium—methylene bond in a singly tucked—in permethylti-
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Figure 1.8: One of the first titanium species furnished with the tris tert—butoxy siloxide ligand,
(OPy), Ti(OSi(O'Bu),)
tanocene [Cp - Ti(n°:n'- CsMe,CH,)] with tris tert—butoxy silanol. Characterisation data
were reported and the Ti—O bond lengths were found to be 1.9244(9) A and TiO-Si bond
lengths were observed at 1.6032(9) A. In addition IR data showed an intense absorption

band at 1025 cm—1.161]
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Scheme 1.31: [Cp - 2 Ti(OSi(O'Bu),)], synthesised by protonolysis of the titanium—methylene bond
in a singly tucked—in permethyltitanocene

Several zirconium species have also been developed using the tris tert—butoxy siloxide
ligand and are shown in Scheme 1.32. [Zr(OPr’)3(OSi(OtBu)3)] and [Zr(OPr’)Q(OSi(OtBu)e,)z]
were first synthesised by adding one or two equivalents of tris tert—butoxy silanol to
[Zr(OPr'),] - Pr'OH. These complexes were further treated with 1.1 equivalents of ethane—
1,2—diol to form [Zr(O(CH,),0)(0Si(O!Bu)s),] and [Zr(OPr')(O(CH,),0)(0Si(O!Bu),)] re-
spectively. The structural characterisation data of [Ti(OPr'),(OSi(O!Bu),),] were pub-
lished which reported an observed Ti-O bond length of 1.734(2) A to 1.810(2) A. Unfor-

tunately no other X—ray diffraction data were published. "]
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Scheme 1.32: Zirconia—silica mixed oxides developed as a possible catalytic support

Scheme 1.33 shows the synthesis of the complex M[OSi(O'Bu);], (M = Zr, Hf) using the
addition of tert—butoxy silanol to a cold solution of M(NEt,),. X-ray diffraction quality
single crystals were grown and the data reported shows a Zr-O and Hf-O bond length
of 1.979(2) A and 1.961(8) A respectively.[”8] Hydrolysis of these complexes with careful
addition of one or two equivalents of H,O resulted in the products, M[OSi(OBu);],(H,0)
and M[OSi(O'Bu);]4(H20),. Only X-ray diffraction data of Hf{OSi(OBu);],(H,O) were
published and reported Hf—O bond distance of 1.941(4) A and O-Si bond distances of

1.588(6) A.l77]

NEt, 0Si(0O'Bu),
M (‘BuO);SiOH M
EoN— ONEt,  —— > (BuO)Sio—  CTOSi(0'Bu);
NEt, OSi(O'Bu),
M = Zr, Hf
1o0r2eq. H,O
0Si(O'Bu), 0OSi(0'Bu);
H,0 H,O
2 \M or >M\
(‘Bu0);Si0o— \\OSi(OtBu)3 (‘BuO)3SiO U 0Si(0'Bu)s
0Si(O'Bu), H,0 0Si(0'Bu)s

Scheme 1.33: Synthesis and hydrolysis of M[OSi(O'Bu);],
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Chapter 2

Synthesis and characterisation of

K[(Ph5;Si0);U] and its derivatives

An important factor in small molecule activation studies is the electronic and steric avail-
ability of the metal centre. Most small molecule activation takes place via coordination
followed by some type of electronic change either through electron transfer from the metal
to the small molecule or by a formally oxidative insertion of the metal centre into an avail-
able bond in the small molecule. Additionally, these steps may be sequential or con-
certed. The steric requirement can be set by using bulky ligands which provide steric
protection to the metal centre. In order to achieve this, it is important that the ligands
selected sterically saturate the metal centre whilst ensuring it remains coordinatively and
electronically unsaturated. This can present problems if the ligands pack together so

tightly they impede the path of a small molecule intended to react with the metal centre.

Steric bulk can be quantified in terms of Tolman cone angles or visualised using space
filling models. Both systems provide useful information of how sterics can play a role in

the reactivity of a system. For example, the Tolman cone angle of a methyl ligand (based
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Figure 2.1: (left) Molecular structure of ferrocene using the ball and stick model; (right) Molecular
structure of ferrocene using the space filling model; (Hydrogen atoms omitted from
both for clarity)

on a metal covalent radius of 1.32 A) is calculated to be 90° whilst the cone angles for
ethyl, phenyl and tert-butyl are 102°, 105° and 126° respectively.[’®! This information
can be used to manipulate ligand systems in order to increase or decrease the protection

provided to the metal centre.

Space filling models are three dimensional molecular models where atoms are represen-
ted by spheres. The individual spheres are proportional to the radii of the atoms which
they represent. In addition the distances between the atoms are proportional to the dis-
tances between the atomic nuclei. The model provides a clear and concise method of
assessing steric bulk which can otherwise be difficult. Figure 2.1 provides an example:
ferrocene is a typical sandwich complex and the space filled model provides insight into
the steric protection provided by the cyclopentadienyl rings and the available access to

the iron atom in the equatorial region of the molecule.

The work reported here attempts to synthesise a sterically protected complex with the
aim to catalytically transform small molecules, specifically carb