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Abstract

This thesis describes the theoretical and experimental study of group 9 and 10

transition metal N-heterocyclic carbene complexes in catalytic reactions.

In order to overcome decomposition reactions discovered in the use of carbene
complexes for carbon monoxide/ethylene copolymerisation, chelating thiazolium salts
were prepared for the synthesis of corresponding palladium complexes. Complex
formation proved difficult and experimental attempts to overcome possible side
reactions caused by reactant-metal interactions were unsuccessful. Theoretical studies
indicated a sulfur-palladium interaction may be contributing to alternative products,
with the use of the bulky ‘Bu coordination at the thiazolium 5 position likely to block

this interaction enough to allow C2 carbene formation.

Theoretical calculations for the oxidative addition of azolium salts to a model
Wilkinson’s catalyst (RhCI(PH3)3) is described. According to free energy calculations,
a six ligand associative route with a concerted three-centred transition structure may
be competitive to a route in which phosphine predissociation occurs. Exchange of the
phosphine molecule on the metal centre with trimethylphosphine had a significant
effect in lowering the barrier to oxidative addition and decreasing the endothermicity
of the reaction, while explicit and bulk solvation was found to have a moderate effect

on the overall reaction.

Extension of the oxidative addition of azolium salts to rhodium carbene complexes
have been examined, in which a range of ligands is described from the pi-acidic
carbon monoxide ligand to multiple carbene ligands. Increasing basicity decreases
activation barriers while increasing the exothermicity of the overall reaction for C-H
activation, however the complex most successful at C-H activation was not
considered hospitable enough for related C-C activation of 2-methylazolium salts.
Switching to iridium indicated a large benefit in C-H activation. Unfortunately, C-C

activation remained unfavourable for iridium due to a high barrier to reaction.

A mechanism for the experimentally successful C-C coupling of azolium salts to
alkenes by nickel complexes is studied, indicating an oxidative addition, alkene
insertion and reductive elimination cycle seems likely. Experimentally, the switching
of catalytically active phosphine ligands to the related carbenes causes the reaction to

be halted. Theoretical calculations imply minor changes to reaction conditions may
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significantly affect the outcome of catalytic reactions by stabilisation of important
reaction intermediates. Further studies of the alternative C4 activation of the azolium
salts and use of related azoles show C4 activation and coupling may be possible,

while the unactivated azoles are unlikely to be coupled using the same mechanism.

The related C-C coupling of azoles with alkenes by rhodium complexes has been
successfully employed in experimental conditions, with Bergman’s group examining
a mechanism in which a rhodium carbene complex is formed as part of the catalytic
cycle. Comparisons of this mechanism to the oxidative addition, ethylene insertion
and reductive elimination reaction implied for nickel are reported. Both five and six
membered ring products are found experimentally, and mechanistic studies using both
Bergman'’s recommended route and ours indicate the activation barriers for the six
membered ring are lower than the corresponding five membered ring, despite the five
membered ring being the thermodynamically favoured product. Other reaction factors
including alkene isomerisation, the addition of adjacent methyl groups on the alkene
chain and alternative alkene coordination to the metal have no impact on the favoured
product. While there is no obvious indication as to which mechanism is preferred for

azole coupling, addition of an acid catalyst strongly favours our mechanism.
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Chapter | — Review of the Current Literature

1 Review of the Current Literature

1.1 Introduction

A catalyst 1s described as *‘a substance that increases the rate of a reaction but is not
itself consumed™'. Used both in nature and in the laboratory, they have become very
important in today’s industry for the production of many types of organic compounds
that would otherwise not be available on an industrial scale due to slow, unselective,
or expensive non-catalysed reactions. It was estimated that in 1994, catalysts
contributed one-sixth the value of all manufactured goods in industrialised countries,
and that 13 of the top 20 synthetic chemicals used catalysts'. As such, it is not
surprising there has been extensive study carried out in the use of catalysts in recent

years.

