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NOVEL MIXED DONOR N-HETEROCYCLIC CARBENE COMPLEXES
By Arran Alexander Dickon Tulloch

A series of novel imidazolium salts functionalised with nitrogen, oxygen and phosphorus
donors have been synthesised. The donor functionalised salts are: (3-'Bu-1-py-imid) Br; (3-
Ar'-1-py-imid) Br; (3-Ar-1-py-imid) Br; (3-Ar'-1-pic-imid) Br; (3-Ar-1-pic-imid) Br; (3-
Ar'-1-lu-imid) Br; (3-Ar-1-lu-imid) Br; [a,a'-(3-Ar-imid),lutidine] 2Br; [2,6-(3-Ar-
imid),pyridine] 2Br; [1-(3-Ar-imid)-1-CH,OCHs;] Br; [1,1-(3-Ar-imid),CH;] 2Br; [1-(3-
Ar-imid)-CH,CH,CH,Br] Br; [1-(3-Ar-imid)-2-(P‘BuyBH;)-CH,CH, > SO4; [1-(3-Ar-
imid)-2-P'Buy-CH,CH;z 2 SOy; [1-(3-Ar-imid)-2-(P'Buy0)-CH,CH, ], SO4; (3-Bu-1-allyl-
imid) Br; [1-(3-'Bu-imid)-3-PPh,-CH,CH,CH,] Br; {3-[(CHs),CH]-1-vinyl-imid} I and
{1-{3-[(CH3),CH]-imid}-2-PPh,-CH,CH,} I; where Ar = 2,6-diisopropylphenyl, Ar' =
mesityl, ‘Bu = terfbutyl, imid = imidazolium, ylidene = imidazol-2-ylidene, py = 2-pyridyl,
pic = a-picolyl and lu = a-lutidyl.

A series of novel silver (I) and copper (I) N-heterocyclic carbene complexes
functionalised with nitrogen, oxygen and phosphorus donors have been synthesised. The
mixed donor carbene complexes of silver and copper are: (3-'Bu-1-pic-ylidene) AgBr; (3-
Ar-1-py-ylidene) AgBr; (3-Ar-1-pic-ylidene) AgBr; (3-Ar-1-lu-ylidene) AgBr; (3-Ar'-1-
pic-ylidene) AgBr; (3-Ar'-1-lu-ylidene) AgBr; [1-(3-Ar- ylidene)-1-CH,OCHs} AgCl; [1,1-
(3-Ar- ylidene),-CH, | AgrCly; [1-(3-Ar- ylidene)-2-(P'Bu,BH;3)-CH,CH,] AgSOq; (3-Ar'-
1-pic-ylidene) CuBr; (3-Ar-1-pic-ylidene) CuBr; (3-Ar-1-py-ylidene) CuBr; (3-Ar-1-py-
ylidene) CuPF¢-MeCN; (3-Ar-1-py-ylidene) CuSO;CFs.

A series of novel palladium carbene complexes functionalised with nitrogen and oxygen
donors have been synthesised. The mixed donor carbene complexes of palladium are: (3-
'‘Bu-1-pic-ylidene) PdMeX, X = Br, SO3CsH4CHs, SO;CF;, CO,CF3, CO,C¢Hs; (3-Ar'-1-
pic-ylidene) PdMeX, X = Br, SO;CsH4CH;, SO3CF3, CO,CF3, CO;CeHs; (3-Ar-1-pic-
ylidene) PdMeX, X = Br, SO;C¢H4CH3; (3-Ar-1-py-ylidene) PdMeX, X = Br,
S03C¢H4CH3; (3-Ar-1-lu-ylidene) PdMeBr; (3-'Bu-1-py-imid) PdBr,OAc; [1-(3-Ar-
ylidene)-1-CH,OCHj3]; PACly; Jo,a'-(3-Ar-ylidene),lutidine] PdCly; [2,6-(3-Ar-
ylidine),pyridine] PdCly; [a,a'-(3-Ar'-ylidene),lutidine] PdCly; [2,6-(3-Ar'-
vlidine),pyridine| PdCly; [a,0'-(3-Ar-ylidene), 0-(CH,),Ph] PdCl,.

Novel mixed donor picolyl-carbene complexes of nickel, rhodium and ruthenium have
been synthesised. The mixed donor carbene complexes of nickel, thodium and ruthenium
are: (3-Ar'-1-pic-ylidene) NiBry; (3-Ar'-1-pic-ylidene) RhCI(COD); (3-Ar'-1-pic-ylidene)
RuCl(p-cymene).

A number of the palladium complexes were shown to be extremely good pre-catalysts
for the Heck reaction. Subtle differences in the complexes were shown to affect their
effectiveness as catalysts: for the bidentate ligands larger bite angles give higher turnover
frequencies but smaller bite angles increase stability of the active catalyst, for tridentate
ligands less bulky substituents enable the reaction to proceed faster but do not affect the
stability of the catalyst. Turnover numbers comparable to the best-known systems were
achieved with aryl iodides. The chiral palladium carbene complexes were shown to
catalyse the Heck reaction at temperatures bellow that of enantiomer interconversion.
These chiral complexes also catalyse the Heck reaction effectively with aryl chlorides.
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Introduction

1.1 Introduction
Nearly thirty-five years on from when the first complexes containing
N-heterocyclic carbenes were independently published by Ofele' and Wanzlick,” the area
continues to create an intense amount of interest within the academic and industrial
community. However, the tidal wave of publications in the area has only really built up in
the last ten years since Arduengo published the first structurally characterised example of a

stable crystalline free carbene (Scheme 1.1 ).

N N
[\> + NaH ___J_E_IF_» [ >: + Hpy + NaCl
3 N

Scheme 1.1. Synthesis of the first structurally characterised free carbene reported by

Arduengo ez al.’

The interest in the isolation of free N-heterocyclic carbenes and their complexes has
been fuelled by the understanding that they are very strong c-donating ligands and are
more comparable to phosphorus or nitrogen ligands than to classical carbenes.*” The
chemically and thermally inert metal-carbene bond and its very high dissociation energy
sets them apért from other types of ligand. These properties make the ligands very suitable
for use in catalysis, and N-heterocyclic carbene complexes have been shown to have
unprecedented catalytic activity in a number of important transformations.® The potential
for functionalising these carbenes provides vast opportunities for ligand design allowing an
enormous number of steric and electronic modifications to be made, giving rise to a

number of recent reviews in the area. %1011
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1.2 Carbenes
Carbenes are neutral species featuring a divalent carbon atom with only six
electrons in its valence shell and no formal charge on the carbon. The carbon in these types
of two-coordinate compounds is formally in an oxidation state (II). Carbenes adopt either a
near-linear configuration with sp-type hybridisation of the bonding orbitals or a bent
configuration with sp*-type hybridisation of the orbitals. The two non-bonding electrons
can be either unpaired giving a near-linear molecule (triplet) or paired in a o-character

orbital giving a bent molecule (singlet).
Triplet , Singlet

Figure 1.1. Ground state electronic configurations of singlet and triplet carbenes

Triplet carbenes are considered as di-radicals as they have two singly occupied
orbitals. In contrast, singlet carbenes comprise of a filled and a vacant orbital, which give
them potential for ambiphilic behaviour. The ground state multiplicity (Figure 1.1) is
related to the relative energies of the o- and n-character orbital and therefore greatly
influenced by the substituents on the carbene carbon. o-Electron withdrawing substituents

stabilise the singlet state by increasing the s-type character of the o-type sp” orbital of the

carbene.

Figure I.2. Ground state electronic configuration of unsaturated N-heterocyclic singlet
carbenes, showing the donation of electrons from the substituent nitrogen atoms in to the

empty p-orbital of the carbene.

~
3
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However, the mesomeric effects of the substituents play a more significant role.
Carbenes with n-electron donating substituents are singlet carbenes as the energy of the
vacant p-orbital of the carbene is increased, forcing the singlet state. Donation of both the
substituents' lone pairs results in a four-electron-three-centre n-system, which gives some
multiple bond character to the carbene-substituent bond and some negative charge to the
carbene carbon.

The ambiphilic nature of singlet carbenes gives them the opportunity to act as
nucleophiles through the occupied o-character sp” orbital or as electrophiles by using the
empty n-character p orbital. Singlet carbenes are often restricted from acting as an
electrophile as the empty n-character p orbital undergoes conjugation with the lone pairs
on adjacent heteroatoms (Figure 1.2).

Formally, carbene complexes can be divided in two types, Fischer' (electrophilic)
and Schrock (nucleophilic). Fischer carbenes have heteroatom substituents and show
behaviour typical of electrophiles, while Schrock carbenes, have alkyl or hydrogen
substituents and show behaviour typical of nucleophiles. Carbene complexes of the Fischer
type show significantly less n-bonding between the metal and the carbon atom than that for
the Schrock type, as they have their HOMO (essentially non-bonding) centred on the metal

and the LUMO centred on the carbon, with the reverse being the case for Schrock

carbenes.

1.3 Stable carbenes
Bulky substituents stabilise all types of carbene by preventing the dimerisation to
the corresponding olefin. However, triplet carbenes are very difficult to stabilise and at
best can only be described as persistent rather than stable. The most stable triplet carbenes
are sterically hindered diarylcarbenes, in particular polymethylated and polyhalogenated
diphenyl carbenes. The most stable, isolated by Tomioka ez a.,'* only exists in solution for

a few seconds at room temperature, but is indefinitely stable in the solid state at ambient

temperatures (Figure 1.3).

Figure 1.3. Stabilised triplet carbene, synthesised by Tomioka er al.™*

4



Chapter |

However, singlet carbenes can be stabilised by a variety of different substituents
and frameworks. They are stabilised both sterically by bulky substituents and electronically
by the mesomeric effect of the lone pairs of the substituents as well as the inductive effect
from the electronegativity of heteroatoms adjacent to the carbene. The balance of inductive
and mesomeric effects is best for nitrogen substituents as they are the most effective at
stabilising the carbene electronically. Most stable singlet carbenes are aminocarbenes
although some stable phosphinocarbenes have been isolated. Aminocarbenes have been

isolated with oxygen and sulphur co-substituents; however, diamino carbenes are the most

commonly reported (Figure 1.4)."

L
L

Figure 1.4. An acyclic stable singlet carbene synthesised by Alder er al.’

One of the most typical reactions of singlet carbenes is the dimerisation to form
electron rich olefins. This dimerisation can be prevented by increasing the steric bulk on
the substituents of the carbene. Wanzlick demonstrated the formation of a relatively stable
triplet carbene by the isolation of its metal complexes. However, his attempts to isolate the
free carbene failed and only the electron rich olefin, formed by dimerisation of the carbene,
was identified.'” The equilibrium between the free carbene and the dimer has recently been
shown to exist for a few systems.'*'** In addition, the stability of the carbenes against
dimerisation was increased by the neighbouring n-systems (imidazol-2-ylidene and
benzimidazol-2-ylidene), which demonstrated the delocalisation of the n-ring-system
around these carbenes. With this additional electronic stabilisation, free sterically
unhindered singlet carbenes have been isolated.”' The aromaticity is due to the 4n+2

electrons contained within these n-ring-systems.

1.4 N-Heterocyclic carbenes
Nearly all stable singlet carbenes are N-heterocyclic, however there are a number of

sub-families within this group (Figure 1.5). Most of the isolated free N-heterocyclic

—
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carbenes are imidazol-2-ylidenes. The main reasons for their preponderance over others is
that they can be synthesised via a number of different simple routes and are one of the

most electronically stabilised of the types of singlet carbenes.
/ / / /
N, N, N
> L) L O
N N N S '
\ \ \

imidazolin- imidazol- 1,2,4-triazol- 1,3-thiazol-
2-ylidenes 2-ylidenes 5-ylidenes 2-ylidenes

Figure 1.5. Types of stable N-heterocyclic carbenes.

Arduengo reported the first example of a stable singlet carbene, an imidazol-2-
ylidene.” However, Wanzlick ef al. demonstrated the formation of a stable singlet carbene
(an imidazolin-2-ylidene) nearly two decades earlier, but were unable to isolate the free
carbene.!” The additional electronic stabilisation associated with the unsaturated
heterocycles, created by the aromaticity of the ring, is regarded as the determining factor
for Wanzlick only isolating the dimerised carbene.”

The heterocyclic carbenes are best represented as the combination of two resonance
forms, which give some double bond character to the carbene-nitrogen bonds; this is
demonstrated by the bond lengths being in the range between a single and a double bond.
(Figure 1.6). Furthermore, unsaturated heterocycles have a further delocalisation around

the ring, which gives the extra stabilisation of an aromatic system.

\N/\N/

—/
_ / \ -
~ 7 N \N/\I:IL/

/) \__/

A
@)

Figure 1.6. Resonance forms of imidazol-2-ylidenes.
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The enormous variation of N-heterocyclic carbenes stems from the versatility of the
different methods available for their synthesis.!! The variety of methods used to synthesise
these carbenes allowed a large number of different ligand designs to be developed. Some
unusual ligand designs have been functionalised with ferrocenyl substituents,” long
fluoroalkylated** and alkyl~chains,” and have been supported on polymers.? Stable free
carbenes (Figure 1.7) have been reported to be functionalised with chiral groups, other
donor groups, incoporated into ring structures, and linked to other carbenes giving bi- and

) . . 202728293
tri-dentate carbenes to mention but a few. 227282939

R

Ph oMe /R N/ | N/>-'
o [; G,

&
\ /

SR
F

A\
Ve
m’zjz

/———N/ ,L ‘ - N/
\N/\ /N \) g‘? N/\;
\N \ /'.\N/

(N -

Figure 1.7. A variety of mono-, bi- and tri-dentate N-heterocyclic carbenes.

1.5 N-Heterocyclic carbenes as ligands
Although, N-heterocyclic carbenes are interesting stable species that have been
previously difficult to isolate and characterise, currently the focus of attention has been on
their properties as ligands and not as separate molecules.
N-Heterocyclic carbene ligands act as two-electron o-donors and, in this respect,
they are related to ethers, amines and phosphines with regards to their coordination
chemistry. They bind strongly to transition metals and are considered stronger o-donors

4,31,32

than amines. In fact, it has been proposed that their o-donor properties are similar to

the electron-rich phosphines and that n-back donation from the metal is insignificant.”’ The

7
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n-acceptor properties of N-heterocyclic carbenes are not as expected from the simple
notion of a singlet carbene with ambiphilic characteristics. N-Heterocyclic carbenes show
almost no electrophilic character and are often referred to as nucleophilic carbenes. The
highly stabilised nature of these singlet carbenes stems from the two adjacent nitrogen
atoms donating electron density in to the carbenes "empty" p-orbital, which results in the
* loss of ambiphilic character. r

The metal-carbon bond is much less reactive than in Fischer or Schrock type
carbenes, as the ligand can be considered to have only nucleophilic character, with almost
no double bond character to the metal. The thermal stability and chemical inertness'® of the

carbene-metal bond makes carbene ligands ideal as ancillary ligands in organometallic

catalysis.

N/ TP“3 N/r
IN>——~:|:PPh3 B, - )[N\F +  PhyP—Pd—PPhs
\ e

\ BE,

Scheme 1.2. Decomposition pathway for carbene complexes, proposed by Cavell et al. 33

The bond between N-heterocyclic carbenes and late transition metals has been
previously considered extremely inert towards decomposition and substitution; however,
recent reports appeared which question this belief.**** The decomposition pathway, shown
in Scheme 1.2, has only been observed for a few systems and studied by theoretical

methods, therefore the generality of the statements made above remains valid.

_ s } BF,
N/ >
Y N
N {IrHs(PPhs),] PPh;

LN @71

Scheme 1.3. Unusual binding of an imidazol-ylidene to iridium via the 4-position.3 5
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In the last year, examples have been reported where a different proton of the
imidazolium ring is removed in preference to the proton in the two-position. In the first
example a ketone functionalised bis-imidazolium salt was observed to bind to palladium
through a pseudo i°-allyl group rather than through the normal carbene-bonding mode.*® In
another example, the imidazolium-ylidene ring was observed crystalographically to bond
to the iridium through the 4-position of the ring rather than the usual, more electronically
stabilised, 2-position (Scheme I .3). However, it is unknown why the ligand assumes
these bonding modes. Both of the above compounds were synthesised by the direct

addition of the imidazolium salts on to the metal and not vig a free carbene.

1.6 N-Heterocyclic carbene complexes
The first N-heterocyclic carbene complexes were independently reported in 1968
by Ofele et al.' and Wanzlick et al > (Figure 1.8). However, it was not until 1991, when the
first free carbenes were isolated,”’ that the direct route to the complexes became available.
This allowed the synthesis of complexes that would otherwise be unobtainable; since then,

the area has developed into an important branch of organometallic chemistry.

— VAN * ! o
EN>——H9—~<NII 2C10, EN>:;/C]; co
\ ./ \ 7

Figure 1.8. N-Heterocyclic carbene complexes synthesised by Wanzlick and Ofele in 1968.
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Base N N
’\{ . / ‘NALH [N>:<Nj
[ V—n \ MLy~
N\ Base / ML, / /// ii)
i) N
[N>—-MLM
ML, 7 \ ML,

Scheme 1.4. General methods for the synthesis of N-heterocyclic carbene complexes.

Over the last few years, an enormous number of N-heterocyclic carbene complexes
have been published, and they have utilised a number of different synthetic routes. The
routes in which the complexes have been synthesised can be grouped into four general
methods (Scheme 1.4):

i) In situ deprotonation of imidazolium salts by basic anions, by basic metallates or by
an external base, in the presence of a suitable metal precursor.>®

i1) Reaction of an isolated free N-heterocyclic carbene with a suitable metal
precursor.>’

1i1) Thermal cleavage of electron rich olefins in the presence of a suitable metal
precursor (applicable to imidazolin—Z—ylidenes).40

iv) Transmetallation of the carbene ligand."!

However. there are a few examples of synthetic routes that do not fit in to one of
these categories, such as metal-vapour-phase synthesis42 and metal template synthesis

(Scheme 1.5).2%

10
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Scheme 1.5. Synthesis of carbene complexes using the metal as a template.

N-Heterocyclic carbene complexes, or their covalent compounds, have been made
with elements from right across the periodic table (Figure 1.9). Carbene complexes with

nearly all transition metals have been synthesised, including complexes of copper, silver

g osmium,’ ‘

and gold,45 nickel and pallladlum,46 rthodium and iridium,"’ iron,*® ruthenium,*
rhenium,’! chromium,® molybdenum and tungsten,52 vanadium, niobium, tantalum,
titanium, zirconium and hafnium.> A large proportion of these complexes contain mono-

dentate carbenes, but there are also a number of examples with bi- and tri-dentate carbene

ligands.**>%8
He
3 Ne
Na A Ar
K Sc As Br | Kr
Rb o Tc d Sb Xe
Cs R P Tl Bi | Po | At | Rn

Fr | Ra |Ac | Rf | Ha | Sg | Ns | Hs | Mt |Unn|Unu

Ce | Pr [Nd |Pm Gd | Tb | Dy | Ho Tm Lu

Th | Pa uNp Pu |Am|Cm|Bk | Cf | Es |Fm |[Md|No | Lr

Figure 1.9. Heterocyclic carbenes form complexes or covalent compounds with the

elements marked in the periodic table.
11
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1.7 N-Heterocyclic earbene complexes in catalysis

As mentioned above, N-heterocyclic carbenes have a number of characteristics that
make them useful as ligands in homogeneous catalysis. The strong o-donor properties of
the ligand enable the formation of chemically and thermally inert metal-carbene bonds
with high dissociation energies, which renders them as ideal spectator ligands. In
comparison with phosphine complexes, these carbene complexes show good stability
towards oxygen; and as dissociation of these carbenes is uncommon, no excess of ligand is
required. Aryl phosphines show a tendency for phosphine-carbon bond cleavage, which is
responsible for catalyst deactivation; however, this decomposition route is not present for
carbene complexes.

N-Heterocyclic carbene complexes have been shown to have catalytic activity in a
number of important transformations. These include: palladium-catalysed Heck, Suzuki,
Kumada, Sonogashira and amination couplings,’ palladium-catalysed CO-ethylene
copolymerisations, > nickel-catalysed Sonogashira coupling,®® iridium-catalysed
hydrogenation,’ ? ruthenium-catalysed furan synthesis and olefin metathesis® and rhodium-

catalysed hydroformylation and hydrosi lylations.®!

O\O OH

H N/ ;
o

NS
Figure 1.10. Immobilised carbene complex that is active as a Heck pre-catalyst.

The applications of carbene ligands in catalysis have been shown to be diverse,
with a number of transformations being catalysed as efficiently as the best-known systems.
In addition, the strong metal-carbene bonds allow the carbene ligand to be a suitable link
for immobilised complexes. Carbene complexes have been successfully immobilised and
they show good catalytic activity although not as good as their parent complexes (Figure
1.10).*%%* Combinatorial type catalysis has been performed with imidazolium salts and it is
proposed that the carbene complexes will form in siz.® Chiral carbene ligands have also
been synthesised; most of which are monodentate ligands substituted with chiral groups.
They show good activity towards a number of catalytic transformations but the

enantiomeric excesses achieved show poor enantioselection.** There is also an example of
12
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a bidentate chiral complex, which is based on a binaphthyl chiral auxiliary with a C axis
going through the metal centre; enabling the chiral information to be confered on the metal
centre.”® Unfortunately, this complex was isolated as a mixture of coordination isomers,

which makes it unlikely to provided good enantioselection.
- 1|’Cy3 Ph Cl””"~Ru~—_/ : Y Ph
in,,, Cl/ C]//,/“"Ru—
X

Figure 1.11. Similar carbene, phosphine and mixed complexes.

Phosphine complexes are widely used as pre-catalysts for important

66,67

transformations and often produce the best catalytic activity. As phosphine and carbene

ligands have similar donor properties, it is therefore unsurprising that in the last few years
carbene complexes for use in catalysis have been designed to mimic well-known
phosphine comple:xes.68 By comparing the activity of these complexes (Figure 1.11) in

catalytic transformations, the role of the ligands in these systems can be understood in

more detail.

1.8 Ligand design
N-Heterocyclic carbenes can be easily modified and functionalised, attributes

making them suitable for novel ligand design. Carbene ligands are very unlikely to
dissociate from a metal centre, which makes them effective spectator ligands, and they can
be linked to almost any other functional group to exert electronic and steric tuning on the
metal. Ligand design can influence the metal centre in a variety of ways; for example, a
ligand can confer steric control with chiral information or steric bulk, causing molecules to
coordinate in a particular orientation or restricting larger molecules from coordinating.
Furthermore, the ligand can be designed to influence the properties of the coordination

sites trans to the ligand.

13
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S\ \ M\
L/~ “N_ N- /7~ N_ N~ N_ N-
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Monodentate Bridging Chelating
Figure 1.12. Binding modes of hybrid ligands.

Ligand designs can attempt to control the complexity of the transformations
occurring in the coordination sphere of the metal during a catalytic cycle. The nature of the
ancillary ligands can influence a catalytic site in subtle ways, changing the catalysts'
activity, selectivity, and stability.

"Hybrid ligands" comprising two or more different donors; can be designed so that
their donor moieties perform different roles during the catalytic cycle; for example,
allowing the ligand to be in a monodentate, bridging or chelating mode (Figure 1.12).
Asymmetric ligands may allow different metals to come into close proximity to one
another, which could stabilise ligand-substrate interactions. Asymmetric ligands can also
induce asymmetry on the coordination sites of the metal centre; helping to influence the

transformations that occur on the metal.

Protected coordination site Vacant position (active site)
L o %
M/ ) Hemilability M/
~c - ~c L

N

Figure 1.13. Hemilability: protecting or freeing a coordination site.

In addition, one of the donors can be selected to act as hemilabile, filling
coordination sites and then dissociating when required, which can stabilise transition states
and prevent decomposition (Figure /.1 3).%’ Furthermore, steric asymmetry of the ligand
can control the direction of incoming substrate molecules, which in turn can lower
activation energies for conversions or simply select one particular stereochemistry for the
product molecule. Potentially hemilabile mixed donor carbene ligands could prove useful

in stabilising catalytic centres while creating a degree of coordinative and electronic

14
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unsaturation, in the presence of substrates. These properties can be adjusted by changing a
number of features of the ligand including chelate size and rigidity, donor properties, and
steric bulk of the ligand (Figure 1.14).

Most N-heterocyclic carbene complexes comprise of symmetric ligands bound to
the metal centre that in catalysis act only as spectator ligands. However, there are a number

of complexes that have been synthesised with chiral and hybrid (mixed donor) ligands.

fStrong M-C bondl

N
f Donor properties

Steric bulk ! /K L

U \

 Chelate size and rigidity |

Figure 1.14. Features of mixed donor carbene ligands.

Until the last few years, there have been very few examples of mixed donor
carbene complexes;***7° even though a report claimed the isolation of a range of mixed
donor free carbenes.”' Although, only one other report has been made recently of a free
isolated mixed donor carbene,’® a number of complexes have been synthesised in the last
30,35,72

three years with mixed donor carbenes ligands. These include nucleophilic carbenes

linked to pyridine,” oxazoline, * alkoxide’ and Schrock type carbene moieties.>
Similar mixed donor phosphine complexes have been synthesised and reported to
be very effective pre-catalysts to important transformations, including mixed donor

phosphine-pyridine ligands.®"*"”’

1.9 Aims
The aims of the research were to investigate and develop novel mixed donor
carbenes, including chiral carbene ligands, for use as ligands for palladium in catalysts, as
well as to explore their use as ligands for other metals. These complexes were expected to
have possible applications in the Heck reaction, the co-polymerization of carbon monoxide
with ethylene, and the conversion ot methyl-acetylene to methyl-methacrylate using
carbon monoxide and methanol. Palladium complexes containing mixed donor nitrogen-

15
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phosphine ligands have been shown to be effective pre-catalysts in these reactions.
However, the disadvantages of the phosphine complexes as catalysts are the need for a
large excess of the ligand, and the degradation of the catalysts leading to the loss of
activity. It was hoped that by using carbenes as ligands, these problems could be overcome
as they form much more stable bonds to transition metals. The investigations into these
ligands and their complexes have given us reason to produce a number of publications as

others have been involved in competing research.”

16
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Chapter 2

Imidazolium Salts and Free Carbenes

2.1 Introduction
The most frequently used method to synthesise stable free carbenes and

nucleophilic carbene ligands is through their corresponding imidazolium salts.! Although a
number of different types of stable carbenes have been isolated, including triazol-3-
ylidenes,’” thiazol-2-ylidenes,? imidazolin-2-ylidenes® and benzimidazol-2-ylidenes,’ the
majority are imidazol-2-ylidenes®. This is due to their increased stability”* and their
capacity for steric and electronic functionalising as well as their relative ease of synthesis.
Because of these factors, in this chapter are described a wide range of new imidazolium
salts as well as attempts to convert them to the corresponding free carbenes. Imidazolium

salts can be made via a number of general routes:

i) By the reaction of primary amines with glyoxal and formaldehyde in the presence
of an acid;9
ii) By the reaction of an ortho-ester with a secondary diamine in the presence of an

. 1
ammonium salt; 0

ii1) By the treatment of benzimidazoles with trityl-tetrafluoroborate to generate

benzimidazolium salt;!!
iv) By a multi component reaction starting from glyoxal, formaldehyde, a primary

amine and ammonium halide with the subsequent alkylation by an alkylhalide to form the

imidazolium salt (Scheme 2.1);"

. R

N "o
o\\——/O . EHZ + NH; + NHyR' M Q) R l[>
! A

R

Scheme 2.1. General route 1v): synthetic route to imidazolium salts

V) By a multi stage sequence initially forming an isothiocyanate, converting it to a

acetalylthiourea, which is then ring closed to the mercapto-imidazole. This is
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desulphurised by nitric acid giving the substituted imidazole" and finally reacted with an

alkyl or aryl halide (Scheme 2.2).