Homogenous catalysis, where the complexes used are in the same phase as the
reactants, took a big leap forward when Otto Roelen used a catalyst for the oxo
synthesis in 1938°. While it was originally thought homogenous catalysis would not
take off due to problems with separation of the catalysts from reaction prdducts, many

benefits in their use were recognised and research in the area persisted.

In general, homogenous catalysts display high activity and high product selectivity
under mild conditions and are much more stable towards poisoning than are
heterogeneous catalysts'. In addition, one of the most important advantages of
homogenous catalysis is the ability to investigate the mechanism for reactions much
more readily than for heterogeneous methods®. Combined with a capacity for
controlling steric and electronic properties of the catalysts themselves, this makes
designing and refining homogenous catalysts for customised products possible; a huge

advantage over the previously used heterogeneous catalysts.

For many important catalytic reactions to date, phosphines have been the ligands of
choice for the metals in catalysts. As good 2-electron sigma donors, they provide the
metal centre with direct electron density with minimal backbonding. Further,
substitution of the R groups attached to the phosphine give the ligand great versatility,
both clectronically and sterically, allowing for excellent control over important

catalyst characteristics.
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Chapter | — Review of the Current Literature

Despite their popularity, phosphines possess a small number of undesirable qualities
that are a cause for concern in many reaction conditions. Often the phosphines
employed in catalytic reactions are not environmentally friendly and in many cases,
toxic. More importantly. degradation of the catalyst occurs through P-C cleavage
within the phosphine and as such, an excess of phosphine is required in many

reactions.

Recently. a new type of ligand has emerged as a popular replacement for phosphines.
With many similar properties to the related phosphines. carbenes display further
benetits to catalysis that mean they have become an exciting ligand class for the

future.

1.2 The history of carbenes

Carbenes are “uncharged compounds with a divalent carbon

atom and two unshared electrons™ (Figure 1-1). First P

R R’
introduced over 100 years ago®. many reactions studied at Figure 1-1
various times in the past have shown an unusually stable A simple carbene

intermediate. which was thought to be a carbene. The demonstrated stability of these

carbenes challenged researchers to isolate the free carbenes’.

In general, carbenes take on a bent shape. implying sp” hybridisation at the carbene
carbon®. This leaves an unchanged p, orbital perpendicular to the sp” plane, suggesting
4 possible ground state spin multiplicities: 1 triplet and 3 singlet states® (Figure 1-2).
In general for the three singlet states, singlet state (b) is more stable than (¢). and (d)

can be considered an excited singlet state.

R., § § R., R, % § R. é §
“y, ”//E ?D y, "y,
R’ R’ R’ R'

Triplet Singlet Singlet Singlet
() (b) (c) (d)

Figure 1-2 Carbene ground state spin multiplicities
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Chapter I — Review of the Current Literature

The singlet/triplet gap for carbenes has been studied extensively, mainly by theoretical
methods” . Whether a carbene takes on a singlet or triplet state depends largely on the
substituents surrounding the carbene centre, with a o-pnt gap of 2 eV required to give
a singlet carbene by interaction of the unoccupied carbene
p orbital with aromatic electrons. As such, ¢ electron

withdrawing substituents favour the singlet state as they

can stabilise the carbene lone pair’, while n electron
Figure 1-3 Stabilisation o . ]
donors can stabilise the formally empty pn orbital™ "

of the singlet carbene
“(Figure 1-3).
Steric bulk around the carbene centre also plays a minor role in determining the
carbene ground state. The triplet state is favoured by linear molecules. and as bulkier
substituents tend to repel each other. carbenes with very bulky substituents prefer the

112

triplet state

Overall. with a large variety of both steric and electronic properties available in the
substituents flanking the carbene centre. a non-linear triplet ground state has been

experimentally established for the majority of carbenes’.

1.2.1 Stable singlet carbenes

In the 1960°s. Wanzlick tried to isolate the first free nucleophilic singlet carbene using
the o electron withdrawing/m electron donating carbene substituent hypothesis. In
addition, he postulated the resonance provided by a ring structure would help stabilise
the singlet carbene'. As such, he introduced the imidazole ring into carbene
chemistry.

Unfortunately. all his attempts to isolate free carbenes based on the imidazole ring
failed" and cross coupling experiments proved the dimers he was forming were not in
equilibrium with the carbenes themselves'™ . Recently, Denk et al'” and Hahn et al*®
found proof to the contrary. although there is contradictory proof that Wanzlick's
conclusions were valid"” with the reasons for carbene dimerisation recently becoming

20
clearer—.
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Despite the disappointment at not being able to isolate free carbenes. Wanzlick did

trap the carbenes he created in a mercury complex ' *'(Figure 1-4).

P“ B Ph | Th Tn
N N N
}\()/Bu 13 HeCle
v || |
(- nc 10;)
N Cloy N N
Ph PR | Ph Ph

Figure 1-4 Early trapping of carbenes as a mercury complex
Thirty years later. Arduengo adopted the same ideas postulated by Wanzlick to isolate

the first free carbene by deprotonation of

/\ Vo imidazolium salts using sodium hydride and
\@ \]ﬁ catalytic amounts of the DMSO anion™
( ST o [N>; (Figure 1-5). While the NMR produced
”/ “ e N proved this was a singlet. further ab initio
@ MO calculations confirmed the singlet
V_l carbene was more stable than the triplet*.

Figure 1-5 The first stable singlet carbene ~ Amazingly. this carbene showed no
(1,3-di(1-adamantyl)imidazol-2-ylidene) decomposition in d*-THF under a few

atmospheres of carbon monoxide after several years’.

1.2.1.1 Carbene properties and stability

The next challenge facing singlet carbene chemistry revolved around understanding
the reasons for their stability. Arduengo’s free carbene contained many characteristics
that could explain their unusual stability. The imidazole system provided nitrogen -
acceptors. m-donors. and a ring system in which to delocalise the m-electron system
even further. In addition, Arduengo had substituted the ring nitrogens with the very
bulky adamantyl] groups. providing steric protection for the carbene centre. Which of
these factors. individually or in combination was most affecting the stability of the
carbenes? What followed was an in depth look at both the kinetic and thermodynamic

possibilities for stability™ ",
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It is now well accepted that the main reason for the stability of N-heterocyclic
carbenes is due to the o-electron withdrawing and n-donation ability of the
heteroatoms adjacent to the carbene carbon. Planar molecules with potential n-
delocalisation (eg NCN) stabilise the carbene carbon with respect to methylene by
about 70 kcal mol'*. Further, when the C, and Cs carbons are joined to form a
saturated ring, up to 6 kcal mol”' of additional stability may be observed. Inclusion of
a double bond in the backbone of the ring (C4=Cj5) creating a truly aromatic ring, may
add up to 26 kcal mol ™ of stability®. Overall, N-heterocyclic carbenes that include all
of these characteristics have been found to have the largest singlet/triplet gap for any

divalent compound at around 85 kcal mol™*.

These ideas have all been combined by various groups experimentally to isolate a
considerable variety of free carbenes including saturated (a***), acyclic (b*, ¢¥),
sterically unhindered (d** **), bi-(e*) and tri-dentate (f*'), functionalised (g*),
backbone substituted (h***), heteroatom substituted (i*, j*, k*’, 1'*)***"* and single

donor carbenes (m*, n*') (Figure 1-6).
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Figure 1-6 Isolated free carbenes
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Chapter 1 — Review of the Current Literature

1.2.2.1 Transition metal N-heterocyclic carbene complex synthesis

As the vast majority of complexes suitable for catalysis involve transition metals, a
great deal of effort has been expended refining simple methods for synthesising
carbene complexes of the transition metals. A number of routes have been developed,
and have allowed the preparation of complexes bearing carbene ligands with a large

variety of electronic and steric properties®’.