OFt
EtO

N
NH2  ege, NS mNcHLCH(ORD, NH el O\
—_— B — SH

Ar Ar >::S T

HN\ L

Ar

Scheme 2.2. General route v): synthetic route to imidazolium salts

The aryl substituted imidazolium salts described in this chapter were synthesised
via general route v) (Scheme 2.2). However, the fertbutyl substituted imidazolium salts
were synthesised via general route iv) (Scheme 2.1) and some imidazolium salts were
synthesised by quaternising imidazoles that were purchased from common chemical
suppliers. The availability of starting materials was a determining factor in choosing these
general methods, which involve the quaternisation of imidazoles.

The role in catalysis of the family of ligand precursors described in this chapter is
very important. The architectures of the corresponding carbene ligands originating from

these salts are designed to mimic systems extensively used in catalysis.'*'? Furthermore, it

16,17 18.19,20,21,22

has been shown by ourselves, and others, that they are suitable precursors to
extremely good Heck catalysts. The incorporation of two donor atoms with different
electronic characteristics into the ligand is believed to give the design its versatility,
originating from the ability to control the coordination sphere of the metal during the

various catalytic steps.
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RESULTS AND DISCUSSION
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Figure 2. 1. Imidazolium salts synthesised.
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2.2 Ligand design
As mentioned in Chapter 1, N-heterocyclic carbene ligands have c-donor properties
that are similar to the electron-rich phosphines.”>** Due to their similarities as ligands, it
follows that carbene ligand design should mimic ligands from the well-trodden field of
phosphine chemistry. There are wide ranges of phosphine ligands that have been
extensively used in catalysis; these include monodentate, bidentate, "pincer” type
tridentate and hybrid ligands. The design of the imidazolium salts to be synthesised was

directed to produce carbene ligands that mimic some of these phosphines (Figure 2.2).

PPh, PPh,

PhyP. N PhyP. N N

X X X

Z F F

Figure 2.2. Compounds (2.1)-(2.9) were designed to mimic the above ligands, developed

by Drent et al.>® and Osborn et al.”’

Compounds (2.1)-(2.7) were synthesised to mimic phosphine-pyridine ligands
developed by Drent e al.*® (ligands widely used in carbonylation chemistry).”®
Compounds (2.8) and (2.9) were designed to mimic "pincer" type phosphine ligands.

Compound (2.10) was developed as a variation of compounds (2.1)-(2.7), functionalised

2728

with a weaker donor for late transition metals. Compound (2.11) was made as a
modification of the bidentate carbene ligands developed by Herrmann er al.”® Compounds
(2.12), (2.19) and (2.21) were synthesised as precursors for further functionalisation.

One of the limitations of phosphine ligands for use in catalytic systems is the
requirement for an excess of ligand, due to the possibility of dissociation from the metal
centre. As N-heterocyclic carbenes are similar donors to phosphines but do not dissociate
from the metal centre, a mixed carbene-phosphine ligand could provide a stoichiometric
amount of a phosphine donor linked to the metal by a carbene donor. This combination
would allow the direct comparison of the donor types in one system. Compounds (2.13)-

(2.18), (2.20) and (2.22) were designed as precursors for mixed carbene-phosphine ligands.
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2.3 Synthesis of imidazolium salts

In this chapter a range of synthetic methods, and characterisation of mixed donor

functionalised imidazolium salts, are described. The new functionalised imidazolium salts

were prepared by following one of three main synthetic methods detailed below:

y

iii)

Quaternisation with bromomethyl pyridine in methanol at room temperature: The
manipulations were carried out with extreme caution, as the bromomethyl pyridine
derivatives used are very powerful lachrymators. After neutralising the starting
bromomethyl pyridinium derivative and extracting the liberated bromomethyl
pyridines in ether, they were reacted with a methanolic solution of the
corresponding imidazole. Following the completion of the quaternisation reaction
in methanol, the resulting solid was washed with ether to give the products as white
solids.

Quaternisation with bromopyridine in the melt: The imidazole was quaternised in a
melt with the respective bromopyridine compound for two to four days. After
cooling, the brown residue was washed with ether to give the products as white
solids.

Quaternisation in xylene, dioxane or ethanol at elevated temperatures: The
imidazole was quaternised in a xylene, dioxane or ethanol solution of the
corresponding alkylhalide or allylhalide at elevated temperatures to give the

product as a white solid.

In general, these quaternisation reactions proceeded selectively and at good rates in

polar solvents like methanol, ethanol and dioxane. The white solid products were

characterised by analytical and spectroscopic methods. In most cases, they were obtained

as spectroscopically and analytically pure products. However, further purification was

sometimes required. In these cases, recrystallisation was carried out from a saturated

dichloromethane and diethyl ether solution or by cooling a saturated acetone solution. On

occasions, the products were isolated as oils, which were analytically pure and were

triturated with cold acetone or ether to obtain white powders. The imidazolium salts

containing the tertbutyl group were most prone to oiling and often required numerous

attempts to isolate as a solid.
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Br

N
A

Figure 2.3. Picolyl-functionalised imidazolium salts, R = ferfbutyl, mesityl,

2,6-diisopropylphenyl.

The majority of the salts were isolated as their hydrates, having been washed with
cold (undried) acetone. The process of washing with cold acetone in air has been identified
as the source of the water. However, the imidazolium salts containing the 2,6-diisopropyl-
pheny! groups have never shown any sign of oiling, were not washed with acetone and
therefore were isolated as the anhydrous salts. The ability of water to aid crystallisation is
thought to be due to the interaction between the bromide and the water, creating a large
"pseudo-anion" to pack with the large cation. When the bromide was replaced with a much
larger anion (tetraphenylborate) oiling never occurred and analytical data showed no water
of crystallisation. However, the tetraphenylborate salts had low solubility in normal
solvents and their use as ligand precursors was limited. Salts containing the
2,6-diisopropylphenyl groups generally showed good crystallinity even in the absence of

counter-anions of comparable size.

2.4 Characterisation of nitrogen and oxygen functionalised

imidazolium salts, compounds (2.1)-(2.12)

2.4.1. X-ray diffraction studies

Br1

ST
s K

Figure 2.4. X-ray crystal structure of 3-(fertbutyl)-1-(a-picolyl)-imidazolium bromide
hydrate (2.1).
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X-ray diffraction quality crystals of (2.1) were obtained by cooling a saturated
acetone solution to -35°C. An Ortep diagram of the salt is shown in Figure 2.4 and bond

lengths and important angles are shown in Table 2.1 and Table 2.2.

O(1)-H(10) 0.98(4) C(2)-C(3) 1.374(4)
O(1)-H(20) 0.98(4) C(2)-H21) 0.96(3)
N(3)-C(9) 1.326(3) C(3)-C(4) 1.376(3)
N(3)-C(8) 1.383(3) C3)-HE) 0.96(3)
N(@3)-C(10) 1.502(2) C(4)-H(@1) 0.93(3)
C(9)-N(2) 1.327(3) C()-H(11) 0.97(3)
C(9)-H(9) 0.89(2) C(10)-C(12) 1.519(3)
N(1)-C(5) 1.327(3) C(10)-C(11) 1.521(3)
N(1-C(1) 1.348(3) C(10)-C(13) 1.527(3)
N(2)-C(7) 1.373(3) COD-H(11D) | 1.03(3)
N(2)-C(6) 1.467(3) COD-H(112) | 0.94(3)
C(8)-C(7) 1.344(3) C(1D-H(113) | 0.97(3)
C(8)-H(81) 0.92(2) C(12)-H(121) | 0.95(3)
C(7)-H(71) 0.96(3) C(12)-H(122) | 0.96(3)
C(5)-C(4) 1.390(3) C(12)-H(123) | 0.94(3)
C(5)-C(6) 1.516(3) C(13)-H(131) | 1.00(3)
C(6)-H(61) 0.97(3) C(13)-H(132) | 0.97(3)
C(6)-H(62) 0.97(2) C(13)-H(133) | 1.05(4)
c2)-C(1) 1.370(4)

Table 2.1. Bond lengths (A) for 3-(tertbutyl)-1-(a-picolyl)-imidazolium bromide hydrate,
compound (2.1).

C(9-N(3)»-C(8) | 108.15(17) C(8)-C(7)-N(2) | 107.31(19)
C(9)-N(3)-C(10) | 126.07(17) N(-C(5)-C(6) | 118.77(18)
NG)-C(O-N2) | 108.90(19) N(Q2)-C(6)-C(3) | 112.65(18)
CO-NQ2)-C(7) | 108.54(18) N(3)-C(9)-H(9) | 126.9(14)
C(9-NQ)-C(6) | 124.20(19) N(2)-C(9)-H(9) | 123.9(14)

C(I-C8)-NG) | 107.10(19)

Table 2.2. Important angles (°) for 3-(zertbutyl)-1-(o.-picolyl)-imidazolium bromide

hydrate, compound (2.1).

The X-ray crystal structure of (2.1), shows that the cation and bromide anion are
linked via a water molecule through weak intermolecular hydrogen bonds (Figure 2. 5).20
Intermolecular hydrogen bonding is observed between one proton from each methyl of the
tertbutyl group and the oxygen atom of the water molecule. There are also weak hydrogen
bonds to a pair of symmetry-equivalent bromide anions from the hydrogen atoms of the

water molecule; these bond lengths and angles are shown in Table 2.3.
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Figure 2.5. Dotted lines represent the weak hydrogen bonding in the X-ray crystal

structure of 3-(ferrbutyl)-1-(a-~picolyl)-imidazolium bromide hydrate (2.1).

D | H | 4 D-H H- A D+~A | D-H~A4
C13 | H132 | O1 0.973)A | 2.34(3)A |3.2923) A 165(2)0
Ol | H2 | Brl | 098&4)A | 2334 A | 3305 A | 1753)°
Ol | HI | Brl | 098#)A | 233@A | 3301 A | 1713y

Table 2.3. Hydrogen-bonding geometry of compound (2.1).

2.4.2. Electrospray mass spectrometry
The electrospray mass spectra of these salts are generally quite simple, showing

either M™ or '/;M" as the most intense peak with no other major fragments. However, even

though this technique was useful to support the formulation of the cation, it did not give

any information about the anion or the connectivity of the salt obtained. This limitation is

because the parent ion being observed (the cation) is pre-ionised and therefore creates a

more intense peak than any fragment ion that is formed by the ionisation method.
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2.4.3. NMR spectroscopy
2.4.3.1. Characteristic peaks for pyridyl, picolyl and lutidyl
Sfunctionalised salts, compounds (2.1)-(2.9)

The formation of the imidazolium salts was established by a low field peak
assignable to the 2-imidazolium protons usually observed between 10.0 and 12.0 ppm in
the 'H NMR spectra in CDCls. Other characteristic peaks observed in the 'H NMR spectra
of this family of compounds are (Figure 2.7):

1) A singlet between 5.5 and 6.5 ppm assigned to the protons of the CH; bridge in the
functionalised picolyl compounds, when n = 1;

i1) A singlet around 1.6 ppm assigned to the protons of the ferrbutyl group, when R =
tertbutyl;

ii1) Singlets around 2.0, 2.3 and 7.0 ppm assigned to the protons of the mesityl group
when R = mesityl;

iv) Doublets around 1.1 ppm; a septet around 2.3 ppm; and singlets around 7.3 and 7.5
ppm assigned to the protons of the 2,6-diisopropylphenyl group, when R =
2,6-diisopropylphenyl;

V) A singlet at 2.4 ppm assigned to the methyl of the lutidyl group when R' = .Me.

Figure 2.6. Connectivity and numbering order of the imidazolium and pyridine rings for

the salts (2.1)-(2.7). R = terrbutyl, mesityl or 2,6-diisopropylphenyl R' = methyl or
hydrogen.

The peaks around 1.1 ppm assigned to the methyl protons of the
2,6-diisopropylphenyl, when R = 2,6-diisopropylphenyl, appear as a pair of doublets when
the isopropyl groups have restricted rotation; thus the methyls pointing in the direction of

the double bond on the imidazolium ring are different to those that point away.
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Figure 2.7. "H NMR spectrum of 3-(mesityl)-1-(a-picolyl)-imidazolium bromide,

compound (2.2).
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The chemical shifts of the doublets assignable to the protons in the 4- and
5-positions on the imidazolium ring are diagnostic of the local environment (i.e. the
substituents on the hetérocyclic ring). In the case of the 3-ferrbutyl-imidazolium salts, these
protons appear as two doublets of similar chemical shift, at 7.5 and 7.6 ppm in the 'H
NMR spectra. In contrast, for the mesityl substituted salts the doublets are seen much
further apart in the "H NMR spectra at 7.1 ppm (5-H) and 8.1 to 8.9 ppm (4-H). This
difference is even greater for the 2,6-diisopropylphenyl functionalised salts, at 7.1 ppm (5-
H) and 8.3 to 10.0 ppm (4-H).

The peak assigned to the 3-position of the functionalised pyridine in the 'H NMR
spectra is also diagnostic of its environment, with a down field shift of up to 2 ppm
between that of an imidazolium salt with a single carbon bridge to the functionalised
pyridine, and that of a salt with no methylene bridge. The chemical shifts of the other
peaks in the 'H NMR spectra for these compounds were as expected and were relatively

unchanged between the different salts.

2.4.3.2. Characteristic peaks for compounds (2.10), (2.11) and (2.12)
Most of the peaks that are characteristic for these salts are similar to those for

compounds (2.1)-(2.9). A peak at 3.6 ppm in the 'H NMR spectrum of compound (2.10)
was assigned to the protons of the methyl group and a peak at 6.2 ppm was assigned to the
methylene bridge. A broad peak at 7.3 ppm in the 'H NMR spectrum of compound (2.11)
was assigned to the protons of the methylene bridge. The peak assigned to the protons in
the 5-position on the imidazolium ring in the "H NMR spectra is shifted down field by 1
ppm from the most de-shielded protons in the 5-position in the other imidazolium salts (8.1
ppm) and the peak assigned to the proton in the 4-position is at 10.0 ppm. Peaks at 1.2, 3.5
and 4.9 ppm in the "H NMR spectrum of compound (2.12) were assigned to the protons of
the y-bromopropyl group. The chemical shifts of the other peaks in the "H NMR spectra for

these compounds were as expected and were relatively unchanged between the different

salts.

2.5 Characterisation of phosphine functionalised imidazolium salts
The accessibility of the new imidazolium compounds described above led us to

develop methods to produce analogous phosphine functionalised imidazolium compounds.
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Figure 2.8. Connectivity of the imidazolium cation in 1-[3-(2,6-diisopropylphenyl)-
imidazolium|-2-[di(tertbutyl) phosphine] ethane sulphate (2.17).

2.5.1. Characterisation of compound (2.16)
Ethylene glycol cyclic sulphate (compound (2.13)) was synthesised by following a
similar procedure to that described by Sharpless e al.,”' and was characterised by '"H NMR
spectroscopy. Di-tertbutylphosphine borane complex (compound (2.14)) was synthesised
1.3

by following a procedure similar to that described by Livinghouse et al.,” and was used

without further characterisation. 1-sulphato-2-(phosphineborane)-ethane lithium salt
(compound (2.15)) was synthesised by a similar method to that described by Werner et al.
from compounds (2.13) and (2.14), and was characterised by 'H and *'P{H} NMR
spec‘[ros;copy.37
1-[3-(2,6-diisopropylphenyl)-imidazolium]-2-[di(tertbutyl)phosphineborane]
ethane sulphate (2.16) was prepared by stirring (2.15) with 3-(2,6-diisopropylphenyl)-
imidazole in ethanol for 12 hours, the product was obtained as a white solid. Analytical
data confirmed the stoichiometry. However, the major peak in the electrospray mass
spectrum in acetonitrile was assigned to the product with the loss of the borane. This is not
surprising in view of the harsh ionisation technique used in this method. However, the
existence of the coordinated borane was established by a doublet corresponding to a
quaternary boron species in the ''B{H} NMR spectrum at -40 ppm. Further conformation
of this salt was given by the >'P{H} NMR spectrum where a broad quartet at 43 ppm was
observed, coupled to a boron atom (I = */,) at the chemical shift range corresponding to a
quaternary phosphorus species. The 'H NMR spectrum was not particularly diagnostic as
no peak corresponding to the 2-imidazolium proton was observed. However, the remainder
of the spectrum consisted of assignable peaks at the expected positions. The ' 3C{H} NMR
spectrum contained characteristic peaks at 150 ppm assigned to the 2-imidazolium carbon

and 22 and 69 ppm assigned to the ethylene bridge.
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2.5.2. Characterisation of compound (2.17)

Removal of the borane from compound (2.16) resulted in the formation of 1-[3-
(2,6-diisopropylphenyl)-imidazolium]-2-[di(zertbutyl) phosphine] ethane sulphate (2.17)
which is shown diagrammatically in Figure 2.8. The de-protection of (2.16) was carried
out under nitrogen by stirring a solution of tetrafluoroboric acid dimethylether complex
with (2.16) in dichloromethane. Ammonia was used to neutralise the reaction mixture as
well as to de-protect the phosphine. The resulting oily solid was very air sensitive and
attempts to get good analysis results failed. Electrospray mass spectrum contained peaks
corresponding to the imidazolium phosphine as well as peaks for the phosphine oxide. The
"H NMR spectrum contained characteristic peaks for the formation of compound (2.17),
however they showed the presence of unidentifiable impurities. In addition, no peak
corresponding to the 2-imidazolium proton was observed. We reason that this proton is
likely to give rise to a very broad peak due to its interaction with the strongly basic trialkyl
phosphine, as shown in Figure 2.9. The *'P{H} NMR spectrum provided strong evidence
for the presence of the dibutyl alkyl phosphine from the characteristic chemical shift at 19

ppm.”?

Figure 2.9. A plausible conformation of the cation in (2.17), which could explain the lack

of a peak assignable to the 2-imidazolium proton in the "H NMR spectrum.

2.5.3. Characterisation of compound (2.18)

When compound (2.17) was exposed to air and the resulting product, 1-{3-(2,6-
diisopropylphenyl)-imidazolium]-2-[di(terrbutyl) phosphinoxide] ethane (2.18) was
obtained. The oily solid was initially characterised by electrospray mass spectroscopy; the
spectrum had a peak that was assigned to the corresponding imidazolium phosphine oxide.
The *'P{H} NMR spectrum confirmed the formation of the oxide by a characteristic peak
at 65 ppm.3 3 Attempts to obtain the elemental analysis failed to give meaningful data,

possibly due to residual ammonium salt impurities.
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Figure 2.10. A plausible reason for the absence of the 2-imidazolium proton in the 'H

NMR spectrum for compound (2.18).

The "H NMR spectrum of the oxide contained characteristic peaks for the
compound. Again, the absence of a peak assignable to the 2-position of the imidazolium

ring could be due to broadening as discussed for compound (2.17) (Figure 2.10).

2.5.4. Characterisation of compound (2.20)

Alternative routes to access phosphine imidazolium compounds were investigated,
for example by hydrophosphination of (2.19) using HPPh, and 1,1’-azobis (cyclohexyl
carbonitrile) producing 1-[3-(tertbutyl) imidazolium]-3-diphenyl-phosphine-propane
bromide (2.20) as an air sensitive white solid (Scheme 2.3). Compound (2.19) was
synthesised by the quaternisation of 3-(ferfbutyl)-imidazole with allyl bromide in dioxane

at 90°C and was characterised by electrospray mass spectrometry.

Z
Br 2 ' Br PPh,
A+

+ HPPh, :
/\N /\/ > /\N /\//
Radical initiator /\ N

Scheme 2.3. The hydro-phosphination of (2.19) to synthesise (2.20).

Compound (2.20) has a distinctive peak at -17 ppm in the 3 'P{H} NMR spectrum.
The electrospray mass spectrum provided further evidence for its existence by a peak at
351 m/z. The characteristic peaks in the 'H NMR spectrum were observed but attempts to

get conclusive elemental analysis failed, possibly due to its sensitivity towards air.
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2.5.5. Characterisation of compound (2.22)

1-[3-(isopropyl)-imidazolium]-2-[diphenylphosphine|-ethane iodide (2.22) was
made vig a similar route to that use to synthesise (2.20) from a solution of (2.21), HPPh,
and 1,1’-azobis (cyclohexyl carbonitrile). Compound (2.21) was synthesised by the
quaternisation of 1-vinyl-imidazole with isopropyl iodide neat at 90°C, and was
characterised by electrospray mass spectrometry and "H NMR spectroscopy. The
electrospray mass spectrum of compound (2.22) contained a peak at 323 m/z corresponding
to the phosphine imidazolium salt. A peak at -20 ppm in the 3Ip{H} NMR spectrum
supported the formation of the product. Nevertheless, obtaining analytical and 'H NMR
data proved difficult. In the latter case, only broad signals were visible. We surmise that
these phosphorus imidazolium salts are particularly difficult to isolate and purify due to:
1) The air sensitive nature of these phosphines;
ii) The difficulty in purifying the product salts from a mixture of salts;
1i1) The oily nature of the compounds, as they are similar to a family of ionic liquids

based on imidazolium salts, making them very difficult to purify by crystallisation;
iv) The increased acidity of the proton in the two position of the imidazolium ring

hinders full characterisation by "H NMR spectroscopy.

These obstacles combined make it very difficult to obtain conclusive results from
all of the possible analytical methods. These shortcomings have made phosphine
imidazolium salts difficult to work with as ligand precursors for transition metals. This
family of phosphine imidazolium salts has however been used in reactions described later

in this thesis, and some data has been obtained to show that these compounds can be used

as precursors for ligands on palladium.

2.6 Attempted deprotonation of imidazolium salts
Free carbenes that can be isolated and stored as powders or in solution are an
enviable achievement. A "carbene in a bottle" could be used on a wide variety of metal
starting materials as well as giving the opportunity to perform numerous reactions

concurrently.

In an attempt to produce a stable free carbene from the imidazolium salts described
above, anhydrous 3-(zertbutyl)-1-(a-picolyl) imidazolium bromide was reacted with
lithium diisopropylamide in THF. After careful work-up, a red solid was produced. The 'H
NMR spectrum of the resulting red solid was very broad and unassignable. Further

attempts to purify and grow crystals of these solids failed. Similar results were obtained
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when different bases, solvents.and the number of equivalents of base were used, and also
when similar experiments were performed with other imidazolium salts. Similar results

were also observed at a variety of reaction and isolation temperatures.

AL

Figure 2.11. 3-(tertbutyl)-1-(a-picolyl) imidazol-2-ylidene, the target compound for

reaction 2.9.1.

However, when the reaction mixture was analysed in sifu with minimal work-up,
clean 'H and >C{H} NMR spectra were obtained and the formation of the product was
supported by electron impact mass spectroscopy. However, the characteristic peak in the
B3C{H} NMR spectrum for the carbon in the 2-position on the carbene ring was not
observed as the compound decomposed very quickly in solution. Therefore, unfortunately,
this is not a route to stable free carbenes but it does demonstrate the suitability of the
reaction of these carbenes in situ with metal starting materials (Figure 2.11). The isolation
attempts may have failed due to decomposition by a number of plausible routes, for

example the N-heterocyclic carbene could be susceptible to electrophilic attack by the

nitrogen donor atom.

2.7 Conclusions

Practical methods to synthesise and modify a large number of unusual imidazolium
salts are reported in this chapter. These imidazolium salts are linked with a variety of other
donors, including pyridyl, picolyl, lutidyl, phosphine, phosphine-borane, phosphine oxide,
y-bromopropane and methoxy moieties. A number of these imidazolium salts have been
made with a variety of bulky aryl and alkyl groups. Bis-imidazolium salts have also been
prepared with methylene, lutidyl and pyridyl bridges. From the adaptable methods
described in this chapter, we were able to synthesis an even wider range of imidazolium
salts. This has then led us to attempt the synthesis of a wide variety of metal complexes
with these families of ligands and ligand precursors.
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The use of bulky substituents is expected to differentiate the reactivity of the
resulting carbene complexes from the known, easily available 1-methyl-imidazolium
analogues. In addition, the crystallinity of the isolated compounds is expected to be better,
allowing more detailed characterisation of the metal complexes to be obtained. Since this
work was carried out, a paper has been published that describes the synthesis of a

phosphine functionalised imidazolium salt.’ 4
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EXPERIMENTAL

2.8 Synthesis of imidazolium salts
The three general synthetic procedures used throughout are detailed below. The
compounds (2.1)-(2.9) were synthesised following the general methods (i) and (ii) are
given in Scheme 2.4 Compounds synthesised by general method (iii) are given in Figure
2.12. The manipulations involving bromomethyl pyridine derivatives were carried out with
extreme caution, as these are very powerful lachrymators.
5 ) B N= /
R\N\:N/\/Q/R R\NQ N
. HBr

/\K\j/“'

i, NayCO, RPNy
ii. Methano! o/
HBr
Br/\EE(\ Br
A
R &
N g N - -
Lo §J AR
l T

L E\/
Scheme 2.4. Synthesis of compounds (2.1)-(2.9). R = tertbutyl, mesityl and
2,6-diisopropylphenyl R' = methyl and hydrogen.

2.8.2. General method (i) (Scheme 2.5)

A biphasic system at 0°C, consisting of an aqueous solution of bromomethyl
pyridine hydrogen bromide derivative covered with diethyl ether, was neutralised by
dropwise addition of an aqueous sodium carbonate solution. The liberated free pyridine
was extracted into diethyl ether. The diethyl ether phase was dried with magnesium

sulphate and filtered.

T
L

Scheme 2.5. General method (i): reaction of 2-(bromomethyl) pyridine hydrogen bromide

with sodium carbonate and an imidazole.
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To the diethyl ether phase was added while rapidly stirring the corresponding
imidazole dissolved in methanol and the diethyl ether was removed under vacuum
eventually leaving the reaction mixture in methanol. The resulting solution was stirred at
room temperature for 12 hours or at reflux for 3 hours.

After filtering the reaction mixture, the volatiles were removed under vacuum and
the resulting solid was washed with three portions of diethyl ether giving the products as
white solids. In most cases, the products obtained at this stage were spectroscopically and
analytically pure. If not, purification was carried out by recrystallisation from a saturated

solution of dichloromethane layered with diethyl ether or from a saturated solution of hot

acetone.

2.8.3. General method (ii) (Scheme 2.6)

In a sealed glass ampoule, completely immersed in an oil bath a mixture of the
appropriate imidazole and 2-bromopyridine or 2,6-dibromopyridine was heated at 140°C
for 48-96 hours. After cooling to room temperature, the ampoule was opened, the brown
residue was washed three times with ether and the insoluble solid was isolated by filtration.
In most cases, the products obtained at this stage were spectroscopically and analytically
pure. If not, purification was carried out by recrystallisation from a saturated solution of

dichloromethane layered with diethyl ether or from a saturated solution of hot acetone.

o -
Br N Br N=—"

\ X R+
Nz . 140°C N///\N'
. J =

Scheme 2.6. General method (ii): reaction of 2-bromopyridine with an imidazole.

2.8.4. General method (iii)
A xylenes, dioxane or ethanol solution of the appropriate alkylhalide or allylhalide
and the appropriate imidazole were heated at 90°C for 8 hours or stirred at room

temperature for 12 hours. After completion, the reaction mixture was worked up as in

general method (1).
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Figure 2.12. Imidazolium salts synthesised by following general method (iii).

(2.1) 3-(tertbutyl)-1-(o-picolyl) imidazolium bromide hydrate

This was prepared following the general method (i) from 2-(bromomethyl)-
pyridine hydrogen bromide (4.0g, 16.0mmol), which was neutralised with aqueous sodium
carbonate and extracted into diethyl ether at 0°C (3 x 50ml). Stirring 1-fertbutyl-imidazole
(2.0g, 16.0mmol) in methanol (100ml) for 12 hours at room temperature gave the product
as a white solid. X-ray diffraction quality crystals were obtained by cooling a saturated
acetone solution to -35°C. Important bond lengths and angles are displayed in Table 2.1
and Table 2.2, and an Ortep diagram is shown in Figure 2.4.

Yield: 3.80 g, 80%. Mp: 65°C.

MS (ES): m/z 216.1 (M)".

ou(CDCly) 1.6 [9H, s, C(CH3)s], 5.8 (2H, s, CH>), 7.2 (1H, m, 5-picolyl H), 7.5
(1H, s, 5-imidazolium H), 7.6 (1H, s, 4-imidazolium A), 7.7 (1H, t, 4-picolyl H), 7.8 (1H,
d, 3-picolyl H), 8.5 (1H, d, 6-picolyl H), 10.5 (1H, s, 2-imidazolium H).

(Found: C, 49.68; H, 6.43; N, 13.88. C;3H,BrN;0 calculated: C, 49.69; H, 6.42;
N, 13.37%).
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Compound

3-(tertbutyl)-1-(a-picolyl)-
imidazolium bromide hydrate

Chemical formula
Formula weight
Crystal system

Space group

a/A

b/A

c/A

a/®

B/

/°

\ZN

z

/K

w/mm™

F(000)

No. Data collected
No. Unique data

Rint

Final R(JF]) for Fo> 206(F,)
Final R(F?) for all data

C;_‘;HQ()BTNgO
314.23
Monoclinic
P2ic
9.7083(19)
13.214(3)

- 11.574(2)
90
92.11(3)
90
1483.8(5)
4
150(2)
2.764
648
30583
3021
0.0476
0.0287
0.0362

Table 2.4. Crystallographic parameters for 3-(fertbutyl)-1-(a-picolyl)-imidazolium

bromide hydrate, compound (2.1).

(2.2) 3-(mesityl)-1-(a-picolyl) imidazolium bromide
This was prepared following the general method (i) from 2-(bromomethyl)-

pyridine hydrogen bromide (3.0g, 12.0mmol), which was neutralised with aqueous sodium

carbonate and extracted into diethyl ether at 0°C (3 x 40ml). Stirring 1-mesityl-imidazole

(2.2g, 12.0mmol) in methanol (80ml) for 12 hours at room temperature gave the product as

a white solid.

Yield 70%. Mp: 210°C (decomp.).

MS (ES): m/z 278.1 (M)".

on(CDCls) 2.0 (6H, s, mesityl CHs), 2.3 (3H, s, mesityl CH3), 6.1 (2H, s, CH>), 7.0
(2H, s, mesityl A), 7.1 (1H, d, 5-imidazolium H), 7.3 (1H, m, 5-picolyl A), 7.8 (1H, t,
4-picolyl H), 8.0 (1H, d, 3-picolyl H), 8.0 (1H, d, 4-imidazolium H), 8.5 (1H, d, 6-picolyl

H), 10.3 (1H, s, 2-imidazolium H).

(Found: C, 57.42; H, 5.42; N, 11.03. C1gH»BrN;O calculated: C, 57.45; H, 5.89;

N, 11.17%).
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Figure 2.13. 3~(mesityl)-1-(2-pyridyl) imidazolium bromide, compound (2.3).

(2.3) 3-(mesityl)-1-(2-pyridyl) imidazolium bromide

This was prepared following the general method (ii) from 2-bromopyridine (2.2g,
7.8mmol) and 1-mesityl-imidazole (1.8g, 10.0mmol) by heating 140°C for 48 hours. The
product was obtained as a white solid (£ z'gurer 2.13).

Yield 85%. Mp: 250°C (decomp).

MS (ES): m/z 264 (M)".

ou(CDCI3) 2.1 (6H, s, mesityl CHs), 2.3 (3H, s, mesityl CHz), 7.0 (2H, s, mesityl
H), 7.3 (1H, d, 5-imidazolium H), 7.4 (1H, m, 5-pyridyl H), 8.0 (1H, t, 4-pyridyl H), 8.5
(1H, d, 3-pyridyl H), 8.9 (1H, d, 4-imidazolium H), 9.1 (1H, d, 6-pyridyl H), 11.2 (1H, s,
2-imidazolium H).

(Found: C, 55.99; H, 5.98; N, 11.35. C;7H;3BrN3(H,0) calculated: C, 56.36; H,
5.56; N, 11.60%).

(2.4) 3-(mesityl)-1-(a-lutidyl) imidazolium bromide

This was prepared following the general method (i) from 2-(bromomethyl)-6-
methylpyridine hydrogen bromide (3.3g, 13.0mmol), which was neutralised with aqueous
sodium carbonate and extracted into diethyl ether at 0°C (3 x 50ml). Stirring 1-mesityl-
imidazole (2.3g, 13.0mmol) in methanol (100ml) for 12 hours at room temperature gave
the product as a white solid.

Yield: 80%.

MS (ES): m/z 292.3 (M)".

ou(CDCl3) 2.0 (6H, s, mesityl CHs), 2.3 (3H, s, mesityl CHs), 2.4 (3H, s, CHj3), 6.0
(2H, s, CHy), 7.0 (2H, s, mesityl H), 7.1 (1H, d, 5-imidazolium A), 7.1 (1H, m, 4-lutidyl
H), 7.6 (1H, d, 5-lutidyl H), 7.6 (1H, d, 3-lutidyl H), 8.0 (1H, d, 4-imidazolium H), 10.0
(1H, s, 2-imidazolium H).

(Found: C, 61.17; H, 6.14; N, 10.89. C;gH2,N3Br calculated: C, 61.30; H, 5.96; N,
11.29%).
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(2.5) 3-(2,6-diisopropylphenyl)-1-(a-picolyl)-imidazolium bromide

This was prepared following the general method (i) from 2-bromomethyl-pyridine
hydrogen bromide (3.0g, 12.0mmol), which was neutralised with aqueous sodium
carbonate and extracted into diethyl ether at 0°C (3 x 40ml). Stirring 1-(2.6-diisopropyl-
phenyl)-imidazole (2.8g, 12.0mmol) in methanol (80ml) for 12 hours at room temperature
gave the product as a white solid. '

Yield: 3.4 g, 70%. Mp: 220°C (decomp).

MS (ES): m/z 320 (M)".

ou(CDCl3) 1.1, 1.2 [2 x 6H, d, CH(CHs),], 2.3 [2H, septet, CH(CH3),], 6.2 (2H, s,
CH,), 7.1 (1H, s, 5-imidazolium &), 7.3 (2H, d, Pr,Cs/>H), 7.3 (1H, m, 5-picolyl H), 7.5
(1H, t, ‘Pr,CeHoH), 7.8 (1H, t, 4-picolyl H), 8.0 (1H, d, 3-picolyl H), 8.3 (1H, s,
4-imidazolium H), 8.5 (1H, d, 6-picolyl H), 10.1 (1H, s, 2-imidazolium H).

(Found: C, 62.73; H, 6.66; N, 10.45. C;1Hy¢BrNj calculated: C, 63.00; H, 6.55; N,
10.50%).

(2.6) 3-(2,6-diisopropylphenyl)-1-(2-pyridyl)-imidazolium bromide

This was prepared following the general method (ii) from 2-bromopyridine (2.2g,
7.8mmol) and 1-(2,6-diisopropylphenyl)-imidazole (2.2g, 9.8mmol) by heating 140°C for
48 hours. The product was obtained as a white solid.

Yield: 2.26 g, 95%. Mp: > 250°C.

MS (ES): m/z 306 (M)".

ou(CDCls) 1.2, 1.3 [2 x 6H, d, CH(CHs),], 2.4 [2H, septet, CH(CH3),], 7.3 (2H, d,
"Pr,CsH-H), 7.4 (1H, d, 5-imidazolium H), 7.5 (1H, m, 5-pyridyl H), 7.6 (1H, 1,
‘ProCeH H), 8.1 (1H, t, 4-pyridyl H), 8.6 (1H, d, 3-pyridyl H), 9.3 (1H, d, 6-pyridyl H), 9.4
(1H, d, 4-imidazolium ), 10.9 (1H, s, 2-imidazolium H).

(Found: C, 62.15; H, 6.10; N, 10.73. Cy0H,4BrNj; calculated: C, 62.18; H, 6.26; N,
10.88%).

Figure 2.14. 3-(2,6-diisopropylphenyl)-1-(a-lutidyl) imidazolium bromide, compound
2.7).
45



Chapter 2

2.7) 3-(2,6-diisopropylphenyl)-1-(a-lutidyl) imidazolium bromide

This was prepared following the general method (i) from 2-(bromomethyl)-6-
methylpyridine hydrogen bromide (3.2g, 12.0mmol), which was neutralised with aqueous
sodium carbonate and extracted into diethyl ether at 0°C (3 x 50ml). Stirring 1-(2,6-
diisopropylphenyl)imidazole (2.8g, 12.0mmol) in methanol (100ml) for 12 hours at room
temperature gave the product as a white solid (# iguré 2.14).

Yield: 75%. Mp: = 230°C (decomp).

MS (ES): m/z 334 (M)".

ou(CDCl3) 1.1, 1.2 [2 x 6H, d, CH(CHs)z], 2.3 [2H, septet, CH(CH3),], 2.5 (3H, s,
CH3), 6.1 (2H, s, CHy), 7.1 (1H, d, 5-imidazolium #), 7.1 (1H, m, 5-lutidyl H), 7.3 (2H, d,
‘PryCsHyH), 7.6 (1H, t, PraCsHyH ), 7.7 (1H, t, 4-lutidyl H), 7.7 (1H, d, 3-lutidyl H), 8.2
(1H, d, 4-imidazolium H), 10.0 (1H, s, 2-imidazolium H).

(Found: C, 63.87; H, 6.33; N, 10.03. C5,H3BrNj3 calculated: C, 63.77; H, 6.81; N,
10.14%).

(2.8) a,a'-bis-[3-(2,6-diisopropylphenyl)-imidazolium]-lutidine dibromide

This was prepared following the general method (i) from 2,6-di(bromomethyl)-
pyridine hydrogen bromide (3.0g, 8.6mmol), which was neutralised with aqueous sodium
carbonate and extracted into diethyl ether at 0°C (3 x 50ml). Stirring 1-(2,6-diisopropyl-
phenyl)-imidazole (2.0g, 8.6mmol) in methanol (100ml) for 12 hours at room temperature
gave the product as a white solid (Figure 2.15).

Yield: 75%. Mp: > 250°C.

MS (ES): m/z 281 (1/2M)".

ou(CDCls) 1.0, 1.1 [2 x 12H, d, CH(CHs)»], 2.2 [4H, septet, CH(CH3),], 6.0 (2H, s,
CH,), 7.2 (4H, d, 'PryCsthH), 7.2 (1H, d, 3,5-picolyl H), 7.3 (1H, s, 5-imidazolium H), 7.5
(2H, t, Pr,CeHaH), 7.7 (1H, 1, 4-picolyl H), 8.6 (1H, s, 4-imidazolium H), 10.5 (1H, s, 2-
imidazolium H).

(Found: C, 61.40; H, 6.18; N, 9.43. C37H47Br,N;5 calculated: C, 61.58; H, 6.56; N,
9.71%).
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Figure 2.15. Connectivity and numbering order of the imidazolium and pyridine rings for

the salts (2.8) and (2.9). R = 2,6-diisopropylphenyl.

(2.9) 2,6-bis-[3-(2,6-diisopropylphenyl)-imidazolium]-pyridine dibromide

This was prepared following the general method (ii) from 2,6-dibromopyridine
(2.0g, 8.4mmol) and 1-(2,6-diisopropylphenyl)-imidazole (4.7g, 21.1mmol) by heating
140°C for 48 hours. The product was obtained as a white solid (Figure 2.15).

Yield: 95%. Mp: > 250°C.

MS (ES): m/z 267 (1/2M)".

ou(CDCly) 1.1, 1.2 [2 x 12H, d, CH(CHs)z], 2.4 [4H, septet, CH(CHa3),], 7.3 (4H, d,
Pr,CeHoH), 7.3 (1H, s, 5-imidazolium H), 7.5 (2H, t, Pr,CsHyH), 8.1 (1H, t, 4-pyridyl /),
9.1 (1H, d, 3,5-pyridyl H), 9.9 (1H, s, 4-imidazolium H), 12.0 (1H, s, 2-imidazolium H).

(Found: C, 60.99; H, 6.37; N, 9.68. C35Ha3BryNs calculated: C, 60.61; H, 6.25; N,
10.10%).

Figure 2.16. 1-[3~(2,6-diisopropylphenyl)-imidazolium|-1-methylether-methane bromide,

compound (2.10).
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(2.10) 1-[3-(2,6-diisopropylphenyl)-imidazolium]-1-methylether-methane bromide

This was prepared following the general method (iii) from 1-methylether-1-bromo-
methane (1.0g, 8.0mmol) and 3-(2,6-diisopropylphenyl)-imidazole (2.7g, 12.0mmol) in
dioxane (80ml) by heating at 90°C for 8 hours. The product was obtained in quantitative
vields as a white solid (Figure 2.16).

MS (ES): m/z 273 (M)".

ou(CDCl3) 1.1, 1.2 [2 x 6H, d, CH(CHs),], 2.3 [2H, septet, CH(CH3)], 3.6 (3H, s,
CHs), 6.2 (2H, s, CH,), 7.2 (1H, d, 5-imidazolium ), 7.3 (2H, d, ‘Pr,C¢HoH), 7.5 (1H, t,
[PTQCGHzH), 7.9 (1H, d, 4-imidazolium H), 10.8 (1H, s, 2-imidazolium H).

(Found: C, 57.99; H, 6.96; N, 7.89. C;7H250N,Br calculated: C, 57.79; H, 7.13; N,
7.93%).

Figure 2.17. 1,1-bis[3-(2,6-diisopropylphenyl)-imidazolium]-methane dibromide,
compound (2.11).

(2.11) 1,1-bis[3-(2,6-diisopropylphenyl)-imidazolium]-methane dibromide

This was prepared following the general method (iii) from dibromomethane (0.5g,
2.9mmol) and 3-(2,6-diisopropylphenyl)-imidazole (1.6g, 7.1mmol) in xylene (40ml) by
heating at 90°C for 8 hours. The product was obtained in quantitative yields as a white
solid (Figure 2.17).

MS (ES): 235 (1/2M)".

ou(CDCl3) 1.2, 1.3 [2 x 12H, d, CH(CH;)2], 2.2 [4H, septet, CH(CH3),], 7.3 (2H,
br., CH,), 7.3 (4H, d, 'Pr,CsHoH), 7.6 (2H, t, 'Pr,CeHaH), 8.1 (2H, s, S-imidazolium F),
10.0 (2H, s, 4-imidazolium H), 11.4 (2H, s, 2-imidazolium H).

(Found: C, 59.20; H, 6.47; N, 9.02. C3;H4;Br;Ny calculated: C, 59.05; H, 6.71; N,
8.89%).
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Figure 2.18. 1-[3-(2,6-diisopropylphenyl)-imidazolium]-3-bromopropane bromide,
compound (2.12).

(2.12) 3-(y-bromopropyl)-1-[3-(2,6-diisopropylphenyl)-imidazolium| bromide

This was prepared following the general method (iii) from 1,3-dibromopropane (8g,
39.6mmol) and 3-(2,6-diisopropylphenyl)-imidazole (1.0g, 4.4mmol) in dioxane (20ml) by
heating at 90°C for 8 hours. The product was obtained in quantitative yields as a white
solid (Figure 2.18).

MS (ES): 349, 351 (M)".

ou(CDCl) 1.0, 1.1 [2 x 6H, d, CH(CHx).], 1.2 (2H, d, CH,), 2.2 [2H, septet,
CH(CHs),], 3.5 2H, t, CH,), 4.9 (2H, t, CH»), 7.2 (1H, s, S-imidazolium H), 7.3 (2H, d,
"Pr,CeHLH), 7.5 (1H, t, Pr,CeHyH), 8.4 (1H, s, 4-imidazolium ), 10.3 (1H, s,
2-imidazolium H).

(Found: C, 50.03; H, 5.89; N, 6.78. C;sH2¢Br:Ns calculated: C, 50.25; H, 6.09; N,
6.51%).

o\\S //o
0/ \O

\_/

Figure 2.19. Ethylene glycol cyclic sulphate.

(2.13) Ethylene glycol cyclic sulphate

Synthesised by following a similar procedure to that described by Sharpless et al.>
Thionyl chloride (8.8ml, 120mmol) was added drop-wise to a solution of ethylene glycol
(6.2g, 100mmol) in tetrachloromethane (100ml), and the resulting solution was refluxed
for 1.5 hours. The solution was then cooled to 0°C and diluted with acetonitrile (100ml).
Ruthenium trichloride trihydrate (0.016g, 0.06mmol) and sodium periodate (32g,

150mmol) were added followed by water (150ml). The resulting orange mixture was
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stirred at room temperature for 2 hours. The mixture was then diluted with diethyl ether
(400ml) and the two phases were seperated. The organic layer was washed with 10ml of
water and 10ml of saturated sodium carbonate. After drying over magnesium sulphate, the
solution was filtered and the volatiles removed under vacuum. The product was obtained as
a white solid and used without further purification (Figure 2.19).

J1(CDCls) 3.5 (br., CHy). ’

(2.14) Di-tertbutylphosphine borane complex

Synthesised by following a procedure similar to that described by Livinghouse ef
al.*® for diphenylphosphine borane complex.

The manipulations were carried out under nitrogen. Borane methyl sulphide
(16.3ml of a 2 molar solution, 15mmol) was added drop-wise to solution of di-fers-
butylphosphine (1.8ml, 10mmol) in THF (20ml) at 0°C and stirred at room temperature for
2 hours. The volatiles were removed under vacuum and the resulting solid was washed

with petrol (2 x 30ml). The product was obtained as a white solid and used without further

purification.

(2.15) Synthesis of 1-sulphato-2-(phosphineborane)-ethane lithium salt

Synthesised by modification of the procedure described by Werner et al’’

A 2.45M solution of #BulLi in hexane (4.0ml, 10mmol) was added to a solution of
the corresponding phosphine borane complex (10mmol) in THF (100ml) at -78°C. The
mixture became yellow on warming. After stirring at room temperature for 30 min, the
resulting solution was then added drop-wise at -78°C to a solution of (2.13) (10mmol) in
THF (40ml). After the reaction was complete the colourless reaction was warmed to room
temperature and after stirring for a further 30 min, the volatiles were removed under
vacuum, the resulting solid was washed with petrol (2 x 20ml) and was used without
further purification.

ou(CDCly) 1.3 [18H, br., C(CHs)s], 2.2 (2H, br., CHy), 4.0 (2H, br., CH,).

op(CDCl3) 40 (br. g).
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N

3
S
2

Figure 2.20. 1-[3-(2,6-diisopropylphenyl)-imidazolium]-2-[di(tertbutyl)phosphine-

borane]ethane sulphate, compound (2.16).

(2.16) 1-|3-(2,6-diisopropylphenyl)-imidazolium|-2-[di(fertbutyl)phosphine-
borane]ethane sulphate

This was prepared following the general method (iv) from 1-sulphato-2-(di(fert-
butyl)phosphineborane)ethane lithium salt (2g, 4.2mmol) and 3-(2,6-diisopropylphenyl)-
imidazole (2.7g, 12mmol) in ethanol (60ml) by stirring at room temperature for 12 hours .
After completion, the volatiles were removed under vacuum with gentle warming to
remove the last traces of ethanol. To the resulting solid, diethyl ether was added and the
suspension was cooled at -40°C for 12 hours. Finally, the product was isolated by filtration
and dried under vacuum to give a white solid (Figure 2.20).

Yield = 70%

MS (ES): m/z 419 (M - BH;)".

on(CDs0D) 1.2 [12H, d, CH(CHs),], 1.4 [18H, d, C(CHs)3], 2.2 RH, m, CH>), 2.3
[2H, septet, CH(CH3),], 4.2 (2H, m, CH,), 7.2 (1H, s, 5-imidazolium H), 7.3 (2H, d,
"PryCsH,H), 7.5 (1H, t, ProCeHaH), 7.7 (1H, s, 4-imidazolium H).

dc(CD;0D) 22 (d, CHy), 27 [CH(CH3)2], 30 [C(CHs)s], 32 [CH(CHa),]. 36 [d,
C(CHs)s], 69 (d, CH>), 126 (4-imidazolium C),132 (5-imidazolium C), 128, 134, 136, 142
(Pr',CsHs), 150 (2-imidazolium C).

os(CDCls) -40 (br. d).

op(CDCly) 43 (br. q).

(Found: C, 62.32; H, 9.31; N, 6.78. C44H73B2N4O4P,S calculated: C, 62.71; H,
9.33; N, 6.65%). "
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(2.17) 1-[3-(2,6-diisopropylphenyl)-imidazolium]-2-[di(fertbutyl)phosphine]ethane
sulphate

The manipulations were carried out under nitrogen. Tetrafluoroboric acid
dimethylether complex (0.16g, 0.97mmol) was added drop wise to a dichloromethane
(20ml) solution of 1-[3-(2,6-diisopropylphenyl)-imidazolium]-2-[di(zertbutyl)phosphine-
borane]ethane sulphate (0.1g, 0.19mmol) at -15°C and stirred at room temperature 2 hours.
The resulting solution was neutralised with a THF solution saturated with ammonia.
Ammonia was bubbled through the reaction for 20mins, the solution was filtered, and the
volatiles were removed under vacuum. The resulting solid was washed with ice-cold petrol
(10ml) and used with out further purification.

MS (ES): m/z 419 (M), 435 (M + O)".

ou(CD,Cly) peaks including 1.1 [18H, d, C(CHs)s], 1.1 [12H, d, CH(CHs)s], 1.6
(2H, m, CH>), 2.3 [2H, septet, CH(CHz),], 3.8 (2H, m, CH>), 7.2 (1H, s, 5-imidazolium H),
7.3 (2H, d, 'Pr,CsHaH), 7.5 (1H, t, PryCeHaH), 7.7 (1H, s, 4-imidazolium H).

op(CD2Cly) 19.

(2.18) 1-[3-(2,6-diisopropylphenyl)-imidazolium|-2-[di(zertbutyl)phosphinoxide]
ethane sulphate

A diethyl ether solution of 1-[3-(2,6-diisopropylphenyl)-imidazolium]-2-[di(zert-
butyl)phosphine]ethane sulphate was exposed to air and the volatiles removed under
vacuum. The solid was kept under air for 12h at room temperature. The solid was washed
twice with diethyl ether to obtain an oily solid.

MS (ES): m/z 435 (M)".

ou(CDCly) 0.8 (2H, m, CH»), 1.1 [18H, d, C(CHs)s], 1.2 [12H, d, CH(CH5)2], 2.3
[2H, septet, CH(CH3),], 4.0 2H, m, CH,), 6.9 (1H, s, 5-imidazolium H), 7.2 (2H, d,
"PryCsHoH), 7.3 (1H, t, PryCsHaH), 7.4 (1H, s, 4-imidazolium H).

op(CDCl3) 65.

(2.19) 3-(tertbutyl)-1-allyl-imidazolium bromide

A solution of 3-(fertbutyl)-imidazole (2.0g, 1.6mmol) and allyl bromide (4.9g,
4.0mmol) in dioxane (25ml) was heated at 90°C for 2 hours in a thick walled Schlenk tube
equipped with a PTFE stopcock. A small quantity of acetone was added to the biphasic

system to crystallise the oil. The solvent was decanted off to leave a white crystalline

solid, which was dried under vacuum.
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Yield = 80%. Mp: 86°C.
MS (ES): m/z 165 (M)

(2.20) 1-[3-(tertbutyl) imidazolium]-3-diphenylphosphine-propane bromide

A solution of 3-(terrbutyl)-1-allyl-imidazolium bromide (1g, 0.4mmol), HPPh,
(3.5ml, 2mmol) and a small quantity of 1,1’-azobis(cyclohexane carbonitrile) was heated at
100°C for 12 hours. After stirring for the first two hours, another small quantity of 1,1°-
azobis(cyclohexane carbonitrile) was added. The biphasic system was then allowed to
cool to room temperature, washed with petrol (20ml) and diethyl ether (20ml). The lower
phase was dried under vacuum and dissolved in THF. White crystals were obtained on
cooling the THF.

Mp: 110°C.

MS (ES): m/z 351 (M)".

ou(D20) peaks including 1.4 [9H, s, C(CHs)3], 1.7 (2H, m, CH,), 1.9 (2H, m, CH,),
4.0 2H, t, CHy), 7.0-7.1 (10H, br. m, phenyl H), 7.4 (1H, m, 5-imidazolium #), 7.5 (1H,
m, 4-imidazolium H), 8.7 (1H, s, 2-imidazolium /).

op(D-0) -17.

(2.21) 3-isopropyl-1-vinyl-imidazolium iodide

A mixture of 1-vinyl-imidazole (2.0g, 2.1mmol) and isopropyl iodide (7.2g,
4.3mmol) was heated at 90°C in a thick walled Schlenk tube equipped with a PTFE
stopcock for 2 hours. The mixture was allowed to cool to room temperature and the
mixture was washed with diethyl ether (2x30ml). The residue was dissolved into
dichloromethane, filtered and the solvent evaporated to leave a yellow solid.

MS (ES): m/z 136.9 (M)".

ou(D,0) 1.0 [6H, d, CH(CH}3)2], 4.1 (1H, m, CH(CH3),), 4.8 (1H, dd, CH=CH,),
5.2 (1H, dd, CH=CH,), 6.5 (1H, m, CH=CHy), 7.1, 7.2 (1H, m, 4,5-imidazolium H), 8.5

(1H, s, 2-imidazolium H).