In a significant number of cases, the azolium salt of the carbene is initially synthesised
either by nucleophilic substitution of the related azole, or by a multi-component
construction. The straightforward synthesis of a range of imidazolium salts provides
access to carbene ligands with a variety of electronic and steric properties, ideal for

tailoring the properties of the resulting complex as catalysts.

1.2.2.1.1 In-situ deprotonation of azolium salts

A popular and straightforward route to many carbene complexes has been the in-situ
deprotonation of azolium salts. These methods involve the use of a base to directly
deprotonate the azolium salt in the presence of a metal acceptor and do not require the
free carbene to be isolated, with three main methods commonly used: basic metallate

anions, basic metal ligands and external bases.

The use of basic metallate anions has the advantage that the metal used to deprotonate
the azolium salt becomes the ligand acceptor. While this limits the final oxidation
state of the metal, a variety of complexes have been created successfully by this

method® ™ (Figure 1-8).

’T [HCr(COy)J }IQ
N N
[ :1)> + [HCr(COs)] T [[ >—Cr(CO)5
| N
R ;

Figure 1-8 Carbene complexes through basic metallate anion deprotonation
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The use of basic metal salts is another popular method for creating carbene

59, 71-75 59,76 77,78

complexes, generally through metals with acetate , alkoxo™ " or oxide
ligands. Despite being a relatively simple method, the imidazolium counterion is
generally incorporated into the nascent carbene complex unless non-coordinating
anions are used. Good yields generally require the use of a solvent, such as THF or

DMSO, however solvent-free reactions have still been successful® ”* (Figure 1-9).

N/—_:\N—R

Pd(OAc), + < o 7{?)7» r T

N - ¢ -

@Z [T>—PT |
\
R

R

Figure 1-9 Carbene complexes through basic ligand deprotonation
The use of an external base can allow the formation of dimeric complexes not
produced in other reactions. Popular external bases include potassium™ and lithium®

tert-butoxide, sodium hydride®, butyl lithium®*"*, and to a lesser extent

triethylamine®* and phosphazenes® (Figure 1-10).
R
I
[ Do, * Pioro, OB o N
N Cl04_ 2 Nal \N pd\ \\
% L~
\_-N
AN
R

Figure 1-10 Carbene complexes through external base deprotonation
Finally, molecules of methanol and chloroform can be eliminated from the diaza-

ortho-ester*’- %

and trichloromethyl-substituted®”® relatives of imidazolium salts.
Thermal elimination of the 2-substituents results in the carbene, which can then be

trapped by a suitable metal precursor.
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1.2.2.1.2 Complexes via free carbenes

After Arduengo first isolated 1,3-diadamantylimidazol-2-ylidene, a wide variety of
new carbene complexes could be synthesised readily with few requirements on the
metal precursor complex. While various methods, such as thermal elimination of
methanol*’-* and chloroform®* can be utilised to generate the free carbenes, use of
the strong bases sodium hydride and potassium fert-butoxide in THF***', or a mixture

of THF and liquid ammonia*-** are the most popular routes (Figure 1-11).

R |
N NaH N
- — :
[;» ¢l THF/NH, (1) [N>
| -H,, -NaCl |
R

Figure 1-11 Free carbene synthesis
Once the free carbene has been formed, complexation is generally straightforward.

Among the most popular methods of complex synthesis are cleavage of dimeric metal

42, 59, 90-94

precursors with bridging ligands such as halides, or carbon monoxide , and

40, 73, 95, 96

exchange of other ligands on the metal centre such as phosphines , carbon

monoxideﬁé. 80‘90.97, SolventSSE,()O.()}-éé. 73,98, 99’ or oleﬁnsél. 100-102 (Figure 1_12)

R
|
N /CI\ N N e
/N\)

[)3 R [) ;‘2 R

Pd(P(o-tol);), —R—> [ >—Pd—P(o-tol [ —pPd—< j
’ (e-tel)s P(o tol)

-P(o-tol); |
R

Figure 1-12 Carbene complex formation from free carbenes and dimeric cleavage (A) and

phosphine exchange (B)
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1.2.2.1.3 Ligand transfer reactions