\\\\\\\
¥
\\\\\\\

Lo L RPN
N\: /N/\ Radical initiator N\/ /N/\/Pphz

Scheme 2.7. The hydrophosphination of (2.21) to synthesise (2.22).
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(2.22) 1-(3-isopropyl-imidazolium)-2-(diphenylphosphine)-ethane iodide

A mixture of 3-isopropyl-1-vinyl-imidazolium iodide (2.0g, 1.2mol), HPPh,
(4.2ml, 2.4mol) and a small quantity of 1,1’-azobis(cyclohexane carbonitrile) was heated at
105°C for 12 hours. After stirring for the first two hours, another small quantity of 1,1’-
azobis(cyclohexane carbonitrile) was added. The mixture was then allowed to cool to
room temperature, washed with diethyl ether (2 x 20ml) and THF (20ml). The white
sticky solid was left under vacuum for 2 hours (Scheme 2.7).

MS (ES): m/z 323 (M)".

op(D20) -20.

2.9 Attempted deprotonation of imidazolium compounds

2.9.1. Attempted deprotonation of 3-(tertbutyl)-1-(a-picolyl)imidazelium

1.1 equivalent of lithium diisopropylamide (0.19mmol) in THF (30ml) was added
to a stirred suspension of anhydrous 3-(tertbutyl)-1-(a-picolyl) imidazolium bromide
(0.05g, 0.18mmol) at —-78°C. The solution was allowed to slowly warm to room
temperature; the analysis was performed at this stage. The solvent was removed in vacuo
from the orange/red solution. The resulting solid was extracted into toluene, filtered and
the solvent was removed under vacuum, leaving a red solid.

MS (EI): 215 (M) .

on(CeDs) 1.4 [9H, s, C(CHs)s], 5.2 (2H, s, CH,), 6.4 (1H, m, 5-picolyl H), 6.4 (1H,
m, S-imidazolium H), 6.5 (1H, s, 4-imidazolium H), 6.7 (1H, s, 4-picolyl H), 6.8 (1H, br.,
3-picolyl H), 8.8 (1H, br., 6-picolyl H).

on(NCsDs) 1.5 [9H, br., C(CH3)s], 5.4 (2H, br, CH,), 6.9 (1H, br., 5-picolyl H), 7.2
(1H, br., 5-imidazolium #), 7.2 (1H, br., 4-imidazolium ), 7.2 (1H, br., 4-picolyl H), 7.4
(1H, br., 3-picolyl H), 8.6 (1H, br., 6-picolyl H).

oc(NCsDs) 30 [C(CHs)s], 56 [C(CHs)s], 68 (CH»), 117 (4-imidazolium C), 120 (5-
imidazolium C), 122 (5-picolyl C), 123 (3-picolyl C), 137 (4-picolyl (), 152 (2-picolyl C),
159 (6-picolyl O).
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Chapter 3
N-Heterocyclic Carbene Complexes of Silver (I) and Copper (I)

3.1 Introduction

There 1s an enormous amount of interest in the use of Arduengo type carbenes as
ligands on transition metals.? The thermodynamic stability of the resulting complexes,
and the variety of opportunities for ligand design, promise the discovery of new metal
compounds with applications in catalysis.

Silver N-heterocyclic carbene complexes are well known and some of them are
structurally characterised.”* However, the compounds described in this chapter are the first
reported structurally characterised examples with mixed donor carbene ligands.

The only previously known copper (I) carbene complex is the homoleptic {Cu(1,3-
dimesityl-imidazol-2-ylidene),]” CF3SOj3", reported by Arduengo et al .} prepared by
interaction of the free 1,3-dimesityl-imidazol-2-ylidene with [Cu(CF3S03)-'/,C¢Hg] in
THEFE. However, this complex was not structurally characterised. In this chapter are

described the first reported structurally characterised copper (I) N-heterocyclic carbene

complexes.’

RESULTS AND DISCUSSION

3.2 Synthesis of functionalised carbene complexes of silver (I)

The silver carbene complexes described in this Chapter were prepared by the
adaptation of a method developed by Lin ef al 2 This route, to the silver complexes,
involves the interaction of the imidazolium salts with Ag,0O or Ag,CO;. However, with the
imidazolium salts described in chapter 2, much harsher conditions and longer reaction time

were required to produce the silver complexes in good yields. The following findings were

made.

i) Most imidazolium salts can be converted into their corresponding silver salts by
refluxing them in dichloromethane for up to two days in the presence of Ag,O
(Scheme 3.1).

i) Product yields are improved by addition of activated 4A molecular sieves to the

reaction.
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Br . B
N= Ag20 )\r
g ==
R\Q/\N N\ / Dichloromethane / A J\ N /
> R
o/ -H,O N~ NN
: o/

Scheme 3.1. Synthesis of silver carbene complexes.

iii) Ag>COs can be used instead of Ag,O although the reaction times are usually
longer.

iv) With the relatively unreactive bulky imidazolium salts, for example (2.8) and (2.9),
the reactions take place only in refluxing 1,2-dichloroethane over a four or five day
period,® where as with all of the other imidazolium salts the reactions proceed

much faster in refluxing 1,2-dichloroethane (Scheme 3.2).

Br Br Cl ¢i

/Fa AgQO

R\+ R\ A/g A\\g /R
\\ + Il\) 1,2-Dichloroethane / A \)
\_-N N/ > NN NN /
-H,0 \‘(
F

19

Scheme 3.2. Reaction of imidazolium salt (2.8) with silver oxide.®

V) However, under these harsher conditions (refluxing 1,2-dichloroethane), substantial
exchange of bromide for chloride is observed, requiring longer reaction times to
get complete conversion to the chloride (avoiding a mixture of halide anions). (See
chemical analysis of compound (3.6)).

vi) When complexes (3.2) and (3.3) were synthesised in refluxing 1,2-dichloroethane,
the formation of by-products was increased (see below).

vil)  The preparation of silver (I) carbene complexes from silver halides, base and
imidazolium salts under phase transfer catalysis as reported by Lin was not

achieved.’
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Figure 3.1. Silver complexes synthesised.

3.3 Characterisation of silver carbene complexes

A variety of analytical and spectroscopic techniques were used to identify the silver

carbene complexes (Figure 3.1). These have at times appeared to be contradictory but

when viewed together demonstrate some subtle characteristics of these silver complexes.

Compounds (3.1)-(3.6) contain carbene ligands functionalised with pyridine type moieties;

compound (3.7) contains a carbene ligand functionalised with a methoxy group; compound

(3.8) contains a bidentate carbene ligand; and compound (3.9) contains a carbene ligand

functionalised with a phosphine borane group.
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3.3.1. Electrospray mass spectrometry

Electrospray mass spectrometry in acetonitrile solution was useful in identifying
the formation of the silver complexes, with either a peak corresponding to [Ag(ligand),]”
or [Ag(ligand)MeCN]". However, the technique was of low diagnostic value for structure
elucidation; as under the sampling conditions employed [Ag(ligand)Br] converted to
[Ag(ligand),]". This was demonstrated by sampling from a solution made from a crystal of
(3.2), which by X-ray diffraction was shown to be [Ag(ligand)Br]; the molecular ion
observed in the spectra corresponded to [Ag(ligand),]". Although this showed that reliable
structural information could not be obtained from the mass spectra in acetonitrile, it also
demonstrated the lability of the siiver carbene bond and suggested that silver carbene
complexes could act as good transfer reagents for the ligands.

Chemical analysis could be only used to confirm the stoichiometry, which is the

same for different coordination isomers, and could not complement mass spectrometry in

structural elucidation.

3.3.2. NMR spectroscopy
The two most characteristic peaks in the 'H and C{H} NMR spectra, used to
identify the formation of the silver carbene complexes are:

i) A weak peak downfield of 165ppm in the *C{H} NMR spectra which can be
assigned to the carbene carbon (observed in these complexes between 174 and 179
ppm);

i) The absence of the downfield peak usually observed between 10 and 12 ppm in the
'H NMR spectra (assigned to the proton in the 2-position of the imidazolium ring).
Other peaks in the 'H NMR spectra are less characteristic of the formation of the

silver complexes, as their chemical shifts remained most unchanged from the imidazolium

salts. However, one of the major changes in chemical shift between the imidazolium salts
and their silver complexes is of the peak assigned to the protons in the 4,5-positions on the
imidazol-2-ylidene ring, with an up-field shift of 1-2 ppm, The difference in shift of the
protons in the 5-position is negligible.

The peaks assigned to the protons on the pyridyl ring in the '"H NMR spectra lose
their diagnostic value, with almost no difference in shift between the different silver
complexes. The chemical shift of the protons on the methyl of the lutidyl group (see

experimental, compounds (3.4) and (3.6)) also is almost unaffected by the coordination to

silver.
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The 'H and " C{H} NMR spectra of compounds (3.7)-(3.9) were as expected and
similar to their corresponding imidazolium salts. However, the BC{H} NMR spectrum of
compound (3.8) was not characterisable; it is suggested that this is due to the compound
being isolated as a mix of oligomers. Compound (3.9) was also characterised by its 31P{H}
NMR spectrum, which contained a broad peak at 41 ppm assigned to the phosphine borane
complex, and its ''B{H} NMR spectrum, which contained a broad peak at -39 ppm.

3.3.3. X-ray diffraction studies

X-Ray diffraction quality crystals of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl)
imidazol-2-ylidene] silver bromide (3.2) were obtained by layering a dichloromethane
solution with diethyl ether.

X-Ray diffraction quality crystals of [3-(2,6-diisopropylphenyl)-1-(a-picolyl)
imidazol-2-ylidene] silver bromide (3.3) were obtained by cooling a saturated solution of
THF and diethyl ether to 4°C.

X-Ray diffraction quality crystals of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]
silver bromide (3.5) were obtained by cooling a saturated solution of dichloromethane and

petrol to 4°C.

. B

~-
7 ‘““‘\ 9]
\ LB "
A7 By
=N

07 mmamna 1 O

Figure 3.2. X-ray crystal structure of [3-(2,6-diisopropylpheny!)-1-(2-pyridyl) imidazol-2-
ylidene] silver bromide (3.2).

The single crystal X-ray structure of (3.2) comprises a silver atom coordinated by a
bromide, and a carbene in a linear geometry (Figure 3.2). The silver-carbene bond length
is 2.07A, in the range of a single bond, which is similar to the complexes reported by Lin
et al.’ and Arduengo et al.* There are no close contacts to the pyridyl nitrogen and, the

bond lengths and angles of the ligand are similar to that of the imidazolium salt (2.1).
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Carbene-silver bond (A)

Compound (3.2) 2.074(7)

Compound (3.3) | 2.069(5) and 2.074(3)

Compound (3.5) 2.070(18)
Table 3.1. Carbene-silver bond lengths for compounds (3.2), (3.3) and (3.5).

In contrast, (3.3) comprises a silver atom coordinated by two carbenes in a linear
geometry (Figure 3.3). In addition, a second silver atom coordinated by two bromides and
one pyridine group in a trigonal geometry. The silver-carbene bond lengths in both
structures are similar (Table 3.1). The rotational twist angle between the two planes
defined by the carbene rings is 33.5°. The bond lengths and angles of the carbene rings
remain relatively unchanged to those of the imidazolium salt (2.1). In combination with the
metal-carbon single bond length, this demonstrates that no significant back bonding from

the silver to the carbene atom exists. The molecule adopts a conformation that keeps the

picolyl rings away from each other.

Figure 3.3. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-2-

vlidene] silver bromide, compound (3.3).

In addition, the structure of (3.5) was also solved, although twinned crystals were
reproducibly obtained, which prevented the data to be refined to a suitable level (Figure
63
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3.4). However, the connectivity of the molecule can be deduced unequivocally. An
approximate carbene-silver bond length is shown in Table 3.1. The structure of the centro-
symmetric dimer comprises two silver atoms bridged by bromides and two carbene
ligands, one bound to each silver atom through the carbene end. The ligands are
monodentate with no close contacts to the pyridyl nitrogen. The C-Ag-Br angle is only
slightly bent away from linear. The geometry of the ring made up by the bridging bromides
and the two silver atoms is thombic with an silver-silver distance of 3.34 A, indicating a

weak metal-metal interaction. Why (3.3), (3.2) and (3.5) adopt different solid state

structures is not clear.

Figure 3.4. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] silver

bromide, compound (3.5).

3.3.4. Variable concentration and temperature "H NMR spectroscopy

Detailed NMR studies of (3.3) and (3.2) show many interesting features. The 'H
NMR spectra at room temperature of both (3.3) and (3.2) consists of very broad peaks.
However, the appearance of the spectra is dependent on the concentration of the sample.
When the solutions are diluted, the spectra show considerable sharpening of the peaks.
This sharpening is probably due to the change, on dilution, of the intermolecular
interactions in solution. Furthermore, the appearance of these spectra is temperature-
dependent. An increase in temperature results in the sharpening of the peaks, which is

believed to be due to increasing rate of rotation of the isopropyl groups.
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3.3.5. Coordination isomers

When compounds (3.3) and (3.2) were prepared (as described in the experimental)
pure solids were obtained, which had clean 'H NMR spectra. However, when the
complexes (3.3) and (3.2) were synthesised in refluxing 1,2-dichloroethane by-products
were formed, as shown by NMR spectroscopy. Separation of these by-products from
compounds (3.3) and (3.2) was not achieved. The "H NMR spectra of these impure
mixtures each contain two sets of peaks, each assignable to a carbene complex (Figure
3.5). It was concluded that these peaks arise from the two different isostoichiometric silver
carbene complexes for each of these mixtures. These coordination isomers of the

compounds (3.3) and (3.2) are rationalised for the following reasons:

s s
D LN s

40 35 30 25 2.0 1.3

835 80
- solvent Isopropyl CHj
6-picolyl Isopropyl CH
CH, | .
o

et v e, T .I\ [

M}b'N — },4 oy ‘7A ‘70 T 74‘5(‘)‘ T e 5:4 S ”'”""2‘“;" S ”";-“3« e -

tppry (pom) topm) (pom) (opm)

Figure 3.5. "H NMR spectrum (-30°C, CD,CL,) of a sample of compound (3.3), showing
two sets of peaks.

1) In both cases, the major set of peaks was identical to those obtained by the low
temperature preparations, described in the experimental.
i) The peaks associated with the minor coordination isomer have the same

appearance as the dominant peaks (slightly shifted).

iii) No interconversion was observed between the sets of peaks in the NMR time scale,
over the temperature range -80 to +50°C for (3.3) and -80 to —~10°C for (3.2).

iv) The analytical data of the mixtures resulted in identical stoichiometry to that of the

pure compounds.
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The crystals of (3.3) and (3.2) that were used for X-ray diffraction studies were
grown from solutions containing only one species. The crystal structures show that the
isolated compound (3.3) is [Ag(ligand),AgBr,] and compound (3.2) is [Ag(ligand)Br].

Therefore, it was deduced that the duplicate peaks are related to the coordination
isomers [Ag(ligand)Br], in the case of (3.3), and [Ag(ligand);AgBr;], in the case of (3.2).
As X-ray diffraction is the only sure way of identitying the coordination geometry around

the silver atoms, the type of coordination isomers that are isolated for compounds (3.4),

(3.6), (3.7). (3.8) and (3.9) was not identified.

Figure 3.6. Coordination isomers of compound (3.3).

The pyridyl carbene ligand in (3.2) is bulkier and more rotationally rigid (no
methylene bridge) than the analogous picolyl carbene ligand in (3.3). This difference in
bulk is possibly why compounds (3.3) and (3.2) adopt different structures at low
temperatures. The introduction of a second ligand to the silver in compound (3.2) would
increase unfavourable steric inter-ligand interactions. However, these steric interaction do
not appear to prevent the formation of [Ag(ligand),AgBr,| when the compound is prepared
at higher temperatures. Therefore, it can be concluded that, the structural differences in

compounds (3.3) and (3.2) cause them to follow different reaction mechanisms in their low

temperature syntheses.

3.4 N-functionalised Carbene Complexes of Copper (1), (3.10), (3.11)
and (3.12)

Similar to the analogous silver complexes, the copper complexes (Figure 3.7) were
prepared by the interaction of the imidazolium salts with Cu,O. The reactions were carried

out in chlorinated solvents in the presence of 4A molecular sieves to give good yields of
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the copper (I) complexes (Scheme 3.3). Using refluxing 1,2-dichloroethane rather than
refluxing dichloromethane speeds up the reaction but does not appear to effect the purity or

yields. The copper complexes are air sensitive white solids.

CUZO

N=" :

+ /\N N / Dichloromethane / A>
-H,O

Scheme 3.3. Synthesis of compound (3.12).

Their identification proved to be difficult by spectroscopic methods. However, the
products stoichiometries were deduced by analytical methods, which supports the
formulation of compounds (3.10), (3.11) and (3.12) as having a ratio of one bromide to one

copper to one ligand.

~N - q
=~ N N
N ; g

Br—C Cu—Br e ~<N
r—Cu----Lu— u
/A \ s N]
N T
N® N z \
\—/ e
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(3.10) (a) (3.10) (b) (3.11)
B A\ A\
r‘ N N
Cu 7/ T
/( \N “““ Ca,  » | a  Cu---- Cu
N—¢ \ | >S50,
== N N CF;
. U
(3.12) (3.13) (3.14)

Figure 3.7. Copper complexes synthesised.
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3.4.1. NMR spectroscopy
The "H NMR spectrum of compound (3.10) shows broad peaks at 2.1 and 2.3 ppm

assignable to the methyls of the mesityl group. Very broad peaks were observed at 5.5 ppm
(assigned to the bridging protons), 6.9 ppm (assigned to the aromatic protons on the
mesityl ring), and the protons on the pyridine and imidazol-2-ylidene rings gave rise to
broad bands between 6.2 and 8.6 ppm.

The 'H NMR spectrum of compounds (3.11) shows two doublets at 1.1 and 1.2
ppm assignable to the diastereotopic methyls of the isopropyl groups (which delocalise at
-70°C). Broad peaks were also observed at 2.4 ppm (assigned to the protons of the
secondary isopropyl carbon); 5.5 ppm (assigned to the bridging protons); and between 7.0
and 8.5 ppm assigned to the protons on the pyridyl, imidazol-2-ylidene and phenyl rings.

The 'H NMR spectrum of compound (3.12) shows two doublets at 1.2 and 1.3 ppm
assignable to the diastereotopic methyls of the isopropyl groups (which split further at
-80°C). Broad peaks were also observed at 2.6 ppm (which split at -80°C and are assigned
to the protons of the secondary isopropyl carbon); and between 7.2 and 8.5 ppm assigned
to the protons on the pyridyl, imidazol-2-ylidene and phenyl rings.

NMR spectroscopy proved to be of limited use in identifying these complexes, as
the "H NMR spectra were very broad, and the 13 C{H} NMR were deceptively simple and
unassignable. The chemical shifts for the broad peaks in the 'H NMR spectra were very
similar to that of the analogous silver complexes described previously. The carbene
carbons were not observed in the C{H} NMR spectra for (3.10), (3.11) and (3.12), even
at temperatures above or below ambient, or when using long pulse delays. Variable-
temperature studies from -80 to 60°C in deuterated dichloromethane did not allow any
more information to be extracted, as they remained broad. The peak shapes changed
noticeably at lower temperatures and were concentration dependant, however, they always
remained broad and displayed limited coupling patterns. This is believed to be a

manifestation of fluxional processes. These processes could be linked to:

1) Non-rigidity in the ligand framework when in solution;
i) An equilibrium involving mono, bis or polymeric copper carbene species (Scheme
3.4),
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Scheme 3.4. An equilibrium involving mono, bis or polymeric copper carbene species.

iii) An equilibrium involving the transfer of a carbene ligand from one metal centre to
another, creating a bis-carbene copper complex in solution (similar to the structure

observed for the silver compound (3.3)).

3.4.2. X-ray diffraction studies on compound (3.10)
X-ray diffraction quality crystals of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]
cuprous bromide, compound (3.10) were obtained by slowly cooling a saturated
dichloromethane/ether solution to —30°C, giving (3.10) (a); and from a saturated solution

of deuterated chloroform, giving (3.10) (b).

Figure 3.8. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]

cuprous bromide, compound (3.10) (a).

Compound (3.10) (a) crystallises as a centro-symmetric dimer with the two copper
centres being bridged by two ligands (Figure 3.85). Each copper centre is surrounded by

one carbene donor, one pyridine donor (from the other ligand), and one bromide atom as
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well as having a copper-copper distance of 2.655A. The geometry around the copper is

best described as a distorted trigonal pyramid, with a weak metal-metal interaction.

Carbene-copper bond (A)  Nitrogen-copper bond (A)
Compound (3.10) (a) 1.931(2) , 2.029(2)
Compound (3.10) (b) 1.914(4) 2.044(3)
Compound (3.12) 1.880(6) 2.454(5)

Table 3.2. Carbene-copper bond lengths for compounds (3.10) (a), (3.10) (b) and (3.12).

The copper-carbon bond distance of 1.931A is only slightly shorter than that of a
single bond, supporting the accepted view that the carbene moiety is a good o—donor and a
poor n—acceptor. The mesityl and pyridyl rings orientate themselves above one another
with a separation of 3.875A, which is within the range for n-stacking interactions.

The structure of (3.10) (b) is best described as an organometallic coordination
polymer. The chain comprises copper centres, in trigonal geometry, bridged by the ligands

in a stretched-helical conformation (Figure 3.9).

Figure 3.9. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]

cuprous bromide, compound (3.10) (b).
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Each copper atom is bound to the carbene end of one ligand, the pyridine end of
another ligand, and one bromine atom. The copper-carbon bond distance is 1.914A (Table
3.2); all of the bond distances are comparable to those of the dimer (3.10) (a). The mesityl
and pyridyl rings orientate themselves above one another with a separation of 3.713A4,

which is within the range for n-stacking interactions (Figure 3.10).
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Figure 3.10. A section of the polymer chain from the X-ray crystal structure of [3-
(mesityl)-1-(a-picolyl) imidazol-2-ylidene] cuprous bromide, compound (3.10) (b).

3.4.3. X-ray diffraction studies on compound (3.12)

X-ray diffraction quality crystals of (3.12) were obtained by layering a saturated
solution of deuterated chloroform with diethyl ether. Compound (3.12) crystallises as a
monomer, the copper atom is chelated by the ligand and bound to a bromide atom (Figure
3.11). The geometry around the copper centre is T-shaped, with the copper displaced by

0.1359A from the plane defined by the atoms in its coordination sphere.

Bri

Figure 3.11. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-

2-vlidene] cuprous bromide, compound (3.12).
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The chelate ring made up of the ligand and the copper atom is close to planar, with
a bite angle around the copper of 76.5°. The copper-carbon bond distance is 1.880A (7able
3.2), which is comparable to that found in the thiazol-2-ylidene complexes.7 The bond
distance is shorter than that of (3.10) (a) and (b), but longer than that of the theoretically
predicted value of 1 848A.% In compound (3.12) the conforrhation imposed by the ligand
backbone as well as the increase in electron density on the metal may favour a small
amount of metal-carbene back bonding, shortening the copper-carbene bond. The copper-
nitrogen bond length of 2.454A is longer that those in (3.10) (a) and (b), possibly due to

the effect of the tight angles in the chelate ring restricting the access of the nitrogen atom

to the copper.

3.4.4. Structural differences between complexes of (3.10) (a), (3.10) (b) and
(3.12)

Further insight into the identity of the isolated complexes in solution was obtained
by comparing the crystallisation methods utilised, as (3.12) crystallised in a monomeric
structure, (3.10) (a) crystallised in a dimeric structure, and (3.10) (b) crystallised in a
polymeric structure. As the differences in the metrical data (carbon-copper distances for
the complexes are in Table 3.2) of (3.10) (a) and (b) are minimal, 1t is assumed that the
differences in the structures are due to the identity of the complex in solution. It is believed
that the higher concentration of the complex in deuterated chloroform has the result that in
solution the complex exists as higher oligomers, and therefore crystallises out as a chain,
(3.10) (b). The lower concentration of the complex in dichloromethane/ether means that in
solution only the lower oligomers can form, and therefore the complex crystallises out as a
dimer. As the crystals of compound (3.12) were obtained from quite a dilute solution and
the ligand backbone has less conformational flexibility, it is plausible that the complex
crystallised out at a monomer.

The compound (3.12) is the first published example of a structurally characterised

monomeric imidazol-2-ylidene copper complex.’

3.4.5. By-products

When molecular sieves were not used in the synthesis of compound (3.10), lower
yields were observed and by-products were formed. X-ray diffraction quality crystals of
this by-product were obtained by the slow evaporation of a diethyl ether solution. The

quality of the best refinement was good enough to identify the connectivity, but not enough

72



Chapter 3

to extract exact bond lengths and angles. However, the molecule is shown to contain four
copper atoms in a tetrahedral arrangement around a central oxygen atom. Each copper
atom is linked to the others by three bridging bromine atoms. The copper atoms are in
trigonal bi-pyramidal geometries with the three bromides in the equatorial positions. The

axial positions are filled on one end by the central oxygen atom, and on the other by an

imidazole (Figure 3.12).

Figure 3.12. X-ray crystal structure of one of the by-products formed when compound

(3.10) was synthesised in the absence of molecular sieves.

3.5 N-functionalised Carbene Complexes of Copper (I), (3.13) and

(3.14)

Complexes (3.13) and (3.14) were synthesised by the interaction of
[3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] cuprous bromide with the
corresponding thallium salt in acetonitrile or dichloromethane respectively (Scheme 3.3).
The products were obtained in good yields as moderately air sensitive white solids. The

stoichiometries were determined by elemental analysis, showing complete displacement of

the bromide anion.
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Scheme 3.5. Synthesis of compounds (3.13) and (3.14).

3.5.1. NMR spectroscopy

The '"H NMR spectra of the complexes were as broad and uninformative as that of
the corresponding parent complex. The 13C{H} NMR spectra were also deceptively
simple, with characteristic peaks missing.

The "H NMR spectrum of (3.13) shows two doublets at 0.8 and 1.1 ppm assignable
to the diastereotopic methyls of the isopropyl groups. Broad peaks were also observed at
2.1 ppm (assigned to acetonitrile); 2.4 ppm (assigned to the protons of the secondary
isopropyl carbon) and between 7.1 and 8.1 ppm, assigned to the protons on the pyridyl,
imidazol-2-ylidene and phenyl rings.

The '"H NMR spectrum of (3.14) shows two doublets at 0.8 and 1.1 ppm assignable
to the diastereotopic methyls of the isopropyl groups. Broad peaks were also observed at
2.3 ppm (assigned to the protons of the secondary isopropyl carbon); and between 6.9 and

8.0 ppm, assigned to the protons on the pyridyl, imidazol-2-ylidene and phenyl rings.

3.5.2. X-ray diffraction studies on compound (3.13)
X-ray diffraction quality crystals of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl)
imidazol-2-ylidene] cuprous hexafluorophosphate acetonitrile (3.13) were obtained by

layering a saturated dichloromethane solution with petrol.
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Figure 3.13. The dicationic complex from the X-ray crystal structure of [3-(2,6-
diisopropylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] cuprous hexafluorophosphate

acetonitrile, compound (3.13).

Compound (3.13) crystallises as a centro-symmetric dimer with the two copper
centres being bridged by two ligands (Figure 3.13). Each copper centre is bound in a
tetrahedral arrangement by one carbene donor, one pyridyl donor (from the other ligand),

an acetonitrile, and the symmetry equivalent copper atom.

Carbene-copper bond (A)  Nitrogen-copper bond (A)
Compound (3.10) (a) 1.931(2) 2.029(2)
Compound (3.13) 1.933(3) 2.036(2)
Compound (3.14) 1.916(2) 2.023(2)

Table 3.3. Carbene-copper bond lengths for compounds (3.10) (a), (3.13) and (3.14).
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The copper-copper bond distance is 2.487A. The copper-carbon bond distance of
1.93A and the copper-nitrogen (pyridyl) bond distance of 2.04A are similar to those of

compound (3.10) (a) (Table 3.3).

3.5.3. X-ray diffraction studies on compound (3.14)
X-ray diffraction quality crystals of compound (3.14) were obtained by layering a
saturated dichloromethane solution with diethyl ether. Compound (3.14) crystallises as a

centro-symmetric dimer with the two copper centres being bridged by two ligands (Figure

3.14 and Figure 3.15).

\

Figure 3.14. X-ray crystal structure of {3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-
2-ylidene] cuprous triflate, compound (3.14) (2,6-diisopropylphenyl groups removed and
replaced with R for simplicity).

Each copper centre is bound in a tetrahedral arrangement by one carbene donor,
one pyridine donor (from the second ligand), one oxygen atom (from a triflate), and the
symmetry equivalent copper atom. The copper-copper bond distance is 2.521A, which is
slightly longer that that of compound (3.13). The copper-carbon bond distance of 1.92A
and the copper-nitrogen (pyridyl) bond distance of 2.02A are similar to that of compound
(3.13) (Table 3.3). The copper-oxygen bond length of 2.13A is in the range of a normal
copper-oxygen bond.
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Figure 3.15. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-
2-ylidene] cuprous triflate, compound (3.14).

3.6 Conclusions

The N-functionalised silver (I) carbene complexes can easily be prepared, and the
first example of a silver (I) imidazol-2-ylidene complex with a mixed donor N-heterocyclic
carbene ligand has been structurally characterised.

The N-functionalised copper (I) carbene complexes can also easily be prepared, and
the first example of a monomeric copper (I) imidazol-2-ylidene complex has been
structurally characterised.

The copper-carbon and silver-carbon bond lengths in these structures are shorter
than copper-carbon or silver-carbon single bonds and comparable to the bond length
observed in thiazol-2-ylidene complexes.’

Furthermore, by using picolyl-N-functionalised carbene ligands, which exhibit
larger bite angles and increased backbone flexibility, dimeric and polymeric materials were
obtained. The structures observed for the copper complexes demonstrate the versatility of
the functionalised carbene ligands, as they can act as bridging ligands to form oligomers or
polymers and in solution can exist in equilibrium with the monomer. It is hoped that this
design principle (hemilability) could also operate in catalytically active transition metal
complexes. The existence of similar equilibria could give rise to coordinativly unsaturated,
and therefore catalytically more active, species.
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EXPERIMENTAL

3.7 Synthesis of silver (I) complexes
3.7.1. General method:

The manipulations were carried out under nitrogen. In an ampoule, a suspension of
the substituted imidazolium salt, excess of silver oxide or silver carbonate and 4A
molecular sieves in dichloromethane or 1,2-dichloroethane was heated at 35°C or 90°C
respectively for 3-48 hours. After completion, the reaction mixture was filtered, the
volatiles were removed under vacuum and the resulting solid was washed with diethyl
ether and extracted into dichloromethane. Filtration of the solution and evaporation of the
volatiles under vacuum produced white solids.

In most cases, the products obtained at this stage were spectroscopically and
analytically pure. If not, the solids were purified by recrystallisation from a saturated

solution of dichloromethane and diethyl ether.

(3.1) [3-(tertbutyl)-1-(a-picolyl) imidazol-2-ylidene] silver bromide

This was prepared following the general method from 3-(tertbutyl)-1-(a-picolyl)
imidazolium bromide (0.24g, 0.77mmol) and silver oxide (0.16g, 0.58mmol) in
dichloromethane (30ml) by heating at 35°C for 48 hours. The solid obtained was dissolved
in toluene, the solution filtered and the solvent removed under reduced pressure. The
resulting yellow powder was washed with ether and dried under vacuum.

Yield: 0.28g, 90%.

ou(CDClL) 1.6 (9H, s, C(CHs)3), 5.4 (2H, s, CH,), 7.1 (1H, d, 5-imidazol-2-ylidene
H), 7.2 (1H, d, 4-imidazol-2-ylidene H), 7.2 (2H, m, 3,5-picolyl H), 7.6 (1H, dt, 4-picolyl
H), 8.5 (1H, dd, 6-picolyl H).

dc(CDCl3) 32 [C(C H3)s], 54 [C(CH3)3)], 58 (CHy), 119, 120, 122, 123 (picolyl C,
4,5-imidazol-2-ylidene C), 137, 150, 155 (picolyl C), 179 (2-imidazol-2-ylidene C).

(Found: C, 39.02; H, 4.68; N, 10.92. Cy3H;7AgB1rN; calculated: C, 38.74; H, 4.25;
N, 10.43%).

(3.2) [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] silver bromide

This was prepared following the general method from 3-(2,6-diisopropylphenyl)-1-
(2-pyridyl) imidazolium bromide (2.0g, 4.78mmol) and silver carbonate (0.99g, 3.58mmol)
in dichloromethane (80ml) by heating at 35°C for 48 hours. The product was obtained in
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quantitative yields as a white solid. X-ray diffraction quality crystals were obtained by
layering a dichloromethane solution with diethyl ether (Figure 3.16 and Table 3.4).

MS (ES): m/z 455, [Ag(ligand) + MeCN]"; 719, [Ag(ligand),] .

on(CDCl3) 1.0 and 1.3 [2 x 6H, d, CH(CH,)], 2.5 (2H, septet, CH(CH3)z), 6.3(1H,
d, 4-imidazol-2-ylidene H), 7.0 (2H, d, ‘Pr,CsH,H), 7.1 (1H, t, Pr,CeHaH), 7.1 (2H, m,
3,5-pyridyl H), 7.8 (1H, d, 5-imidazol-2-ylidene H), 8.1 (1H, dd, 6-pyridyl H), 8.5 (1H, t,
4-pyridyl H).

dc(CDCl3) 24 [CH(CH3)], 28 [C H(CHy)], 116, 120, 124, 124, 131, 135, 140, 146,
149, 150 (‘"Pro,C¢Hs, pyridyl C, 4,5-imidazol-2-ylidene C), 174 (2-imidazol-2-ylidene C).

(Found: C, 49.35; H, 4.78; N, 8.52. Cy0H3AgBrN; calculated: C, 48.71; H, 4.70;
N, 8.52%).

Figure 3.16. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl)

imidazol-2-ylidene] silver bromide (3.2).

Ag(1)-C(1) 2.074(7) C(7)-C(8) 1.332(11)
Ag(1)-Br(1) 2.4209(9) C(8)-N(3) 1.377(9)
C(6)-N(1) 1.319(8) N(2)-C(1) 1.377(9)
C(6)-NQ2) 1.447(9) N(3)-C(1) 1.359(9)
C(7)-N(2) 1.375(10) N(3)-C(9) 1.451(8)
C(1)-Ag(1)-Br(1) 176.06(17) C(1)-N(3)-C(8) 111.4(5)
N(1)-C(6)-N(2) 113.3(6) C(DNG)-C(9) 124.2(6)
C(8)-C(7)N(2) 105.8(6) N(3)-C(1)-N(2) 102.5(6)
C(7)-C(8)-N(3) 108.1(7) N(3)-C(1)-Ag(1) 126.3(4)
C(7)-N(2)-C(1) 112.2(6) N(2)-C(1)-Ag(1) 130.5(5)
C(6)-N(1)-C(2) 115.6(6)

Table 3.4. Selected bond lengths (A) and angles (°) for compound (3.2).
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(3.3) [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-2-ylidene] silver bromide

This was prepared following the general method from 3-(2,6-diisopropylphenyl)-1-
(a~picolyl) imidazolium bromide (2.0g, 5.17mmol) and silver carbonate (1.06g, 3.88mmol)
in dichloromethane (80ml) by heating at 35°C for 48 hours. The product was obtained in
quantitative yields as a white solid. X-Ray diffraction quality crystals were obtained by
cooling a saturated solution of THF and diethyl ether to 4°C (Figure 3.17 and Table 3.5).

MS (ES): m/z 469, [Ag(ligand)’% MeCN]"; 748, [Ag(ligand),] "

Ju(CDCls) 1.1, 1.2 [2 x 6H, d, CH(CHx)»], 2.4 [2H, septet, CH(CH3),], 5.5 (2H, s,
CH,), 7.0 (1H, d, 4-imidazol-2-ylidene H), 7.2 (2H, d, ‘PryCeHoH), 7.3 (1H, m, 5- picolyl
H), 7.3 (1H, d, 3-picolyl H), 7.4 (1H, d, 5-imidazol-2-ylidene H), 7.5 (1H, t, Pr,CsHoH),
7.8 (1H, dt, 4-picolyl H), 8.6 (1H, d, 6-picolyl H).

0c(CDCls) 24, 25 (CH(C Hz),), 28 (C H(CHs)), 57 (CH,), 122,122, 123, 124, 124,
130, 135, 137, 146, 150, 155 (‘Pr2CsHs, picolyl C, 4,5-imidazol-2-ylidene C), 174
(2-imidazol-2-ylidene C).

(Found: C, 49.33; H, 4.59; N, 8.93. C;31HasAgBrN; calculated: C, 49.73; H, 4.97;
N, 8.28%).

Figure 3.17. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-

2-ylidene] silver bromide, compound (3.3). View along the carbene-silver-carbene bonds.

Ag(1)-C(1) 2.069(5) N(3)-C(11) 1.458(6)
Ag(1)-C(2) 2.074(5) N(6)-C(2) 1.359(7)
Ag(2)-N(1) 2.467(4) N(6)-C(30) 1.388(7)
Ag(2)-Br(1) 2.4909(7) N(6)-C(31) 1.447(7)
Ag(2)-Br(2) 2.5090(8) N(5)-C(2) 1.348(7)
NG)-C(1) 1.339(6) N(5)-C(29) 1.390(7)
N(3)-C(10) 1.370(7) N(5)-C(28) 1.449(7)
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N(2)-C(1)
N(2)-C(9)
N(2)-C(8)
N(1)-C(7)
N)-C(27)

C(1)-Ag(1)-C(2)
N(1)-Ag(2)-Br(1)
N(1)-Ag(2)-Br(2)
Br(1)-Ag(2)-Br(2)
C(1)-N(3)-C(10)
C(D-NQ3)-C(1D)
C(2)-N(6)-C(30)
C(2)-N(6)-C(31)
C(2)-N(5)-C(29)
C(2)-N(5)-C(28)
C(1)-N(2)-C(9)
C(1)-N(2)-C(8)
C(N-N(1)-Ag(2)

1.373(7)
1.383(8)
1.457(7)
1.340(7)
1.327(7)

175.90(19)
108.82(11)
95.80(11)
154.52(3)
113.2(4)
123.1(4)
111.5(4)
123.5(4)
111.3(4)
125.3(4)
111.2(5)
124.2(5)
127.4(3)

C(30)-C(29)
C(8)-C(7)
C(28)-C(27)
C(10)-C(9)

C(29-C(30)-N(6)
N(2)-C(8)-C(7)
N(D-C(7)-C(8)
N(3)-C(1)-N(2)
NE)-C(1)-Ag(1)
N(2)-C(1)-Ag(D)
C(9)-C(10)-N(3)
C(10)-C(9)-N(2)
C(30)-C(29)-N(5)
N(#)-C(27)-C(28)
N(5)-C(2)-N(6)
N(5)-C(2)-Ag()
N(6)-C(2)-Ag(D)

1.348(8)
1.494(8)
1.502(7)
1.338(8)

106.2(4)
114.0(4)
114.1(4)
102.7(4)
132.0(4)
125.4(4)
106.4(5)
106.5(5)
106.8(5)
115.0(4)
104.2(4)
129.3(4)
126.5(4)

Table 3.5. Selected bond lengths (A) and angles (°) for compound (3.3).

(3.9 [3-(2,6-diisopropylphenyl)-1-(a-lutidyl) imidazol-2-ylidene] silver bromide

This was prepared following the general method 3-(2,6-diisopropylphenyl)-1-

(a-lutidyl) imidazolium bromide (1.0g, 2.42mmol) and silver oxide (0.80g, 3.48mmol) in

dichloromethane (50ml) by heating at 35°C for 48 hours. The product was obtained in

quantitative yields as a white solid.

MS (ES): m/z 473, [Ag(ligand) + MeCN]"; 776, [Ag(ligand),]".

n(CDCl3) 1.1, 1.2 [2 x 6H, d, CH(CH3),], 2.4 [2H, septet, CH(CH3),], 2.6 (3H, s,
CHs), 5.5 (2H, s, CH,), 7.0 (1H, d, 5-imidazol-2-ylidene H), 7.1 (1H, d, 5- picolyl H), 7.2
(1H, d, 3-picolyl H), 7.3 (2H, d, 'Pr,CsH,H), 7.4 (1H, d, 4-imidazol-2-ylidene H), 7.5 (1H,
t, ‘PraCeH A, 7.6 (1H, dt, 4-picolyl H).

oc(CDCl3) 24, 25, 25 [(C Hz)], 28 [C H(CH3),], 57 (CHy), 119, 121, 122, 123, 124,
124, 131, 138, 146, 154, 156, ('ProCsHs, picolyl C, 4,5-imidazol-2-ylidene C), 175

(2-imidazol-2-ylidene C).

(Found: C, 50.83; H, 5.49; N, 8.29. CyHy7AgBrN; calculated: C, 50.69; H, 5.22; N,

8.06%).
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(3.5) [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] silver bromide

This was prepared following the general method 3-(mesityl)-1-(a-picolyl)
imidazolium bromide (2.0g, 5.35mmol) and silver carbonate (0.85g, 3.2mmol) in
dichloromethane (80ml) by heating at 35°C for 48 hours. The product was obtained in
quantitative yields as a pale yellow solid. X-ray diffraction quality crystals were obtained
by cooling a saturated solution of dichloromethane and petrol to 4°C (Figure 3.18 and
Table 3.6).

MS (ES): m/z 427, [Ag(ligand)MeCN]; 663, [Ag(ligand),]".

ou(CDCl3) 1.9 (6H, s, CH3), 2.3 (3H, s, CH3), 5.4 (2H, m, CH>), 6.9 (2H, s, mesityl
H), 6.9 (1H, m, 5-picolyl H), 7.2 (1H, d, 5-imidazol-2-ylidene H), 7.3 (1H, d, 4-imidazol-
2-ylidene H), 7.2 (1H, d, 3-picolyl H), 7.7 (1H, dt, 4-picolyl H), 8.6 (1H, d, 6-picolyl H).

dc(CDCly) 18, 21 (CHy), 57 (CHy), 122, 123, 123, 124, 130, 135, 138, 140, 150
(mesityl C, picolyl C, 4,5-imidazol-2-ylidene C), 174 (2-imidazol-2-ylidene C).

(Found: C, 47.70; H, 4.22; N, 8.94. C;3H9AgBrN; calculated: C, 46.48; H, 4.12; N,
9.03%).

Figure 3.18. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] silver

bromide, compound (3.5).

Ag(1)-C(1) 2.070(18) N(3)-C(10) 1.44(2)
Ag(1)-Br(2)#1 2.373(4) N(@)-C(1) 1.3102)
Ag(1)-Br(2) 2.952(4) N(2)-C(8) 1.40(3)
Ag(1)»-Ag(D#1 3.367(6) N(2)-C(7) 1.54(2)
Br(2)-Ag(1)#1 2.373(4) N(1)-C(6) 1.32(2)
N(3)-C(9) 1.43(3) N()-C(2) 1.36(4)
N(3)-C(1) 1.36(2) C(9)-C(8) 1.29(3)
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C(1)-Ag(1)-Br(2)#1 162.5(5)
C(1)-Ag(1)-Br(2) 94.6(5)
Br(2)#1-Ag(1)-Br(2) 102.40(13)
C(1)-Ag(1)-Ag(1)#1 138.0(5)
Ag(1)#1-Br(2)-Ag(1) 77.60(13)
C(9)-N(3)-C(1) 110.0(16)
C(1)-N(3)-C(10) 124.7(15)
C(1)-N(2)-C(8) 112.5(16)
C(1)-N(2)-C(7) 122(2)

C(6)-N()-C(2)
N(2)-C(1)-NG3)
N(@2)-C(1)-Ag(1)
N(3)-C(1)-Ag(1)
C(8)-C(9)-N@3)

C(6)-C(5)-C(4) -

C(6)-C(7)-N(2)
N(1)-C(6)-C(7)
C(9)-C(8)-N(2)

119.0(18)
103.5(16)
128.6(16)
125.7(12)
105(2)

119.2(18)
113.7(17)
115.6(15)
107.3(19)

Table 3.6. Selected bond lengths (A) and angles (°) for compound (3.5).

Compound (3.5) (3.3) (3.2)
Chemical formula CisHipAgBrN;  CpHsoAgBrNg  CogHps AgBriNg
Formula weight 465.14 1014.44 493.19
Crystal system Monoclinic Othorhombic Monoclinic
Space group P2/m P2inb P2i/n
a/A 9.7752(13) 12.7737(1) 10.8837(4)
b/A 16.867(3) 16.5530(1) 16.4154(6)
c/A 10.909(2) 20.1344(2) 11.4127(4)
o/® 90 90.0 90.0
p/e 95.115(12) 90.0 103.155(2)
y/° 90 90.0 90.0
N 1791.5(5) 4257.28(6) 1985.5(2)
z 4 4 4
T/K 293(2) 150 150
wmm'’ 3.358 2.833 3.035
F(000) 920 2032 984
No. Data collected 13805 37682 2801
No. Unique data 3686 8211 2167
Rin 0.2641 0.0660 0.0331
Final R(JF}) for Fo> 20(F,) 0.2056 0.0386 0.0454
Final R(F?) for all data 0.2842 0.0504 0.0519

Table 3.7. Crystallographic parameters for compounds (3.2), (3.3) and (3.5).

(3.6) [3-(mesityl)-1-(a-lutidyl) imidazol-2-ylidene]| silver bromide

This was prepared following the general method 3-(mesityl)-1-(o-lutidyl)

imidazolium bromide (0.3g, 0.8mmol) and silver carbonate (0.16g, 0.8mmol) in

1,2-dichloroethane (30ml) by heating at 90°C for 4 hours. The resulting solid was washed

with cold diethyl ether and dissolved in toluene. The pale yellow solution was filtered and

the solvent removed under vacuum. The product was obtained in quantitative yields as a

pale yellow solid.

MS (ES): m/z 691.2, [Ag(ligand),]".
5u(CDCls) 1.8 (6H, s, mesityl CHs), 2.2 (3H, s, mesityl CH3), 2.4 (3H, s, CH;), 5.3
(2H, m, CHy), 6.8 (2H, s, mesityl /), 6.9 (1H, d, 5-imidazol-2-ylidene H), 6.9 (1H, d, 5-
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picolyl H), 7.0 (1H, d, 3-picolyl H), 7.3 (1H, d, 4-imidazol-2-ylidene H), 7.5 (1H, t, 4-
picolyl H).

dc(CDClL) 18, 21, 25 (CH3), 57 (CHy), 119, 121, 122, 123, 130, 130, 135, 136,
138,140, 155 (mesityl C, picolyl C, 4,5-imidazol-2-ylidene C), 177 (2-imidazol-2-ylidene
O).

(Found: C, 50.77; H, 4.76; N, 9.16. C;gH,1AgN3Br(2/5Cl3/s) calculated: C, 50.43;
H, 4.68; N, 9.29%).

(3.7) {1-[3-(2,6-diisopropylphenyl) imidazol-2-ylidene]-1-methoxy-methane} silver
chloride

This was prepared following the general method 1-[3-(2,6-diisopropylphenyl)
imidazolium]-1-methylether-methane bromide (1.0g, 2.83mmol) and silver oxide (0.97g,
4.25mmol) in 1,2-dichloroethane (60ml) by heating at 90°C for 4 hours. The product was
obtained in quantitative yields as a white solid.

MS (ES): m/z 653.4, [Ag(ligand),]".

ou(CDCl3) 1.1, 1.2 |2 x 6H, d, CH(CHs)s], 2.3 [2H, septet, CH(CHs),], 3.4 (3H, s,
CHs), 5.5 (2H, s, CH,), 7.0 (1H, d, 5-imidazol-2-ylidene H), 7.2 (2H, d, Pr,CsH>H), 7.3
(1H, d, 4-imidazol-2-ylidene H), 7.4 (1H, t, 'ProCsHaH).

dc(CDCly) 24, 25 (C Hs), 28 (C H(CHs)), 57 (CHy), 83 (CH3), 120, 125, 125, 131,
135, 146 ('PraCsHa, 4,5-imidazol-2-ylidene C), 176 (2-imidazol-2-ylidene C).

(Found: C, 48.65; H, 5.55; N, 6.72. C;7H24AgCIN>O calculated: C, 49.12; H, 5.82;
N, 6.74%).

(3.8) {1,1-bis-|3-(2,6-diisopropylphenyl) imidazol-2-ylidene|-methane} disilver
dichloride

This was prepared following the general method 1,1-bis-[3-(2,6-diisopropylphenyl)
imidazolium]-methane dibromide (1.50g, 2.38mmol) and siiver oxide (0.79g, 3.57mmol)
in 1,2-dichloroethane (60ml) by heating at 90°C for 12 hours. The product was obtained in
quantitative yields as a white solid.

ou(CDCl3) 1.0, 1.1 [2 x 12H, d, CH(CHs),], 2.3 [4H, septet, CH(CHs)2], 6.5 (ZH, v.
br., CHy), 6.9 (2H, d, 5-imidazol-2-ylidene H), 7.3 (4H, d, iPrngsz), 7.5 (2H, t,
PryCeHaH), , 8.2 (2H, v. br., 4-imidazol-2-ylidene H).

(Found: C, 49.65; H, 5.37; N, 7.27. C31H40Ag>ClN, calculated: C, 49.29; H, 5.34;
N, 7.42%).
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Figure 3.19. Possible coordination isomer for the cation of compound (3.9).

(3.9) {1-[3-(2,6-diisopropylphenyl)-imidazol-2-ylidene]-2-[di(ferfbutyl)phosphine
borane]-ethane} silver sulphate

This was prepared following the general method 1-[3-(2,6-diisopropylphenyl)-
imidazolium]-2-[di(ferfbutyl)phosphine borane]-ethane lithium sulphate (0.10g,
0.19mmol) and silver oxide (0.04g, 0.10mmol) in dichloromethane (30ml) by heating at
35°C for 72 hours. The product was obtained in quantitative yields as a white solid (Figure
3.19).

MS (ES): m/z 565 [(ligandAg) + MeCN]".

ou(CDCly) 1.1 [18H, s, C(CHs)3], 1.1 (3H, br., BA3), 1.1, 1.2 [2 x 6H, d,
CH(CH;)2), 2.2 2H, m, CH>), 2.3 [2H, septet, CH(CH3)], 4.2 2H, m, CH,), 6.9 (1H, d, 5-
imidazol-2-ylidene H), 7.2 (2H, d, '‘Pr,CeHLH), 7.4 (1H, t, 'ProCeHaH), 7.8 (1H, d, 4-
imidazol-2-ylidene H).

0c(CDCl3) 25 (CH(C Hs),), 28 (C(C Hj)s), 28 (C H(CHzs)y), 32 (d, CHy), 65 (CHy),
122, 124, 130, 130, 140, 146 (‘Pr,CsHs, 4,5-imidazol-2-ylidene C), 175 (2-imidazol-2-
ylidene C).

os(CDCl3) -39 (br. s)

op(CDCls) 40.8. (br. s)

(Found: C, 50.61; H, 8.01; N, 4.68. (C,5HssAgBN,P);5(S04),Li calculated: C,
50.92; H, 7.69; N, 4.75%).
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3.8 Synthesis of copper (I) complexes
3.8.1. General method
The manipulations were carried out under nitrogen. A suspension of the substituted
imidazolium salt, slight excess of copper oxide and 4A molecular sieves in
dichloromethane or 1,2-dichloroethane was heated at 35°C or 90°C for 3-12 hours,
respectively. After completion, the volatiles were rembved under vacuum and the resulting
solid was washed with diethyl ether and extracted into THF. Filtration of the solution and

evaporation of the volatiles under vacuum produced moderately air sensitive solids.

(3.10) [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] cuprous bromide (a) and (b)

This was prepared following the general method from |3-(mesityl)-1-(2-picolyl)
imidazolium| bromide (2.0g, 5.5mmol) and Cu,O (0.4g, 2.7mmol) in dichloromethane
(30ml) by heating at 35°C for 12 hours. The product was obtained as a moderately air
sensitive white solid. X-ray diffraction quality crystals were obtained by cooling slowly a
saturated dichloromethane/ether solution to —30°C (a) (Figure 3.20 and Table 3.8) or from
saturated CDCl; solution (b) (Figure 3.21 and Table 3.9).

Yield: 60%. Mp: 170-5°C (dec)

ou(CDCls) 2.1 (6H, br., CH3), 2.‘3 (3H, br., CH3), 5.0 2H, br., CH>), 6.2 (1H, br.,
5-imidazolium H), 6.4 (1H, br., 4-imidazolium H), 6.9 (2H, br., mesityl /), 7.2 (1H, br.,
3-picolyl H), 7.3 (1H, br., S-picolyl H), 7.7 (1H, br., 4-picolyl H), 8.6 (1H, v. br., 6-picolyl

H).
(Found: C, 47.12; H, 4.16; N, 8.77. (C;3H9CuBrN3),CH,Cl; calculated: C, 47.96;

H, 4.35; N, 9.07%).
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Figure 3.20. X-ray crystal structure of |3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]

cuprous bromide, compound (3.10) (a).
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Br(1)-Cu(1)
Cu(D)-C(1)
Cu(1)-N(1)#1
Cu(1)-Cu(1)#1
N(2)-C(1)
N(2)-C(3)
N(@2)-C4)

C(1)-Cu(1)-N(1)#1
C(1)-Cu(1)-Br(1)
N(1)#1-Cu(1)-Br(1)
C(1)-Cu(1)-Cu(1)#1
N(1)#1-Cu(1)-Cu(1)#1
Br(1)-Cu(1)-Cu(1)#1
C(1)-NQ2)-C(3)
C(1)-N(2)-C(4)
C(1)-N(3)-C(2)
C(1)-N(3)-C(10)

2.5147(4)
1.931(2)
2.0299(18)
2.6449(6)
1.359(3)
1.380(3)
1.466(3)

133.88(8)
106.14(7)
98.08(5)
70.26(7)
121.50(6)
128.777(17)
112.05(18)
123.57(18)
111.66(19)
122.19(18)

N@)-C(1)
N(3)-C@2)
N(3)-C(10)
C(2)-C(3)
C(4)-C(5)
C(5)-N(D)
N(1)-Cu(1)#1

C(3)-C(2)-NG)
C(2)-C(3)-N(Q)
N(2)-C(4)-C(5)
N(2)-C(1)-N(3)
N(2)-C(1)-Cu(1)
N(@3)-C(1)-Cu(1)
N(1)-C(5)-C(6)
N(1)-C(5)-C(4)
C(5)-N(1)-Cu()#1

1.368(3)
1.385(3)
1.446(3)
1.348(3)
1.507(3)
1.341(3)
2.0299(18)

106.4(2)
106.7(2)

112.58(18)
103.15(18)
130.92(16)
122.34(15)
122.4(2)

116.58(19)
125.03(15)

Table 3.8. Selected bond lengths (A) and angles (°) for compound (3.10) (a). Symmetry

transformations used to generate equivalent atoms: #1 -x+1,-y+2,-z+1

Figure 3.21. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]

Br(1)-Cu(1)
Cu(1)-C(1)
Cu(1)-N(1)#1
N(3)-C(1)
N(3)-C(9)
N(3)-C(10)
C(9)-C(8)

cuprous bromide, compound (3.10) (b).