Intermolecular transfer of carbene ligands from one metal to another has proved a
popular method for the preparation of carbene complexes not directly accessible by
other routes. This method was observed in the disproportionation of (dmiy)Cr(CO)s,
to yield (dmiy),Cr(CO)4 and Cr(CO)s'*”. It was then discovered chromium,
molybdenum and tungsten complexes could be used for carbene transfer to a variety
of metals including rhodium(I), palladium(Il), platinum(II), copper(l), silver(l) and
gold(I)'*'. Success has similarly been found for silver carbene complexes formed by
in -situ deprotonation of the azolium salts with silver oxide or silver carbonate, with

transfer to group 8 and 10 metals™ '’ (Figure 1-13).

. }
_ - [AgBr,]
: ] -
N | |
- N
. CH;CN),PdCl
2 |\ D Br + Ao —> [ H—~g (CH;CN)PACh [ H—rdc,
ril fl\l -2 AgBr N
|
R | R J 2 L R 1,

Figure 1-13 Carbene complex formation via silver transfer reactions

1.2.2.1.4 Oxidative addition reactions

Recently the acidity of the C2 substituent has been utilised in synthesising carbene
complexes from C-H activation of the azolium salts by low-valent metal precursors'®

3 and Stone et al. used a similar method in the 1970’s for

"* The groups of Lappert
creating thiazol-2-ylidene complexes from 2-chlorothiazolium salts''* '"*. While
generally restricted to nickel, palladium, platinum, rhodium and iridium, these are
some of the more commonly used metals in catalysis and oxidative addition reactions
of azolium salts may provide an easily accessible route to catalytically active carbene

complexes (Figure 1-14).

R
H (\N
A A A
R—N7*IN—R  + L M L - N 4
R M
L

Figure 1-14 Carbene complexes from azolium oxidative addition
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1.2.2.1.5 Other methods

Various other methods have been successfully employed for the preparation of

carbene complexes. These include vapour phase synthesis for sublimable free

116 117-120

carbenes''®, building of the carbene onto the metal centre and transmetallation of
2-lithioimidazoles'*'. Although highly successful, preparation of carbene complexes
via these methods tend to be highly specific and have not been general enough to
create a range of complexes for varying carbene ligands as found for other methods

described above.

1.2.3 Carbene complexes as catalysts

Many of the original Fischer- and Schrock-based carbene complexes had been trialed
in catalytic reactions, however they had a tendency to suffer from M-C cleavage,
rendering them catalytically inactive’. In contrast, N-heterocyclic carbene ligands form
exceptionally stable bonds with metals and are able to accommodate a wide range of

oxidation states, making them very suitable for many catalytic cycles.

As 2-electron donors, carbene ligands are related to ethers, amines, isonitriles, and
phosphines with regard to coordination chemistry’. In fact, the o-donor ability of
nucleophilic carbene ligands has been shown to be very similar to electron rich
phosphines, and it was this that caused the realisation that the carbene complexes may

be good in homogenous catalysis®.

In fact, it was a need for polymer cross-linking catalysts that led Arduengo back to
stable carbenes in the 1980°s’. By 1994, the promise of N-heterocyclic carbene
complexes as catalysts was steadily evolving as indicated by the publication of many
patents, with the N-heterocyclic carbene ligands much more strongly bound to the
metal centre compared to their phosphine counterparts and showing little n-
backdonation from the metal centre’. Interestingly, these patents generally involved
the use of unsaturated carbenes, as the saturated analogues tested had shown no

123

improvement over traditional phosphine complexes'** '*

Further, as demonstrated in the previous section, a wide variety of routes are available
to synthesise carbene complexes with diverse steric and electronic properties. As such,

it is not surprising a substantial amount of effort has been invested into the catalytic
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properties of N-heterocyclic carbene complexes with success found in numerous

important applications.