2.3758(7)
1.914(4)
2.044(3)
1.351(5)
1.396(5)
1.438(5)
1.328(7)

C(1)-N(Q2)
N(2)-C(8)
N(2)-C(7)
C(6)-N(1)
C(6)-C(5)
C(6)-C(7)
N(D-Cu(1)#2
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1.356(5)
1.382(6)
1.470(5)
1.346(5)
1.379(6)
1.498(6)
2.044(3)
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C(D)-Cu(1)-N(D#1 125.24(16) N(3)-C(D)-Cu(1) 124.2(3)
C(1)-Cu(1)-Br(1) 130.73(13) N(2)-C(1)-Cu(1) 132.0(3)
N(D)#1-Cu(1)-Br(1) 103.43(10) C(1)-N(2)-C(8) 111.8(4)
C(1)-N(3)-C(9) 111.2(4) C(1)-NQ2)-C(7) 124.2(4)
C(1)-N(3)-C(10) 123.1(3) N(1)-C(6)-C(7) 117.3(4)
C(8)-C(9)-N(3) 106.7(4) N(2)-C(7)-C(6) 111.3(3)
N(3)-C(1)-N(2) 103.6(4) C(6)-N(1)-Cu(1)#2 127.4(3)

Table 3.9. Selected bond lengths (A) and angles (°) for compound (3.10) (b). Symmetry

transformations used to generate equivalent atoms: #1 -x,y+1/2, -z+1/2; #2 -x,y-1/2,-z+1/2

(3.11) [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-2-ylidene] cuprous bromide

This was prepared following the general method from [3-(2,6-diisopropylphenyl)-
1-(2-picolyl) imidazolium] bromide (2.0g, 4.8mmol) and Cu,O (0.5g, 4.0mmol) in
1,2-dichloroethane (30ml) by heating at 90°C for 3 hours. The product was obtained as a
moderately air sensitive white solid.

Yield: 60%. Mp: 180-5°C (dec)

ou(CDyCl,, +60 to -50°C) 1.1, 1.2 [2 x 6H, br.d, CH (CHs);], 2.4 [2H, br.,, CH
(CH3),], 5.5 (2H, br., CH,), 7.0, 7.3 (4H, v. br, 4,5-imidazolium H, 3,5- picolyl H), 7.2
(2H, d, 'Pr.CsHoH), 7.4 (1H, br., PryCeHH), 7.7 (1H, br., 4-picolyl H), 8.5 (1H, v. br, 6-

picolyl H).
(Found: C, 54.15; H, 5.66; N, 8.66. C1H,sCuBrN; calculated: C, 54.49; H, 5.44;

N, 9.08%).

(3.12) [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] cuprous bromide
This was prepared following the general method from [3-(2,6-diisopropyl-phenyl)-
1-(2-pyridyl) imidazolium] bromide (1.0g, 2.6mmol) and Cu,O (0.4g, 2.6mmol) in
dichloromethane (20ml) by heating at 35°C for 12 hours. The product was obtained as a
moderately air sensitive white solid. X-ray diffraction quality crystals were obtained by
layering a saturated CDCl; solution with diethyl ether (Figure 3.22 and Table 3.10).
Yield: 65%. Mp: 170°C.
ou(CD,Cly, +60 to -40°C) 1.2 [6H, br., CH (CH;),], 1.3 [6H, v. br., CH (CH3),], 2.6
[2H, v. br., CH (CH3),], 7.2 (5H, br., ‘PryCsHaH, S-imidazolium H, 4,5-pyridyl H), 7.5
(1H, br., 1Pr2C6H2]{), 8.0 (1H, br., 4-imidazolium /), 8.5 (2H, v. br., 3,6-pyridyl /).
(Found: C, 53.73; H, 5.48; N, 8.99. CyHx;3BrNj calculated: C, 53.52; H, 5.16; N,
9.36%).
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Figure 3.22. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl)

C(5)-N(1)
C(5)-N(2)
C(6)-C(7)
C(6)-N(2)
C(7)-N@3)
C(8)-N(3)

N(1)-C(5)-N(2)
C(7)-C(6)-N(2)
C(6)-C(7)-NB)
N(3)-C(8)-N(2)
N(3)-C(8)-Cu(1)
N(2)-C(8)-Cu(1)
C(5)-N(1)-C(1)
C(35)-N(1)-Cu(1)

imidazol-2-ylidene] cuprous bromide, compound (3.12).

1.330(8)
1.429(8)
1.337(9)
1.379(8)
1.398(8)
1.356(7)

114.4(5)
107.1(5)
106.5(5)
103.1(5)
136.2(4)
119.6(4)
116.8(5)
106.1(3)

C(8)-N(2)
C(8)-Cu(l)
C(9)-N(3)
N(1)-Cu(1)
Cu(1)-Br(1)

C(1)-N(1)-Cu(1)
C(8)-N(2)-C(6)
C(8)-N(2)-C(5)
C(8)-N(3)-C(7)
C(8)-N(3)-C(9)
C(8)-Cu(1)-Br(1)
C(8)-Cu(1)-N(1)
Br(1)-Cu(1)-N(1)

1.375(7)
1.880(6)
1.449(7)
2.454(5)
2.2076(10)

135.3(4)
111.7(5)
121.4(5)
111.7(5)
123.5(5)
170.33(17)
76.5(2)
108.96(12)

Table 3.10. Selected bond lengths (A) and angles (°) for compound (3.12).
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Compound (3.12) (3.10) (b) (3.10) (a)
Chemical formula Conz;BI'CUN3 CgoH]ngBl‘c}éCUNg C3gH42BI‘zC]4CU'_>N5
Formula weight 448.86 661.36 1011.48
Crystal system Monoclinic Monoclinic Triclinic
Space group P2ic P2,/ P-1
a/A 11.4666(3) 13.1826(2) 8.4260(1)
b/A 12.4772(3) 12.8268(2) 11.0509(1)
c/A 14,1522(3) 16.4122(3) 11.4536(1)
o/® 50.0 ~90.0 85.015(1)
B/ 99.7489(13) 105.964(1) 84.737(1)
v/° 90 90.0 75.611(1)
V/A®? 1995.53(3) 2668.12(8) 1.02644(2)
Z 4 4 2
T/K 150(2) 150 150
u/mm’ 3.104 2.931 3.279
F(000) 912 1312 508
No. Data collected 10430 26717 17262
No. Unique data 2853 7647 4186
Ris 0.0457 0.0926 0.0584
Final R([F)) for Fg> 20(F,) 0.0606 0.0560 0.0295
Final R(F) for all data 0.1898 0.1528 0.0756

Table 3.11. Crystallographic parameters for compounds (3.10) (a), (3.10) (b) and (3.12).

3.9 Anion exchange of copper complexes general method
The manipulations were carried out under nitrogen. A solution of [3-(2,6-diiso-
propylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] cuprous bromide was stirred with a
solution of the corresponding thallium salt in acetonitrile or dichloromethane for 12 hours.
After completion, the volatiles were removed under vacuum and the resulting solid was
washed with diethyl ether and extracted into dichloromethane. Filtration of the solution

and evaporation of the volatiles under vacuum produced moisture sensitive solids.

(3.13) [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] cuprous
hexafluorophosphate acetonitrile

This was prepared following the general method from [3-(2,6-diisopropylphenyl)-
1-(2-pyridyl) imidazol-2-ylidene] cuprous bromide (0.08g, 0.17mmol) and thallium
hexafluorophesphate (0.06g, 0.17mmol) in acetonitrile (30ml) by stirring for 12 hours. The
product was obtained as a moisture sensitive white solid. X-ray diffraction quality crystals
were obtained by layering a saturated dichloromethane solution with petrol (Table 3.12).

on(CDCls) 0.8 [6H, br. d, CH(CH3),], 1.1 [6H, d, CH(CH3)3), 2.1 (3H, s, CH5CN),
2.4 [2H, septet, CH(CHs),], 7.1 (1H, d, 5-imidazolium H), 7.2 (2H, d, ‘PryCsH,H), 7.3 (1H,
m, 5-pyridyl £), 7.4 (1H, t, Pr,CeHLH ), 7.8 (1H, d, 3-pyridyl H), 7.9 (1H, d, 6-pyridyl H),
8.0 (1H, d, 4-imidazolium /), 8.1 (1H, t, 4-pyridyl H).
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(Found: C, 47.21; H, 5.13; N, 9.80. C;oH,7CuF¢N4P calculated: C, 47.53; H, 4.89;

N, 10.08%).
C(16)-N(3) 1.337(4) C(13)-N(1) 1.380(4)
C(16)-C(17) 1.385(4) C(15)-N(1) | 1.361(4)
C(16)-N(2) 1.429(4) C(15)-Cu(1) 1.933(3)
C(21)-N(4) 1.124(4) Cu(1)-N(3)#1 2.036(2)
C(21)-C(22) 1.459(5) Cu(1)-Cu(1)#1 2.4872(8)
N(2)-C(15) 1.374(4) F(1)-P(1) 1.612(2)
N(2)-C(14) 1.395(4) F(2)-P(1) 1.567(3)
N(3)-Cu(1)#1 2.036(2) F(3)-P(1) 1.563(3)
N(4)-Cu(1) 1.968(3) F(4)-P(1) 1.591(2)
C(D-N(D) 1.446(4) F(5)-P(1) 1.546(3)
C(13)-C(14) 1.326(5) F(6)-P(1) 1.553(3)
N(3)-C(16)-N(2) 116.3(2) N(1)-C(15)-Cu(1) 123.002)
N(4)-C(21)-C(22) 178.0(4) N(2)-C(15)-Cu(1) 132.9(2)
C(15)-N(2)-C(14) 111.93) C(15)-N(1)-C(13) 112.4(3)
C(15)-N(2)-C(16) 126.2(2) C(15)-N(1)-C(1) 125.7(3)
C(16)-N(3)-C(20) 116.6(3) C(15)-Cu(1)-N(4) 117.28(11)
C(16)-N(3)-Cu(1)#1 123.7(2) C(15)-Cu(1)-N(3)#1 127.68(11)
C(21)-N(4)-Cu(1) 168.0(3) N(4)-Cu(1)-N(3)#1 109.14(10)
C(14)-C(13)-N(1) 107.4(3) C(15)-Cu(1)-Cu(1)#1 76.39(9)
C(13)-C(14)-N(2) 106.2(3) N(4)-Cu(1)-Cu(1)#1 122.32(8)
N(1)-C(15)-N(2) 102.1(2) N(3)#1-Cu(1)-Cu(1)#1 98.71(7)

Table 3.12. Selected bond lengths (A) and angles (°) for compound (3.13). Symmetry

transformations used to generate equivalent atoms: #1 -x+1.-y,~z+1

(3.14) [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] cuprous triflate

This was prepared following the general method from [3-(2,6-diisopropylphenyl)-
1-(2-pyridyl) imidazol-2-ylidene] cuprous bromide (0.08g, 0.17mmol) and thallium triflate
(0.06g, 0.17mmol) in dichloromethane (30ml) by stirring for 12 hours. The product was
obtained as a moisture sensitive white solid. X-ray diffraction quality crystals were
obtained by layering a saturated dichloromethane solution with diethyl ether (Figure 3.23
and Table 3.13).

ou(CDCl3) 0.8 [6H, br. d, CH(CHs),], 1.1 [6H, d, CH(CHs),}, 2.3 [2H, br.,
CH(CHs),], 6.9 (1H, d, 5-imidazolium ), 7.1 (2H, d, 'Pr,CeHHH), 7.2 (1H, d, 6-pyridyl
H), 7.3 (1H, m, 5-pyridyl H), 7.4 (1H, t, 'Pr,CcH,H ), 7.9 (1H, d, 3-pyridyl H), 8.0 (2H, br.,
4-pyridyl H, 4-imidazolium H).
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(Found: C, 48.17; H, 4,73; N, 8.24. C3H24CuF3N3038 calculated:

4.66: N, 8.10%).

C, 48.59; H,

Figure 3.23. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl)

imidazol-2-ylidene] cuprous triflate, compound (3.14).

C(5)-N(1)
C(5)-N(2)
C(6)-NG3)
C(6)-N(2)
C(6)-Cu(1)#1
C(N-C(®)
C(N-NQ@)
C(8)-NG)

N(1)-C(5)-N(2)
N(3)-C(6)-N(2)
N(3)-C(6)-Cu(1)#1
N(2)-C(6)-Cu(1)#1
C(8)-C(7)-N(2)
C(7)-C(8)-N()
C(5)-N(1)-Cu(1)
C(6)-N(2)-C(7)
C(6)-N(2)-C(5)
C(6)-N(3)-C(®)
C(6)-N(3)-C()

1.335(4)
1.427(3)
1.355(3)
1.370(3)
1.916(2)
1.342(4)
1.395(3)
1.382(3)

117.4(2)
103.0(2)
122.1(2)
134.6(2)
105.9(2)
107.2(2)
128.0(2)
111.8(2)
127.4(2)
112.1Q2)
126.1(2)

C(9)-N(3)
N(1)-Cu(l)
O(H)-S(1)
O(2)-S(1)
O(3)-S(1)
0(3)-Cu(1)
Cu(1)-C(6)#1
Cu(1)-Cu(1)#1

S(1)-0(3)-Cu(1)
0(2)-S(1)-0(1)
0(2)-S(1)-0(3)
O(1)-S(1)-0(3)
C(6)#1-Cu(1)-N(1)
C(6)#1-Cu(1)-0(3)
N(1)-Cu(1)-0(3)
C(6)#1-Cu(1)-Cu(1)#1
N(1)-Cu(1)-Cu(1)#1
0(3)-Cu(1)-Cu(1)#1

1.441(3)
2.023(2)
1.442(2)
1.441(2)
1.468(2)
2.131(2)
1.916(2)
2.5211(9)

123.65(12)
115.78(13)
114.28(12)
114.75(13)
135.31(10)
120.149)
99.14(8)
83.30(8)
97.26(7)
117.85(7)

Table 3.13. Selected bond lengths (A) and angles (°) for compound (3.14). Symmetry

transformations used to generate equivalent atoms: #1 -X,-y+1,-z
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Compound (3.14) (3.13)
Chemical formula C21H23CHF3N303S szstch5N4P
Formula weight 518.02 493.31
Crystal system Triclinic Orthorombic
Space group P-1 Pbca
a/A 10.251(2) 13.986(3)
b/A 11.432(2) 16.370(3)
c/A 12.347(3) 21.409(4)
of® 69.32(3) 90.0
B/° 72.03(3) 90.0
v/° 78.67(3) 90.0
V/A® 1281.4(5) 4901.7(17)
Z 2 9
K 150(2) 150(2)
p/mm’ 0.980 1.019
F(000) 532 2272
No. Data collected 26643 27000
No. Unique data 5795 5000
Rint 0.1080 0.0829
Final R(|F)) for Fo> 20 (F,) 0.0513 0.0448
Final R(F’) for all data 0.0639 0.0813

Table 3.14. Crystallographic parameters for compounds (3.13) and (3.14).
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Chapter 4
N-Heterocyclic Carbene Complexes of Palladium (II)

4.1 Introduction

A new wave of interest in N-heterocyclic carbenes has emerged in the last ten
years, from the understanding that this family of ligands have donor characteristics similar
to those of phosphines.' The huge interest in transition metal carbene complexes has been
ignited by the realisation that they can act as extremely good pre-catalyst for important
catalytic reactions such as: Pd-catalysed Heck and Suzuki couplings.” Due to the variety of
electronic and steric tuning which can be performed on these ligands, a large diversity of
palladium complexes has been synthesised. Publications in this area have included reports
of mixed donor functionalised N-heterocyclic carbene complexes (by ourselves,” and
others™>®) as well as complexes containing multi-dentate carbenes’ and polymer supported
complexc—:s.8

In this chapter, the syntheses of a number of N-heterocyclic carbene complexes of
palladium are reported (Figure 4.1). They are substituted with large bulky alkyl and aryl
groups and functionalised with pyridyl, picolyl, lutidyl and methoxy groups. In addition,
reactions are described in which phosphine functionalised palladium complexes can be
identified as well as reactions that demonstrate the limitations of the large-scale syntheses
of some these palladium complexes. Described in this chapter are five X-ray crystal
structures, which demonstrate the variety of coordination and geometry of the complexes

of these ligands.
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RESULTS AND DISCUSSION

4.4 4.5
—0
OAc \,N/ﬁ
Bre /
P4_
/ Br )/

4.6 4.7
Figure 4.1. Palladium complexes (4.1)-(4.7).

4.2 Synthesis of palladium complexes
The palladium carbene complexes described in this chapter were prepared by two
different methods. The first method (Scheme 4.1) involved trapping the free carbene
(formed in situ by the careful deprotonation of the imidazolium salt), with [cyclooctadiene
(COD) palladium methyl bromide].
R
/
N

\>Bf L) )

N N
Me ——P]d —N / \
LlNPr PABIMe(COD) )\
R
~y N

Scheme 4.1. Palladium carbene complex synthesised by trapping a carbene formed in sifu.
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The second of these methods (Scheme 4.2) involved the interaction of a silver
carbene complex with [cyclooctadiene palladium methyl bromide/chloride] or
[eyclooctadiene palladium dichloride] in dichloromethane.® The latter appeared to be much
more adaptable, as it allowed easier scale-up of the reactions and involves simpler
synthetic methods. The palladium complexes were each isolated as high melting point, air

and moisture stable yellow solids.

li%r 1]31"
74
)A\g N== Dichloromethane Me—Fd Q
CODPAMeBr )\ ==
R SN\ / RN N

\—/ \—/

Scheme 4.2. Palladium carbene complex synthesised by ligand transfer from a silver

carbene complex.

4.3 Characterisation of complexes (4.1)-(4.5)

4.3.1. Electrospray mass spectroscopy
Electrospray mass spectrometry in acetonitrile solution was useful in identifying
the presence of the palladium complexes, by a peak corresponding to [(ligand)PdMe +
MeCNT". A second peak in the electrospray mass spectrum was sometimes observed,

corresponding to [(ligand),PdMe]", and is believed to originate from a by-product of the

reaction (Figure 4.2).
. \-——A'_
|

R N

[]\{ Mc‘ N \
o 7
s |

L O

Figure 4.2. A plausible structure for the by-products.

The by-products were more abundant in the reactions 4.8.3 and 4.8.4 (see

experimental), and the purity of the palladium complexes synthesised via general method
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(ii) was dependant on the scale of the reactions. The factors affecting the purity of the
products included the concentrations of the reactants and their rate of addition. However,
impurities were largely reduced by using a very slight excess of the palladium starting
material. The stoichiometry of the palladium carbene complexes was determined by

chemical analysis. Depending on the final isolation step, a solvent of crystallisation was

often observed in the analysis.

4.3.2. X-ray diffraction studies on complex (4.2)

X-ray diffraction quality crystals of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]
palladium methyl bromide (4.2) were obtained by layering a dichloromethane solution with
diethyl ether. The structure of compound (4.2) comprises a palladium atom coordinated by
a methyl group, a bromide atom, and both the carbene and the picolyl ends of the ligand.
The geometry around the palladium centre is square planar with a bite-angle between the
carbene and the picolyl donors of 85.2° (Table 4.2). The ligand is orientated on the
palladium centre so that the carbene end is disposed #rans to the bromine atom (Figure

43).

Figure 4.3. X-ray crystal structure of [3-(mesityl)-1-(o-picolyl) imidazol-2-ylidene]
palladium methyl bromide, compound (4.2).

The chelating ligand adopts a boat type puckered ring conformation, in order to
release any conformational strain (Figure 4.4). The torsion angles around the chelate ring
are as expected and the mesityl ring is orientated at right angles to the ring of the imidazol-
2-ylidene. The palladium-carbene bond length (1.96A) is shorter than that of the
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palladium-methyl bond distance (2.20A) (Table 4.2). Both bond lengths are in the range of
normal palladium-carbon single bonds, and are similar to the other complexes described in
this chapter (7able 4.1). The palladium carbon bond distance is slightly shorter than that of
the theoretically predicted value for a monodentate carbene (2.084),” where the carbene-
metal bond is considered to have purely o-character and negligible metal-carbene n-back
bonding. However, all the theoretically calculated bond lengths obtained by J.C. Green et
al.? are slightly longer than the values observed in these complexes. The palladium-

nitrogen (2.19A) and the palladium bromine bond lengths (2.494A) are normal for

palladium (II) complexes.”

Figure 4.4. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]

palladium methyl bromide, compound (4.2). View along the palladium square plane.

4.3.3. X-ray diffraction studies on complex (4.3)
X-ray diffraction quality crystals of [3-(2,6-diisopropylphenyl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.3) were obtained by layering a saturated

dichloromethane solution with petrol.

Figure 4.5. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-2-

ylidene] palladium methyl bromide, compound (4.3).
100



Chapter 4

The structure of compound (4.3) (Figure 4.5) is similar to that of (4.2), with the
same bite-angle for the ligand and a similar conformation of the chelate ring (7able 4.1).
The bond lengths and angles around the palladium are also almost identical to those in

(4.2) with a palladium-carbene bond length of 1.97A.

4.3.4. X-ray diffraction studies on complex (4.4)

X-ray diffraction quality crystals of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl)
imidazol-2-ylidene] palladium methyl bromide (4.4) were obtained by layering a saturated
dichloromethane solution with petrol. The structure of compound (4.4) (like (4.2) and
(4.3)) comprises a palladium atom coordinated by a methyl group, a bromide atom, and
both the carbene and the pyridyl ends of the ligand (Figure 4.6). The geometry around the

palladium centre is square planar with a bite-angle of 79.1° between the carbene and the

pyridyl donors.

Figure 4.6. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-2-
ylidene] palladium methyl bromide, compound (4.4).

The difference of the bite-angle to that of compounds (4.2), (4.3) and (4.5) can be
put down to the increased constraints of the ligand (Table 4.1). The ligand is orientated on
the palladium centre so that the carbene end is disposed trans to the bromine atom. The
chelating ligand is almost planar and is parallel with the square plane of the palladium. The
aryl group is orientated at right angles to the imidazol-2-ylidene plane. The bond lengths
around the palladium are almost identical to those in (4.3) with a palladium-carbene bond
length of 1.97A and the palladium-nitrogen bond length is 2.16A (Table 4.4).
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4.3.5. X-ray diffraction studies on complex (4.5)

X-ray diffraction quality crystals of [3-(2,6-diisopropylphenyl)-1-(a-lutidyl)
imidazol-2-ylidene] palladium methyl bromide (4.5) were obtained by layering a saturated
dichloromethane solution with petrol. The structure of compound (4.5) is similar to that of
(4.2) and (4.3), with a bite-angle for the ligand of 85.6A and a similar conformation of the
chelate ring (Figure 4.7). The bond lengths and anglés around the palladium are slightly
different to those in (4.2) and (4.3) (Table 4.1). This difference is probably due to the
increased steric hindrance created by the methyl of the lutidyl group. This increased
hindrance pushes the nitrogen further away from the palladium, giving a bond length of
2.22A; thus, the methyl group (f7ans to the nitrogen) is pulled in closer to the palladium,
giving a bond length of 2.04A (Table 4.5). The palladium-carbene bond length is 1.98A,
which is similar to the bond lengths of compounds (4.4), (4.3) and (4.2).

Figure 4.7. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(a-lutidyl) imidazol-2-
ylidene] palladium methyl bromide, compound (4.5).

Pd-N (A) Pd-C (A) N-Pd-C (°)
Compound (4.4) 2.166(3) 1.970(4) 79.15(13)
Compound (4.3) 2.168(3) 1.969(4) 85.22(13)
Compound (4.5) 2.225(4) 1.976(5) 85.61(16)
Compound (4.2) 2.186(3) 1.962(4) 85.21(13)

Table 4.1. Palladium-carbon and palladium-nitrogen bond lengths, and nitrogen-palladium-

carbon angle.
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4.3.6. NMR spectroscopy
The peaks in the 'H and *C{H} NMR spectra used to identify the formation of the

palladium complexes are:

y

iii)

A weak peak downfield of 160 ppm in the *C{'H} NMR spectra which can be
assigned to the carbene carbon (observed in these complexes between 163 and 185
ppm);

The disappearance upon complexation of a downfield peak at 10 and 12 ppm in the
"H NMR spectra, which is assigned the proton in the 2-position of the imidazolium
ring);

A broad singlet or pair of doublets observed between 5.2 and 6.0 ppm in the 'H
NMR (Figure 4.8) (assigned to the protons on the methylene bridge of the picolyl
complexes), and a peak observed between 55 and 59 ppm in the *C{H} NMR

spectra (assigned to the carbon atom of the methylene bridge);

Temp (°C)

Figure 4.8. Variable temperature 'H NMR spectrum of compound (4.3); methylene bridge

protons.

A low field doublet or a doublet of doublets observed between 9.0 and 9.6 ppm and
a triplet of doublets observed between 7.5 and 8.0 ppm in the '"H NMR spectra for
the picolyl or pyridyl carbene complexes (assigned to the protons in the 6- and

4-positions of the pyridine type rings);
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V) A high field peak observed between -0.2 and 0.4 ppm in the "H NMR spectra
(assigned to the protons of the methyl bound to palladium).

vi) The presence of two doublets, with very small coupling constants, between 6.7 and
7.1 ppm, and 7.2 and 8.0 ppm in the "H NMR spectra (assigned to the protons in
the 5- and 4-position of the imidazol-2-ylidene ring, when the ligand is acting as a
chelate); -

vii) A multiplet (in most cases) or a doublet (in the case of compound (4.5)) between
7.2 and 7.4 ppm in the '"H NMR spectra (assigned to the protons in the 5-position
of the pyridine type rings);

viii) A doublet between 6.7 and 7.7 ppm in the "H NMR spectra (assigned to the protons
in the 3-position of the pyridine type rings).

The other peaks in the "H NMR spectra are assigned to the protons of the R group
on the imidazol-2-ylidene ring. When the R group is fertbutyl a singlet is observed at
around 2.0 ppm. When it is mesityl, singlets are observed around 2.1, 2.3 and 6.9 ppm;
when it is 2,6-diisopropylphenyl, doublets are observed between 0.8 and 1.5 ppm, septets
between 2.0 and 2.7 ppm, doublets between 7.1 and 7.2 ppm, and a triplet around 7.4 ppm
(assigned to the protons of the aromatic ring and its substituents, see experimental). In the
"H NMR spectrum of compound (4.5), there is also a peak at 3.0 ppm, which is assigned to
the methyl of the lutidyl group.

Variable temperature 'H NMR spectroscopy was used to show that the
diastereotopic protons of the methylene bridge exchanged, at elevated temperatures a sharp
singlet was observed which on cooling changed to a pair of doublets (Figure 4.8). This
observation clearly demonstrates that the chelate ring is relatively floppy and can flip at
temperatures slightly above ambient. The rate of this dynamic process is affected by the

bulky R groups, with the larger ones (2,6-diisopropylphenyl) slowing it down the most.
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Figure 4.9. Variable temperature "H NMR spectrum of compound (4.3); methyl protons
(isopropyl).

When variable temperature 'H NMR spectroscopy was performed on the
compounds with a 2,6-diisopropylphenyl group, the isopropyls were observed to exchange
at higher temperatures but they could also be "frozen out" under relatively mild conditions
(Figure 4.9 and Figure 4.10). The exchange process observed at higher temperatures is due
to the chelate ring flipping, which makes the top and bottom of the complex equivalent.
Surprisingly, at 60°C no other exchange processes are observed for the protons of the R

group in the NMR time scale, including the rotation of the isopropyls.
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Figure 4.10. Variable temperature "H NMR spectrum of compound (4.3); isopropyl
CH(CHs), protons.
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4.3.7. Isomers of compounds (4.2), (4.3) and (4.4)
When compounds (4.2), (4.3) and (4.4) were synthesised from more concentrated
solutions of the starting materials, a doubling of the peaks assigned to the protons of the

methyl on the palladium and protons of the 6-position of the pyridine type rings was

observed (in the 'HNMR spectra). Figure 4.11 shows the "H NMR spectrum of compound
(4.4) with expanded sections that contain the peaks assigned to the protons of the methyl

and the protons in the 6-position of pyridyl ring.

Inte S
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Figure 4.11. 'H NMR spectrum of compound (4.4), containing two peaks for both the
6-pyridyl and methyl protons.

These duplicate peaks (Figure 4.11) were observed in a ratio of between 1:3 and
1:6 with the original peaks. Nevertheless, when the integration of these peaks were
combined, the total integration fitted with the rest of the 'H NMR spectrum. These extra
peaks were observed in the 'H NMR spectrum for compound (4.2) at 0.1 and 9.2 ppm, for
compound (4.3) at -0.2 and 9.0 ppm, and for compound (4.4) at 0.3 and 9.3 ppm. In a
BC{H} NMR spectrum of compound (4.4) duplicate peaks were also observed for the
methyl of the palladium at -9 ppm, for the six position of the pyridine ring at 149 ppm, and
for the two position of the imidazol-2-ylidene at 174ppm. It is believed that these duplicate

peaks relate to coordination isomers of the complexes (Figure 4.11).
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Figure 4.12. Spectrum of a C—H correlation NMR experiment performed on a sample of

compound (4.4), containing peaks for both the cis and frans isomers.

'H 2D (NOESY) NMR experiments were performed on a sample of (4.4) that
contained these duplicate peaks, in an attempt to show any through-space interaction
between the protons of the methyl on palladium and either the proton in the 6-position of
the picolyl ring or the protons of the isopropyl groups (Figure 4.1 3)."" The NMR
experiments showed interaction between protons positioned close to one another on the
ligand, which confirmed the assignments that we made. However, none of the spectra
obtained showed any increased interaction between the protons of either of the methyl

group on palladium and any particular end of the ligand.
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Figure 4.13. Spectrum of a 2D NOESY NMR experiment performed on a sample of

compound (4.4), containing peaks for both the cis and trans 1somers.

Some X-ray diffraction quality crystals of compound (4.2) were obtained from a
solution that contained these duplicate peaks, by layering a saturated dichloromethane
solution with diethyl ether. The refinement of the data showed some disorder between the
methyl and the bromine on palladium. The position-disposed trans to the carbene gave the
best refinement when filled two-thirds by a bromine atom and one-third by a methy! group.
This, in conjunction with observing duplicate peaks in the 'H and PC{H} NMR spectra,
has led us to conclude that the extra peaks are related to the trans and the cis isomers being
formed when the compounds are synthesised from more highly concentrated solutions of
starting materials. Attempts have been made to observe the two isomers interconverting in

solution, but neither elevated temperatures nor polar solutions aided their interconversion.
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The molecular weight of compound (4.1) in solution was measured by followihg
the Signer method.'' The procedure required that the compound was left in solution for
weeks on end, at room temperature in a non-polar solvent. However, over these extended
periods required, very small amounts of the sample decomposed. As the method relies on a
pure sample of the compound to be in solution, accurate data for the molecular weight was
not obtainable. However, it did conclusively identifyq that compound (4.1) does not exist
solely as a monomer or a dimer in solution, but comprised of higher oligomers or mixtures

of oligomers in solution.

4.4 Characterisation of complex (4.6)

When attempts were made to react deprotonated imidazolium salts with a
palladium complex compound (4.6) was isolated. The compound was made by reacting the
corresponding imidazolium salt with lithium diisopropylamide at -78°C stirring at room
temperature for one hour and then mixing with palladium acetate.

The reason for the failure of the lithium salt to deprotonate the imidazolium salt is
unclear. Possible reasons could be that a carbene initially formed but was unstable at room
temperature in THF or the carbene formed reacted with the acetate anion. However, the
complex was fully characterised. The electrospray mass spectrum included a peak
corresponding to [(ligand)PdBr; + H,O] and the chemical analysis confirmed the
stoichiometry. The presence of water in the molecular ion observed in the mass spectrum
probably originates from the carrier liquid (undried acetonitrile). The 'H NMR spectrum
contained a low field peak at 9.6 ppm corresponding to the proton in the 2-position of the

imidazolium salt. Other peaks were as expected.

Figure 4.14. X-ray crystal structure of [3-(tertbutyl)-1-(a-picolyl) imidazolium] palladium

dibromide acetate, compound (4.6).
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4.4.2. X-ray diffraction studies on complex (4.6)

X-ray diffraction quality crystals of [3-(fertbutyl)-1-(a-picolyl) imidazolium]
palladium dibromide acetate (4.6) were obtained by cooling a saturated acetonitrile
solution to -20°C. The crystal structure showed that the ligand on palladium was not a
carbene but an imidazolium salt bound through the pyridyl functional group (Figure 4.14).
The palladium-nitrogen bond length of 2.04A is around 0.1A shorter that others described
in this chapter. The structure comprises a palladium atom in a square planar geometry with
two bromine atoms disposed frans to one another and an acetate anion disposed frans to

the picolyl end of the imidazolium salt.

4.5 Characterisation of complex (4.7)
The stoichometry of compound (4.7) was identified by the peak corresponding to
[(ligand),PdCI]" in the electrospray mass spectrum. This compound was confirmed to have

two carbene ligands for each palladium atom, by the results of the chemical analysis.

Figure 4.15. X-ray crystal structure of bis-{1-[3-(2,6-diisopropyl-phenyl)-imidazol-2-

ylidene]-1-methoxy-methane} palladium dichloride, compound (4.7).

4.5.2. X-ray diffraction studies on complex (4.7)

X-ray diffraction quality single crystals of bis-{1-[3-(2,6-diisopropylphenyl)-
imidazol-2-ylidene]-1-methoxy-methane} palladium dichloride (4.7) were obtained by
layering a saturated dichloromethane solution with diethyl ether. The complex comprises a
palladium atom in a square planar geometry with two carbene ligands disposed trans to
one another and with the other two sites filled by chloride atoms (Figure 4.15). The
methoxy end of the carbene ligands is orientated to minimise steric interaction. The
palladium-carbene bond length of 2.026A is longer than the most other palladium

complexes reported. Other complexes reported to have similar bond lengths are ones that
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. .. . 1213 rpor . .
also comprise two carbene moieties orientated trans to one another. =~ This elongation is

possibly due to the trans influence of the carbenes on one another.

4.5.3. NMR spectroscopy

The 'H NMR spectrum contains characteristic peaks for the 2,6-diisopropylphenyl
group at 1.0, 1.3, 2.8, 7.4 and 7.5 ppm. The peaks at 6.2 and 6.9 ppm, which correspond to
the protons in the 4- and 5-positions of the imidazol-2-yliene ring, are higher field than
those of the other palladium complexes synthesised. The reason for this difference in
chemical shift of the protons is not fully understood, but could be related to the longer
palladium-carbene bond length or to the ligand being monodentate. The other peaks
observed in the "H NMR spectra were those assigned to the solvent (diethyl ether) and
those assigned to the methylene and the methoxy protons at 5.6 and 3.0 ppm. The carbene
carbon was assigned to a peak at 174 ppm in the BC{H} NMR spectrum.

4.6 Reactions
4.6.1. Discussion of the observations made for reactions 4.8.5 and 4.8.6

Reactions 4.8.5 and 4.8.6 were performed in an attempt to isolate a palladium
complex with two N-functionalised carbene ligands (Figure 4.16). Reaction 4.8.6 was
performed under similar conditions to method (i), using two equivalents of the silver
carbene complex; and reaction 4.8.5 was performed under similar conditions to method
(i1), using two equivalents of the imidazolium salt and excess base. Both methods when
analysed by electrospray mass spectrometry revealed peaks associated with the
stoichiometries (ligand to metal) one to one, two to one and three to one. The three
stoichiometries thought to exist in these reaction mixtures meant that good spectroscopic

and analytical data were not obtained.

Figure 4.16. Target complexes for reactions 4.8.5 and 4.8.6.
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Unfortunately, no variations of the conditions used enabled the isolation of a pure
sample of the two-ligands-on-a-palladium complexes. Attempts were made to separate the
complexes but conditions were not found that gave pure samples of any particular
complex. The 'H NMR spectra obtained for these mixtures were not fully assignable but
some characteristic peaks were observed, which confirmed the existence of palladium

carbene complexes with more than one ligand on the metal centre.

4.6.2. Discussion of the observations made for reaction 4.8.7 and 4.8.8
Reactions 4.8.7 and 4.8.8 were performed in order to synthesise palladium

complexes with phosphine functionalised carbene ligands (Figure 4.17). Although pure
complexes were not obtained, characterisation methods used showed that these target
complexes had been synthesised. However, normal separation and purification techniques
failed to produce these target complexes as pure solids. Electrospray mass spectrometry
proved to be very useful in identifying their formation, with peaks observed corresponding
to [(ligand)PdMe + MeCN]" and [(ligand)PdMe]". The 'H NMR spectra obtained were
broad and inconclusive, however peaks in the >'P{H} NMR spectra at 15 and 20 ppm are

plausible for a phosphine coordinated to a palladium centre.

g
RS

Figure 4.17. Target complexes for reactions 4.8.7 and 4.8.8.

4.7 Conclusions

The synthesis and complete characterisation of a range of palladium mixed donor
N-heterocyclic carbene complexes have been described in this chapter. These palladium
complexes differ in subtle ways that are believed to adjust the catalytic activity when used
as pre-catalysts. The properties of these complexes have been studied in detail. Fluxional
processes have been identified and crystallographic differences have been noted. These
differences include variations in steric bulk and in bite angle of the ligands. The palladium
complexes and the reactions described in this chapter have laid out the ground rules that
have allowed a variety of other palladium complexes to be synthesised, some of which are

described in later chapters; others are ongoing work."
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EXPERIMENTAL

4.8 Synthesis of palladium complexes
4.8.1. General method (i)
A dichloromethane solution of the corresponding silver carbene complex was added drop
wise to a solution of cyclooctadiene (COD) palladium methyl bromide/chloride or
cyclooctadiene palladium dichloride and stirred at room temperature for 12-24 hours. After
completion, the reaction mixture was filtered, the volatiles were removed under vacuum,
and the resulting solid was washed with diethyl ether. Drying under vacuum gave the
products as pale yellow solids.
In most cases, the products obtained at this stage were spectroscopically and
analytically pure. If not, the solids were purified by recrystallisation from a saturated

solution of dichloromethane and diethyl ether or by extraction into hot toluene.

4.8.2. General method (ii)

The manipulations were carried out under nitrogen. A THF solution of lithium
diisopropylamide was added drop-wise to a dilute THF solution of the corresponding
imidazolium salt and cyclooctadiene (COD) palladium methyl bromide at -78°C. The
orange/red solution was then allowed to warm to room temperature and stirred for one
hour. After completion, the reaction mixture was filtered; the volatiles were removed under
vacuum, and washed with diethyl ether. The resulting solid was dissolved in methanol and
filtered through a short silica column. The volatiles were removed under vacuum to give
the air-stable complexes as pale yellow solids.

In most cases, the products obtained at this stage were spectroscopically and
analytically pure. If not, the solids were purified by recrystallisation from a saturated

solution of dichloromethane and diethyl ether.

(4.1) [3-(tertbutyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl bromide

This was prepared following the general method (ii) from 3-(fertbutyl)-1-
(o-picolyl) imidazolium bromide (2.0g, 7.5mmol) and (COD) palladium methyl bromide
(0.9g, 7.5mmol) in THF (100ml) at -78°C. To this suspension was added a solution of
lithium diisopropylamide (0.08g, 0.75mmol) in THF (50ml). The product was obtained as
a yellow solid. Yield: 70%

MS (ES): m/z 377, [(ligand)PdMe + MeCN]".
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ou(CDCl3) 0.2 (3H, s, PACH3), 2.0 [9H, s, C(CH3)3], 5.2, 5.9 (2H, 2 x d, CH,), 6.7
(1H, d, 3-picolyl H), 7.1 (1H, d, 5-imidazol-2-ylidene H), 7.2 (1H, d, 4-imidazol-2-ylidene
H), 7.3 (1H, m, 5-picolyl H), 7.7 (1H, td, 4-picolyl H), 9.2 (1H, d, 6-picolyl H).

Jdc(CDCl) -8 (PACH3), 32 [C(CH3)3], 59 (CHy), 60 [C(CH3)3)], 119 (4-imidazol-2-
ylidene (), 120 (5-imidazol-2-ylidene C), 122 (5-picolyl CH), 124 (3-picolyl CH), 138
(4-picolyl CH), 153 (6-picolyl CH), 160 (2-picolyl Cj, 175 (2-imidazol-2-ylidene C).

(Found: C, 40.45; H, 4.91; N, 10.05. C14H20BrN;Pd calculated: C, 40.36; H, 4.84;
N, 10.09%).

(4.2) [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl bromide

This was prepared following the general method (ii) from 3-(mesityl)-1-(a-picolyl)
imidazolium bromide (3.0g, 12.0mmol) and (COD) palladium methyl bromide (2.2g,
12.0mmol) in THF (100ml) at -78°C. To this suspension was added a solution of lithium
diisopropylamide (1.3g, 12.0mmol) in THF (50ml). The product was obtained as a yellow
solid. X-ray diffraction quality crystals were obtained by layering a dichloromethane
solution with diethyl ether (Table 4.2).

Quantitative yields were obtained when this was prepared following the general
method (i) from [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] silver bromide (0.3g,
0.64mmol) and (COD) palladium methyl bromide (0.2g, 0.64mmol) in dichloromethane
(60ml) by stirring at room temperature for 12 hours.

MS (ES): m/z 439, [(ligand)PdMe + MeCN]".

ou(CDCl3) 0.2 (3H, s, PACH;), 2.1 (6H, s, mesityl CHj3), 2.3 (3H, s, mesityl CHs),
5.5 (2H, br., CHa), 6.8 (1H, d, 5-imidazol-2-ylidene H), 6.9 (2H, s, mesityl H), 7.3 (1H, d,
4-imidazol-2-ylidene H), 7.4 (1H, m, 5-picolyl H), 7.5 (1H, d, 3-picolyl H), 7.8 (1H, td,
4-picolyl H), 9.3 (1H, d, 6-picolyl H).

0c(CDCls) -14 (PACH3), 19, 21 (mesityl CH3), 55 (CH3), 121 (4-imidazol-2-
ylidene C), 122 (5-imidazol-2-ylidene C), 124 (5-picolyl CH), 124 (3-picolyl CH), 128
(mesityl CH), 129, 134, 135 (mesityl C), 139 (4-picolyl CH), 153 (6-picolyl CH), 153
(2-picolyl C), 173 (2-imidazol-2-ylidene C).

(Found: C, 47.69; H, 4.42; N, 8.77. C19H,,BrN3Pd calculated: C, 47.67; H, 4.63; N,
8.78%).
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Pd(1)-C(14) 1.962(4) N(2)-C(13) 1.460(5)
Pd(1)-N(3) 2.186(3) N()-C(11) 1.391(5)
Pd(1)-C(1) 2.207(2) N(1)-C(5) 1.439(5)
Pd(1)-Br(2) 2.4942(6) C(15)-C(16) 1.371(6)
C(14)-N(2) 1.349(5) C(15)-C(13) 1.515(6)
C(14)-N(1) 1.358(5) C(19)-C(18) 1.363(7)
N(3)-C(19) 1.333(5) C(11)-C(12) 1.327(7)
N(3)-C(15) 1.349(5) C(17)-C(18) 1.387(7)
N(2)-C(12) 1.391(5) C(17)-C(16) 1.387(7)
C(14)-Pd(1)-N(3) 85.21(13) C(19)-N(3)-Pd(1) 123.0(3)
C(14)-Pd(1)-C(1) 91.45(12) C(15)-N(3)-Pd(1) 119.2(3)
N(3)-Pd(1)-C(1) 174.09(10) C(14)-N(2)-C(12) 111.1(3)
C(14)-Pd(1)-Br(2) 178.10(11) C(14)-N(2)-C(13) 122.3(3)
N(3)-Pd(1)-Br(2) 93.46(8) C(14)-N(1)-C(11) 110.1(3)
C(1)-Pd(1)-Br(2) 90.00(6) C(14)-N(1)-C(5) 125.3(3)
N(2)-C(14)-N(1) 104.7(3) N(3)-C(15)-C(13) 116.5(3)
N(2)-C(14)-Pd(1) 119.9(3) C(12)-C(11)-N(1) 107.6(4)
N(1)-C(14)-Pd(1) 135.0(3) C(11)-C(12)-N(2) 106.5(4)
C(19)-N(3)-C(15) 117.8(3)

Table 4.2. Selected bond lengths (A) and angles (°) for compound (4.2).

4.3) [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl
bromide. Method (i)

This was prepared following the general method (i) from [3-(2,6-diisopropyl-
phenyl)-1-(a-picolyl) imidazol-2-ylidene] silver bromide (1.5g, 3.2mmol) and (COD)
palladium methyl bromide (1.0g, 3.2mmol) in dichloromethane (200ml) by stirring at room
temperature for 12 hours. The product was obtained in quantitative yields as a yellow solid.
X-ray diffraction quality crystals were obtained by layering a saturated dichloromethane
solution with petrol (Figure 4.18 and Table 4.3).

MS (ES): m/z 481, [(ligand)PdMe + MeCN] .

ou(CD,Cl,, -40°C) -0.1 (3H, s, PACH,), 0.8, 1.1, 1.2, 1.6 [4 x 3H, d, CH(CH3)2],
2.0, 2.6 [2 x 1H, septet, CH(CH3)z], 5.2, 5.7 (2 x 1H, 2 x d,, CH,), 6.8 (1H, d, 5-imidazol-
2-ylidene H), 7.2, 7.2 (2 x H, d, 'Pr,CsHH), 7.3 (1H, d, 4-imidazol-2-ylidene H), 7.3 (1H,
m, 5-picolyl H), 7.4 (1H, t, 'Pro.CsH2H), 7.5 (2H, d, 3-picolyl H), 7.8 (1H, dt,4-picolyl H),
9.1 (1H, br. d, 6-picolyl H).

0c(CDCl3) -2 (PdCH3), 23, 25 (CH(C Hs),), 29 (C H(CHzs),), 56 (CHy), 111
(3-picolyl CH), 114 (4-imidazol-2-ylidene C), 121 (5-picolyl CH), 123, 124, 131, 147
('Pr,CsHs), 124 (5-imidazol-2-ylidene C), 138 (4-picolyl CH), 153 (6-picolyl CH), 154
(2-picolyl C), 174 (2-imidazol-2-ylidene C).
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(Found: C, 50.63; H, 5.53; N, 7.94. Cy,H,sPdBr calculated: C, 50.74; H, 5.42; N,

8.07%).
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Figure 4.18. X-ray crystal structure of [3-(2,6-diisopropylpheny!)-1-(a-picolyl) imidazol-

Pd(1)-C(1)
Pd(1)-C(10)
Pd(1)-N(3)
Pd(1)-Br(1)
N(3)-C)
NB)-C0)
N(2)-C(1)
N(2)-C(3)
N2)-C(4)

C(1)-Pd(1)-C(10)
C(1)-Pd(1)-N(3)
C(10)-Pd(1)-N(3)
C(1)-Pd(1)-Br(1)
C(10)-Pd(1)-Br(1)
N(3)-Pd(1)-Br(1)
C(5)-N(3)-Pd(1)
C(1)-N(2)-C(3)
C(1)-N(2)-C(4)

2-ylidene] palladium methyl bromide, compound (4.3).

1.969(4) N(1)-C(1)
2.126(3) N(1)-C(2)
2.168(3) N(D-C(11)
2.4890(5) C(9)-C(8)
1.341(3) C(6)-C(7)
1.344(4) C(6)-C(5)
1.349(4) C(2)-C(3)
1.383(5) C(8)-C(7)
1.467(4) C(4)-C(5)
91.44(12) C(1)-N(1)-C(2)
85.22(13) C(1)-N(1)-C(11)
176.58(11) N(2)-C(1)-N(1)
176.89(10) N(2)-C(1)-Pd(1)
90.01(8) N(1)-C(1)-Pd(1)
93.37(8) C(3)-C(2)-N(1)
119.8(2) N(2)-C(4)-C(5)
111.5(3) N(3)-C(5)-C(4)
122.3(3) C(2)-C(3)-N(2)

1.356(4)
1.391(4)
1.443(4)
1.378(6)
1.377(6)
1.381(5)
1.343(5)
1.382(6)
1.507(5)

110.9(3)
126.4(3)
104.4(3)
119.4(3)
136.0(2)
106.6(3)
109.2(3)
116.3(3)
106.7(3)

Table 4.3. Selected bond lengths (A) and angles (°) for compound (4.3).
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(4.3) [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl
bromide. Method (ii)

This was prepared following the general method (ii) from 3-(2,6-
diisopropylphenyl)-1-(a-picolyl) imidazolium bromide (0.14g, 0.32mmol) and (COD)
palladium methyl bromide (0.1g, 0.32mmol) in THF (50ml) at -78°C. To this suspension
was added a solution of lithium diisopropylamide (0.09g, 0.88mmol) in THF (20ml). The
product was obtained in good yields as a yellow solid.

MS (ES): m/z 481, [(ligand)PdMe + MeCN]"; 759, [(ligand),PdMe]".

(4.4) [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] palladium methyl
bromide

This was prepared following the general method (i) from [3-(2,6-
diisopropylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] silver bromide (1.5g, 3.2mmol) and
(COD) palladium methyl bromide (1.0g, 3.2mmol) in dichloromethane (200ml) by stirring
at room temperature for 12 hours. The product was obtained in quantitative yields as a
yellow solid. X-ray diffraction quality crystals were obtained by layering a saturated
dichloromethane solution with petrol (Figure 4.19 and Fable 4.4).

MS (ES): m/z 455, [(ligand)PdMe + MeCNT".

on(CDCl3) 0.4 (3H, s, PACH;), 1.1, 1.3 [2 x 6H, d, CH(CH5)3], 2.7 [2H, septet,
CH(CH;),], 7.0 (1H, d, 5-imidazol-2-ylidene H), 7.3 (2H, d, 'Pr,CsHoH), 7.4 (1H, m, 5-
pyridyl H), 7.5 (1H, t, Pr,CH,H), 7.7 (2H, d, 3-pyridyl H), 8.0 (1H, d, 4-imidazol-2-
vlidene H), 8.0 (1H, dt,4-pyridyl H), 9.4 (1H, br. d, 6-pyridyl H).

dc(CDCl3) -11 (PACH3), 23, 25 (CH(CHj3),), 29 (CH(CHs),), 110 (3-picolyl CH),
116 (4-imidazol-2-ylidene C), 123 (5-picolyl CH), 124, 131, 134, 146 ('Pr,CsHs), 126
(5-imidazol-2-ylidene C), 141 (4-picolyl CH), 150 (6-picolyl CH), 150 (2-picolyl C), 174
(2-imidazol-2-ylidene C).

(Found: C, 49.79; H, 5.25; N, 8.15. C;;HsPdBr calculated: C, 49.77; H, 5.17; N,
8.29%).
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Figure 4.19. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-

Pd(1)-C(1)
Pd(1)-C(10)
Pd(1)-N(3)
Pd(1)-Br(1)
N(1)-C(1)
N(1)-C(2)

C(1)-Pd(1)-C(10)
C(1)-Pd(1)-N(3)
C(10)-Pd(1)-N(3)
C(1)-Pd(1)-Br(1)
C(10)-Pd(1)-Br(1)
N(3)-Pd(1)-Br(1)
C(1)-N(1)-C(2)
C(H)-N(D-C(11)
C(2)-N(1)-C(11)
C(1)-N(2)-C(3)
C(1)-N(2)-C(4)

2-ylidene] palladium methyl bromide, compound (4.4).

1.970(4)
2.034(4)
2.166(3)
2.4528(5)
1.348(5)
1.391(5)

96.91(17)
79.15(13)
175.17(17)
171.53(11)
88.07(13)
96.18(8)
111.5(3)
127.4(3)
121.1(3)
111.93)
120.8(3)

N(D)-C(11)
N@)-C(D)
N@2)-C(3)
N2)-C(4)
N(3)-C(4)
C2)-C3)

C(3)-N(2)-C(4)
C(4)-N(3)-Pd(1)
C(8)-N(3)-Pd(1)
N(1)-C(1)-N2)
N(1)-C(1)-Pd(1)
N(2)-C(1)-Pd(1)
Pd(1)-C(1)-N(3)
N(3)-C(4)-N()
C(3)-C(2)-N(1)
C(2)-C(3)-N(2)

1.443(5)
1.369(5)
1.392(5)
1.410(5)
1.332(5)
1.342(6)

127.3(3)
112.8(2)
129.4(3)
103.5(3)
142.3(3)
113.73)
53.71(11)
113.2(3)
107.4(3)
105.7(3)

Table 4.4. Selected bond lengths (A) and angles (°) for compound (4.4).
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4.5) [3-(2,6-diisopropylphenyl)-1-(a-lutidyl) imidazol-2-ylidene] palladium methyl
bromide

This was prepared following the general method (i) from [3-(2,6-
diisopropylphenyl)-1-(o-lutidyl) imidazol-2-ylidene] silver bromide (0.5g, 1.1mmol) and
(COD) palladium methy! bromide (0.3g, 1.1mmol) in dichloromethane (100ml) by stirring
at room temperature for 12 hours. The product was obtained in quantitative yields as a
yellow solid. X-ray diffraction quality crystals were obtained by layering a saturated
dichloromethane solution with petrol (Figure 4.20 and Table 4.5).