1.2.3.1 The success of NHC carbene catalysts

Carbene complexes show a remarkable stability in many catalytic environments, and
are often stable to heat, oxygen and moisture. Further, the catalysts can frequently be
synthesised in- situ without the necessity of prior isolation. As such, the carbene
complexes are now known to catalyse a wide range of organic reactions including

hydrogenation of olefins'**"'*, hydroformylation'*®, hydrosilylation** # %' 123 127123

94, 95, 126, 130-133

olefin metathesis , polymerisation of alkynes'*, cyclopropanation'”, furan

synthesis'*, and atom transfer radical polymerisation of vinyl monomers'’.

Another area of importance where carbenes have found considerable success is in C-C
coupling reactions, including the Suzuki, Stille and Heck reactions'® '**'*'. Carbenes
were first used as catalysts in the Heck reaction in 1995 by Hermann and co workers™
"> The palladium carbene complexes involved were often stable beyond 300°C, and
could withstand oxidative conditions that destroy their phosphine counterparts’. This
unusual stability meant that chloroarenes could be successfully used in the reaction,

with no byproduct-formation being observed™ ™ '**.

Whilst the carbene complexes produced good TONS, the reaction seemed to have an
induction period, possibly related to the reduction of Pd(II) to Pd(0) at the start of the
catalytic cycle. In many cases, adding a reducing agent avoided the induction period”,

101

as did starting with a Pd-methyl complex'®'. The Pd-methyl complexes produced were

comparable in TONs and TOFs to the highly active palladacycles’.

Since the initial discovery of the advantages of carbene complexes in the Heck

reaction, many results have been published tailoring the catalysts and investigating the

probable mechanism involved’ - 1% 10t 140-14¢,
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1.2.3.2 Limitations of NHC complexes in catalysis

While in general carbene catalysts have performed remarkably well and show great
promise as efficient and environmentally friendly catalysts, some reactions have
indicated the NHC ligands may not always behave as desired and certain
characteristics of the ligands should be considered when employing carbene

complexes in a catalytic environment.

1.2.3.2.1 Carbene ‘wrong-way’ binding

Most N-heterocyclic carbene complexes used in catalysis contain ligands bound to the
metal through the C2 carbon of the carbene. However, in a study by Crabtree ef al.
using a pyridine-linked imidazolium salt and IrHs(PPhs),, unusual binding was

discovered with the carbenes coordinating through the ring C4'*’ (Figure 1-15).
g g g

T BES -~ | B«
|
N
N IrHgL,
[9> “H,
\ L=PPh,
R

Figure 1-15 '"Wrong Way' binding for iridium carbene complexes
Despite experimental and theoretical results indicating the C2 bonding is much more
thermodynamically favourable'*®, steric crowding]49 and the selection of imidazolium
salt counter ion'*® can affect the binding of the carbene ligands. With many catalytic
carbene complexes prepared in- situ, care should be taken when designing reactions as
minor changes in reaction conditions can greatly affect the expected catalytic

properties and hence overall reaction outcomes.
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1.2.3.2.2 Catalyst decomposition

Initial success was found for the copolymerisation of CO and ethylene with
application of chelating dicarbene palladium catalysts resulting in high molecular
weight, strictly alternating polymers''. However, in a study by McGuinness et al., the
carbene catalyst decomposed during the reaction, giving unsatisfactory results'*.
Further investigation indicated decomposition was a result of reductive elimination of

cis located carbene and alkyl or acyl ligands''> '** '*(Figure 1-16).

—
N, . ——NJ\N—-— RsP——Pd°—PR,
N
\

Figure 1-16 Decomposition for the carbon monoxide ethylene copolymerisiation
This reaction is thought to be assisted by the twist of the carbene with respect to the
square planar Pd(II) centre by approximately 60°, allowing the formally empty p
orbital on the carbene centre to be directed towards the alkyl/acyl group adjacent to it
on the metal centre. As the acyl/carbene intermediates are necessary intermediates in
the CO/ethylene catalytic cycle, the decomposition route was quite disturbing, and
there have been no further reports of successful carbene complex catalysis of this

reaction.
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1.3 Aims and thesis overview

Despite the recent success of many carbene-based catalysts, there remain factors
adversely affecting some reactions where the cause is either unknown, or there has
been no general solution. In many of these catalytic cycles, minor adjustments to
environment can dramatically affect reaction outcomes. The aim of this project was to
clarify selected internal and external factors affecting carbene catalysis with the
intention of increasing the stability, reactivity and selectivity of some of these

reactions.

In particular, focus was given to three main areas: an improved carbene catalyst for
carbon monoxide/ethylene copolymerisation; factors affecting oxidative addition
reactions of azolium salts to create carbene complexes; and the mechanisms involved

in carbon-carbon coupling reactions between ethylene and azoles or azolium salts.

Section 1 (Chapter 2) outlines the study of novel carbene complexes designed to
overcome the reductive elimination decomposition found for monodentate palladium
carbene complexes for the carbon monoxide/ethylene copolymerisation. It was
anticipated the different electronic and steric properties provided by chelating
thiazole-based carbene ligands could overcome the factors contributing to catalyst
decomposition. This chapter outlines theoretical and experimental results for thiazole-

based carbene complexes and their use as catalysts.

Section 2 (Chapters 3 and 4) focuses on one of the major steps common to many
catalytic systems: oxidative addition. As mentioned, reductive elimination of a
carbene and an adjacent ligand can be a cause of catalyst decomposition.
Strengthening the characteristics for reversal of this reaction through oxidative
addition of azolium salts may not only stabilise existing catalysts, but may lead to an
easily accessibly route for in- situ synthesis of new carbene complexes suitable for
catalysis. Further, these studies have implication on the growing popularity of
imidazolium ionic liquids in catalysis, with the ionic liquids not necessarily the

innocent bystanders they are often assumed to be.
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Chapter 3 focuses on the theoretical study of oxidative addition of 1,3-
dimethylimidazolium to a system well known for these types of reactions:
Wilkinson’s catalyst. The effect of phosphine ligand lability, phosphine exchange,
explicit and bulk solvation, and the change of the starting azolium on product

thermodynamics and reaction energetics are all examined.

As previously reported results and results from Chapter 3 indicate oxidative addition
reactions are promoted by basic ligands, the study was extended to include complexes
incorporating the highly basic carbene ligands in the metal reactant. As such, Chapter
4 outlines theoretical results for systematic electronic and steric exchange of carbon
monoxide, phosphine and carbene ligands on the oxidative addition of 1,3-

dimethylimidazolium to rhodium and iridium.

Section 3 (Chapters 5 and 6) involves theoretical mechanistic studies of carbon-
carbon coupling reactions of alkenes to azoles and azolium salts. In particular,
Chapter S centres on the nickel-based catalytic conversion of imidazolium salts to 2-
alkyl imidazolium salts. Experimentally, success was found through the use of nickel
phosphine complexes, with a carbene equivalent complex producing an unusually
stable nickel hydride that halted further reaction. The theoretical study in this chapter
presents results on an oxidative addition, alkene coordination and insertion, and
reductive elimination cycle (Cavell/McGuinness mechanism) including indications as
to why the carbene complex fails as a catalyst while the phosphine equivalent
succeeds. Further results follow the reaction of the related azole, and the possibility of

the coupling reaction occurring at position 4 or S of the azolium ring.

Finally, Chapter 6 examines the same mechanism studied in Chapter 5 for related
azole carbon-carbon coupling reactions using a rhodium catalyst. Bergman has
successfully catalysed many azoles and alkenes experimentally using a rhodium
phosphine complex and in one paper proposes an unusual mechanism for the reaction
involving a rhodium carbene intermediate. This chapter compares the
Cavell/McGuinness mechanism to that proposed by Bergman including factors
affecting the overall reaction such as phosphine lability, product thermodynamics
alkene isomerisation, alkene coordination, added bulk on the alkene chain, and acid

assisted catalysis.
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