MS (ES): m/z 482, [(ligand)PdMe + MeCN]".

ou(CDCl3) 0.2, 0.3 (3H, s, PACH3), 0.8, 1.1, 1.2, 1.5 {4 x 3H, d, CH(CH5),], 2.4,
2.7 [2 x 1H, septet, CH(CH3),], 3.0 (3H, s, lutidyl CHs), 5.1, 6.0 (2 x 1H, dd, CH,), 6.7
(1H, d, 5-imidazol-2-ylidene H), 7.1 (2H, br. d, 'Pr,Ce¢HLH), 7.3 (1H, d, 4-imidazol-2-
ylidene H), 7.2 (1H, d, 5-lutidyl H), 7.3 (1H, t, 'Pr,CsH,H), 7.3 (1H, d, 3-lutidyl H), 7.5
(1H, t, 4-lutidyl H).

0c(CDCly) -5 (PACH3), 22, 24, 25, 26 (CH(CHs),), 28 (lutidyl CHj), 29
(CH(CH3)y), 57 (CH,), 120 (3-lutidyl CH), 120 (4-imidazol-2-ylidene C), 123 (5-lutidyl
CH), 123, 125, 130, 145 ('Pr,CsHs), 128 (5-imidazol-2-ylidene C), 138 (4-lutidyl CH), 152
(6-lutidyl CH), 152 (2-lutidyl C), 163 (2-imidazol-2-ylidene C).

(Found: C, 52.06; H, 5.80; N, 7.91. C»3H;3(BrN3Pd calculated: C, 51.65; H, 5.65; N,
7.86%).
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Figure 4.20. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(o-lutidyl) imidazol-2-
ylidene] palladium methyl bromide, compound (4.5).
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C()-C(2)
C(2)-N(1)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(6)-N(1)
C(6)-C(7)
C(7)-N(2)

N(D)-C(2)-C(1)
N(3)-C(8)-N(2)
N(3)-C(8)-Pd(1)
N(2)-C(8)-Pd(1)
C(10)-C(9)-N(2)
C(9)-C(10)-N(3)
C(2)-N(1)-C(6)
C(2)-N(1)-Pd(1)
C(6)-N(1)-Pd(1)
C(8)-N(2)-C(9)

1.499(7)
1.332(6)
1.403(7)
1.379(8)
1.393(8)
1.367(7)
1.375(6)
1.510(7)
1.461(6)

118.9(4)
104.6(4)
138.3(3)
117.0(3)
107.1(4)
106.0(4)
118.3(4)
126.6(3)
115.1(3)
111.0(4)

C(8)-N(3)
C(8)-N(2)
C(8)-Pd(1)
C(9)-C(10)
C(9)-N(2)
C(10)-N(3)
C(23)-Pd(1)
N(1)-Pd(1)
Br(1)-Pd(1)

C(8)-N(2)-C(7)
C(9)-N(2)-C(7)
C(8)-N(3)-C(10)
C(8)-N(3)-C(11)
C(8)-Pd(1)-C(23)
C(8)-Pd(1)-N(1)
C(23)-Pd(1)-N(1)
C(8)-Pd(1)-Br(1)
C(23)-Pd(1)-Br(1)
N(1)-Pd(1)-Br(1)

1.350(6)
1.362(6)
1.976(5)
1.353(7)
1.380(6)
1.398(6)
2.044(5)
2.225(4)
2.4968(8)

122.1(4)
126.9(4)
111.2(4)
125.9(4)
90.69(19)
85.61(16)
175.36(17)
172.30(13)
88.60(14)
94.69(10)

Table 4.5. Selected bond lengths (A) and angles (°) for compound (4.5).

Compound 4.2), 4.3) 4.5)
Chemical formula CzOszBrNﬂ)d ngHngI‘NgPd C24HggBI‘C12N3Pd
Formula weight 490.72 520.78 619.74
Crystal system Rhombohedral Monoclinic Monoclinic
Space group R-3 P2y/n P2/m
a/A 15.5514(18) 7.79810(10) 7.7892(16)
b/A 15.5514(18) 21.8591(2) 23.120(5)
c/A 15.5514(18) 13.48780(10) 14.536(3)
o/ 102.993(17) 90 90
pre 102.993(17) 90.60 94.15(3)
v/° 102.993(17) 90 90
V/A® 3417.4(7) 2299.00(4) 2610.9(9)
V4 6 4 4
T/K 150(2) 150(2) 150(2)
wmm' 2.574 2.556 2.462
F(000) 1464 1048 1248
No. Data collected 38472 24498 17717
No. Unique data 4523 6659 5320
Rint 0.0463 0.0434 0.0824
Final R(|F)) for Fo> 20(F,) 0.0393 0.0444 0.0529
Final R(FZ) for all data 0.0530 0.0612 0.0614

Table 4.6. Crystallographic parameters for compounds (4.2), (4.3) and (4.5).
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(4.6) |3-(tertbutyl)-1-(a-picolyl) imidazolium] palladium dibromide acetate

The manipulations were carried out under nitrogen. A THF (20ml) solution of
lithium diisopropylamide (0.075g, 0.7mmol) was added drop-wise to a THF solution
(20ml) of 3-(fertbutyl)-1-(a-picolyl) imidazolium bromide (0.2g, 0.7mmol) at -78°C. After
warming to room temperature, the solution was stirred for one hour, the reaction mixture
was filtered, the volatiles were removed under vacuum, and the solid was redissolved in
cold THF (20ml). This THF solution was added slowly to a THF (20ml) solution of
palladium acetate (0.144g, 0.64mmol) at -78°C, and the solution was stirred for one hour.
On warming to room temperature a precipitate formed. The supernatant was decanted off
and the solid was washed with toluene. The volatiles were removed under vacuum to give
the air-stable complex as an orange/yellow solid. X-ray diffraction quality crystals were
obtained by cooling a saturated acetonitrile solution to -20°C (Table 4.7).

MS (ES): m/z 495, [(imidazolium)PdBr, + H,0]".

ou(CDCL) 1.6 [9H, s, C(CH5)3], 1.8 (3H, s, CO,CH3), 6.1 (2H, s, CH»), 7.5 (1H, s,
5-imidazolium H), 7.5 (1H, d, 3-picolyl H), 7.7 (1H, s, 4-imidazolium H), 7.7 (1H, m,
S-picolyl H), 8.0 (1H, dt, 4-picolyl H), 9.0 (1H, d, 6-picolyl H), 9.6 (br., 2-imidazolium H).

(Found: C, 33.78; H, 3.69; N, 8.10. C;sH»BroN30,Pd calculated: C, 33.33; H,
3.73; N, 7.77%).

Pd(1)-O(1) 2.017(8) N(2)-C(9) 1.300(16)
Pd(1)-N(1) 2.043(11) N(2)-C(11) 1.355(16)
Pd(1)-Br(1) 2.389(2) N(2)-C(8) 1.462(17)
Pd(1)-Br(2) 2.416(2) N(3)-C(9) 1.373(17)
N(1)-C(3) 1.339(18) N(3)-C(10) 1.384(16)
N(1)-C(7) 1.383(18) N(3)-C(12) 1.485(17)
O(1)-Pd(1)-N(1) | 177.0(6) O(1)-Pd(1)-Br(2) | 89.93)

O(1)-Pd(1)-Br(1) | 91.4(3) N(1)-Pd(1)-Br(2) | 89.9(3)

N(1)-Pd(1)-Br(1) | 88.7(3) Br(1)-Pd(1)-Br(2) | 178.09(9)

Table 4.7. Selected bond lengths (A) and angles (°) for compound (4.6). (Symmetry

transformations used to generate equivalent atoms: #1 -x+1,-y+2,-z; #2 -x,-y+1,-z+1).
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(4.7) bis-{1-[3-(2,6-diisopropylphenyl)-imidazol-2-ylidene]-1-methoxy-methane}
palladium dichloride

This was prepared following the general method (i) from {1-[3-(2,6-diisopropyl-
phenyl) imidazol-2-ylidene]-1-methoxy-methane} silver chloride (0.39g, 1.05mmol) and
(COD) palladium dichloride (0.15g, 0.53mmo}) in dichloromethane (75ml) by stirring at
room temperature for 12 hours. The product was obtained in good yields as a
orange/yellow solid. X-ray diffraction quality crystals were obtained by layering a
saturated dichloromethane solution with diethyl ether (Table 4.8).

MS (ES): m/z 455, [(ligand),PdCl]".

on(CDCl3) 1.0, 1.3 [2 x 6H, d, CH(CHs),], 2.8 [2H, septet, CH(CH3)], 3.0 3H, s,
OCH3), 5.6 (2H, d, CH>), 6.2 (1H, d, 5-imidazol-2-ylidene H), 6.9 (1H, d, 4-imidazol-2-
ylidene H), 7.4 (2H, d, Pr,CsHoH), 7.5 (1H, t, PryCsH, H).

0c(CDCl3) 22, 26 (CH(C Hs),), 26 (OCHs), 29 (C H(CHs3),), 58 (CHy), 117
(4-imidazol-2-ylidene C), 119, 1126, 130, 147 (‘ProCsHs), 124 (5-imidazol-2-ylidene C),

174 (2-imidazol-2-ylidene C).
(Found: C, 57.49; H, 7.41; N, 6.89. (C34H43C1,N40,PdCl1;)C4H (0 calculated: C,

57.18; H, 7.58; N, 7.02%).

C(1)-N(Q) 1.355(3) C(4)-0(1) 1.396(3)
C(D)-N(D) 1.354(3) C(4)-N(1) 1.469(3)
C(1)-Pd(1) 2.026(2) C(5)-0(1) 1.392(4)
C(2)-C(3) 1.344(3) CI(1)-Pd(1) 2.3070(9)
C(2)-N(1) 1.382(3) Pd(1)-C(1)#1 2.026(2)
C(3)-N(2) 1.390(3) Pd(1)-Cl(1)#1 2.3070(10)
N(2)-C(D)-N(1) 104.42(18) C(1)-N(2)-C(6) 124.23(18)
N(2)-C(1)-Pd(1) 129.20(15) C(3)-N(2)-C(6) 124.76(18)
N(1)-C(1)-Pd(1) 126.38(15) C(4)-0(1)-C(5) 113.6(2)
C(3)-C(2)-N(1) 106.7(2) C(L)#1-Pd(1)-C(1) 180.00(8)
C(2)-C(3)-NQ2) 106.7(2) C(1)#1-Pd(1)-CI(1)#1 91.10(6)
O(1)-C(4)-N(1) 111.1(2) C(1)-Pd(D)-CI(1)#1 88.90(6)
C(D)-N(1)-C(2) 111.33(18) C(D#1-Pd(1)-CI(1) 88.90(6)
C(1)-N(1)-C(4) 125.1(2) C(1)-Pd(1)-CL(1) 91.10(6)
C(2)-N(1)-C(4) 123.5(2) CI(1)#1-Pd(1)-CI(1) 180. 00(8)
C(D)-NQ2)-C(3) 110.87(18)

Table 4.8. Selected bond lengths (A) and angles (°) for compound (4.7). (Symmetry

transformations used to generate equivalent atoms: #1 -x,-y,-z+1).
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Compound (4.4) 4.7 (4.6)

Chemical formula CyHpBrNsPd  CyyHysCLN,O,Pd C1s66HBrN; 3,0,Pd
Formula weight 506.76 722.06 554.25
Crystal system Monoclinic Triclinic Triclinic
Space group P2/c P-1 P-1
a/A 11.29100(10) 8.1263(16) 69.85(3)
b/A 13.06100(10) 9.1631(18) 78.62(3)
c/A 14.7203(2) 12.565(3) 88.00(3)
o/° 90 74.36(3) 7.783(2)
B/° 90.93 78.00(3) 11.248(2)
v/° 90 79.56(3) 12.976(3)
V/A? 2170.54(4) 873.5(3) 1044.8(4)
z 4 1 2
T/K 150(2) 150(2) 150(2)
p/mm’ 2.705 0.719 4.725
F(000) 1016 376 341
No. Data collected 25345 12135 15676
No. Unique data 6245 3884 4330
Rim 0.0471 0.0487 0.1791
Final R(JF)) for Fo> 20(F,) 0.0497 0.0352 0.0929
Final R(F?) for all data 0.0658 0.0387 0.2661

Table 4.9. Crystallographic parameters for compounds (4.4), (4.6) and (4.7).

4.8.3. Reaction between [3-(fertbutyl)-1-(a-lutidyl) imidazolium bromide,
(COD) palladium methyl bromide and excess lithium diisopropylamide
This was prepared following the general method (ii) from 3-(zertbutyl)-1-
(a-lutidyl) imidazolium bromide ) (0.13g, 0.32mol) and (COD) palladium methyl bromide
(0.1g, 0.32mmol) in THF (50ml) at -78°C. To this suspension was added a solution of
lithium diisopropylamide (0.09g, 0.88mmol) in THF (20ml). The product was obtained in

good yields as a yellow solid.
MS (ES): m/z 391, [(ligand)PdMe + MeCN]"; 565, [(ligand),PdMe]".

4.8.4. Reaction between 3-(mesityl)-1-(o-lutidyl) imidazolium bromide,
(COD) palladium methyl bromide and excess lithium diisopropylamide
This was prepared following the general method (ii) from 3-(mesityl)-1-(a-Iutidyl)
imidazolium bromide (0.13g, 0.32mmol) and (COD) palladium methyl bromide (0.1g,
0.32mmol) in THF (50ml) at -78°C. To this suspension was added a solution of lithium
diisopropylamide (0.09g, 0.88mmol) in THF (20ml). The product was obtained in good
yields as a yellow solid.
MS (ES): m/z 453, [(ligand)PdMe + MeCN]'; 703, [(ligand),PdMe]".
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4.8.5. Reaction between two equivalents of 3-(mesityl)-1-(2-picolyl)
imidazolium bromide, (COD) palladium methyl bromide and excess
lithium diisopropylamide
This was performed following the general method (ii) from 3-(2,6-diisopropyl-
phenyl)-1-(a-picolyl) imidazolium bromide (0.28g, 0.76mmol) and (COD) palladium
methyl bromide (0.1g, 0.32mmol) in THF (50ml) at -78°C. To this suspension was added a
solution of lithium diisopropylamide (0.18g, 1.7mmol) in THF (30ml). The product
obtained at this stage was not spectroscopically or analytically pure. However, attempts to
purify the solid by standard separation and purification techniques gave no further increase
in purity.
MS (ES): m/z 439, [(ligand)PdMe + MeCN]"; 674, [(ligand),PdMe]"; 952,
[(ligand);PdMe]".
ou(CDCly) including -0.4 (3H, s, PACHs), 5.3, 5.6 2 x 2H, d, CH,), 6.5 2H, t,
"Pr,C¢H,H), 6.8 (2H, s, 5-imidazol-2-ylidene H), 6.9 (4H, d, Pr,CeHLH), 7.1 (2H, s, 4-
imidazol-2-ylidene H), 7.7 (2H, br.,4-picolyl H), 8.6 (2H, br. d, 6-picolyl H).

4.8.6. Reaction between two equivalents of [3-(2,6-diisopropylphenyl)-1-(a-
picolyl) imidazol-2-ylidene] silver bromide and (COD) palladium methyl
bromide
This was performed following the general method (i) from [3-(2,6-diisopropyl-
phenyl)-1-(a-picolyl) imidazol-2-ylidene] silver bromide (0.36g, 0.64mmol) and (COD)
palladium methyl bromide (0.1g, 0.32mmol) in dichloromethane (40ml) by stirring at room
temperature for 12 hours. The product obtained at this stage was not spectroscopically or
analytically pure. However, attempts to purify the solid by standard separation and
purification techniques gave no further increase in purity.
MS (ES): m/z 469, [(ligand)PdMe + MeCN]"; 735, [(ligand),PdMe]"; 1042,
[(ligand);sPdMe]".
ou(CDCls) including -0.4 (3H, s, PACHs), 0.6, 0.8, 0.9, 1.0 [4 x 6H, d, CH(CH3)2],
1.8, 2.4 [2 x 2H, septet, CH(CH3),], 4.1, 5.9 (2 x 2H, d, CHy), 6.9 (2H, s, 5-imidazol-2-
ylidene H), 7.1 (4H, d, 'Pr,Ce/:H), 7.2 (2H, s, 4-imidazol-2-ylidene H), 7.7 (2H, br.,
picolyl #), 8.1 (ZH, br. d, 6-picolyl H).
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4.8.7. Reaction between {1-[3-(diisopropyl)-imidazolium]-2-
[diphenylphosphine]-ethane} iodide, (COD) palladium methyl chloride
and lithium diisopropylamide
This was performed following the general method (ii) from {1-[3-(diisopropyl)
imidazolium]-2-[diphenylphosphine]-ethane} iodide (0.19g, 0.38mmol) and (COD)
palladium methyl chloride (0.1g, 0.38mmol) in THF (20ml) at -78°C. To this suspension
was added a solution of lithium diisopropylamide (0.045g, 0.4mmol) in THF (20ml). The
yellow product obtained at this stage was not spectroscopically or analytically pure.
However, attempts to purify the solid by standard separation and purification techniques
gave no further increase in purity.
MS (ES): m/z 484, [(ligand)PdMe + MeCNY’, 441, [(ligand)PdMe]".
Jou(CDsCN) broad peaks including 0.5 (3H, br., PACH3), 2.08 [6H, br. d,
CH(CH3),], 2.1 (2H, br., PCH,), 2.5 (2H, s, CH>), 2.6 [1H, br. m, CH(CHz3),],7.2-7.9
(12H, phenyl H, 4,5-imidazol-2-ylidene H).
op(CDsCN) 15.

4.8.8. Reaction between {1-|3-(tertbutyl)-imidazolium}-3-
[diphenylphosphine|-propane} bromide, (COD) palladium methyl chloride
and lithium difsopropylamide
This was performed following the general method (ii) from 1-[3-(tertbutyl)
imidazolium]-3-[diphenylphosphine]-propane} bromide (0.2g, 0.4mmol) and (COD)
palladium methyl chloride (0.12g, 0.4mmol) in THF (20ml) at -78°C. To this suspension
was added a solution of lithium diisopropylamide (0.05g, 0.42mmol) in THF (20ml). The
yellow product obtained at this stage was not spectroscopically or analytically pure.
However, attempts to purify the solid by standard separation and purification techniques
gave no further increase in purity.
MS (ES): m/z 498, [(ligand)PdMe + MeCN]".
Jdu(CDCl) broad peaks including 1.2 (3H, s, PACH3), 1.65 [9H, s, C(CHs)3], 1.7
(2H, s, CH,), 2.1 (2H, s, CH,), 2.3 (2H, s, CH,), 7.4-8.0 (12H, phenyl H, 4,5-imidazol-2-
ylidene H).
op(CDCl3) 20.
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Chapter 5
N-Heterocyclic Bis-Carbene Complexes of Palladium (IT)

5.1 Introduction

The pressing need for precise ligand design incorporating N-heterocyclic carbenes
has opened a new area of research in homogeneous catalysis." This research interest has
been stimulated by the fact that carbenes are good ligand for late transition metals (strong
o-donors) as well as the observation that their complexes are able to promote a variety of
catalytic reactions. N-Heterocyclic carbenes also show a number of other attractive
characteristics including ease of electronic and steric tuning, formation of relatively strong
and inert bonds to late transition metals and electronic similarity to the alkyl phosphines.”
One of the most significant limitations of some homogeneous catalysts, especially
phosphine based catalysts, is their relatively rapid deactivation, particularly when high
temperatures or harsh conditions are needed. Compared with the electronically similar
phosphine ligands, N-heterocyclic carbenes appear not to dissociate easily from the metal
centre and are less prone to metal assisted decomposition leading to catalyst deactivation.

The growing importance of transition metal catalysed asymmetric synthesis has
stimulated considerable efforts towards the development of new types of chiral ligands.’
Chiral diphosphines, especially those with C, symmetry, have proven to be especially
useful, resulting in good enantioselective control of the catalytic reactions. The potential of
chiral auxiliary ligands that bind to the metal through nitrogen and carbon atoms is now
being explored.* A limited number of examples of transition metal complexes containing

chiral carbene ligands have been reported.5

0
T

Pdl,

N*N/
SO R

Figure 5.1. N-Heterocyclic carbene complex containing a chiral (> axis, reported by

RajanBabu.6
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Chiral information has.been incorporated in a number of different ways on to N-
heterocyclic carbenes:
i) A chiral centre on alkyl substituents directly linked to the imidazolin-2-ylidenes or
imidazol-2-ylidenes rings,’
i) A chiral centre integrated directly in to the imidazolin-2-ylidene ring,®
ii1) A chiral centre on the functional group of N-functionalised imidazol-2-ylidenes,”
1v) A chiral C; axis built in to the framework of the N-heterocyclic carbenes attached
to the chiral auxiliaries of binaphthyl or biphenyl type (Figure 5.1 ).6
As a logical extension of pyridine and picoline functionalised carbene complexes of
palladium described in the previous chapters and those reported by McGuiness and
Cavell,'™!! the use of tridentate pincer architectures bearing carbene ligands was explored.
The compounds (5.1) and (5.3) are only the second examples of racemic mixtures
of carbene complexes with a chiral C; axis, comparable with chiral phosphines of the
BINAP family. The chiral nature of these complexes originates from the helical structures

formed by the two-carbene moieties, which are linked by a lutidine backbone.
RESULTS AND DISCUSSION

5.2 Palladium (II) tridentate carbene complexes

(5.4) (5.5)

Figure 5.2. Palladium complexes (5.1)~(5.5).
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5.2.1. Synthesis of bis-carbene palladium complexes
The complexes described in this chapter were prepared by a similar method to that
described in the previous chapter, general method (i), by the interaction of the analogous
silver complexes'? with cyclooctadiene (COD) palladium dichloride in dichloromethane.

Compounds (5.1), (5.2), (5.3), (5.4) and (5.5) were isolated as air stable, pale
yellow/colourless solids (Figure 5.2). 4

5.2.2. Electrospray mass spectroscopy

The electrospray mass spectra obtained for all the compounds contained a peak
corresponding to the molecular ion [Pd(ligand)CI]". This demonstrated that the ligand was
chelating the palladium centre. However, the spectrum obtained for compound (5.5) also
contained peaks corresponding to [Pd(ligand)Cl + MeCN]", [Pd(ligand)Cl, + MeCN]" and
[Pd,(ligand),Cly -1]". This suggested that the geometry of the complex was not as straight

forward as in the other cases, possibly with the ligand bridging two metal centres.

5.2.3. Chemical analysis

The overall stoichiometry of the complexes was determined by chemical analysis,
which showed that in all cases there was only one ligand for each palladium. However, the
analysis of compounds (5.1), (5.2), (5.3) and (5.4) implied that, to a varying degree, silver
chloride was also present in the compounds. Diethyl ether was also believed to be present
in some of the analysis samples, this was due to it being used as a solvent for the
fractional-crystallisation. The silver was removed from the complexes when repeated
fractional-crystallisations were performed. The presence of silver in the analysis was due
to the complex containing silver dichloride as the anion [(AgCl,)] rather than a chloride
ion. The silver dichloride anion was later shown to be present in the X-ray crystal structure
of compound (5.3). In contrast, the crystal structure data for the compounds (5.1) and (5.4)
were collected on crystals that had been repeatedly re-crystallised and showed only a

chloride as the anion.

5.2.4. X-ray diffraction studies on complex (5.4)
X-ray diffraction quality crystals of {2,6-bis-[3-(2,6-diisopropylphenyl) imidazol-
2-ylidene] pyridine} palladium dichloride (5.4) were obtained by layering a saturated

dichloromethane solution with petrol (Figure 3.3).
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Figure 5.3. Cation from the X-ray crystal structure of {2,6-bis-[3-(2,6-diisopropylphenyl)

imidazol-2-ylidene] pyridine} palladium dichloride, compound (5.4).

The structure of (5.4) is very similar to that of a related complex, with methyl
substituted carbene functionalities that has been reported since this work was carried out.
The structure comprises a palladium centre coordinated by the "pincer” type ligand and a
chloride, which makes up the cation; and a chloride ion as the anion. The "pincer" ligand is
coordinated to the square planar palladium centre with the carbene ends disposed frans to
each other and the lutidine nitrogen frans to the chloride. The molecule is virtually planar
except for the phenyl groups that are nearly perpendicular to the square plane of the

palladium (twisted from the plane to reduce steric interactions, Figure 5.4).

Figure 5.4. Cation from the X-ray crystal structure of {2,6-bis-[3-(2,6-diisopropylphenyl)

imidazol-2-ylidene] pyridine} palladium dichloride, compound (5.4).
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The bite-angles between the carbene moieties and the nitrogen are very similar to
that of compound (4.4). However, the bond lengths around the palladium are not very
similar; the palladium-nitrogen bond length is 0.2A shorter at 1.98A, and the palladium
carbene bond lengths are about 0.05A longer at 2.01 and 2.03A (Table 5.1). This
difference in bond length probably arises from the increased constraints built into the
"pincer” ligand or possibly from the frans influence of the carbenes on one another. The
carbene-palladium-carbene angle is only 158°, which shows that the square plane of the

palladium is considerably distorted by the ligands constraints. All other metrical data are

very similar to (4.4).

5.2.5. X-ray diffraction studies on complex (5.3)

X-ray diffraction quality crystals of {a,a'-bis-[3-(2,6-diisopropylphenyl) imidazol-
2-ylidene] lutidine} palladium dichloride (5.3) were obtained by layering a saturated
dichloromethane solution with petrol (Figure 5.4). The coordination sphere of compound
(5.3) is similar to that of (5.4), comprising the square planar palladium centre coordinated
by the two carbene ends of a ligand (disposed #rans to each other), and the lutidine
nitrogen frans to the chloride. However, there are two major differences in the structure
Firstly, the anion comprises a silver atom coordinated by two chloride atoms; Secondly,
and more interestingly, the ligand adopts a helical arrangement around the palladium
centre. The beautiful helical structure of the cation is a direct result of the rigidity of the
carbene and lutidyl rings and the flexibility of the methylene bridges, which create two

puckered six-membered chelate rings with a C» axis along the nitrogen-palladium bond

(Figure 5.5).
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Figure 5.5. Cation from the X-ray crystal structure of {a,a'-bis-[3-(2,6-diisopropylphenyl)

imidazol-2-ylidene] lutidine} palladium dichloride, compound (5.3).

The helical conformation of the cation is most simply described by considering the
angles that the carbene and lutidyl rings are twisted from the coordination plane of the
palladium (Figure 5.6), when looking down the donor-palladium bond. Starting at a
carbene end of the ligand of one enantiomer: the carbene ring is twisted clockwise by 38.9°
from the coordination plane of the palladium; moving along the ligand, the lutidy! ring is
twisted anticlockwise by 40.2° from the coordination plane of the palladium; moving along
the ligand, the second carbene ring is twisted clockwise by 39.3°. As a consequence of the
centro-symmetric nature of the space group (P2/¢), the second enantiomer is generated

through an inversion centre leading to a racemic mixture in the crystal lattice.
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Figure 5.6. Cation from the X-ray crystal structure of {a,a'-bis-[3-(2,6-diisopropylphenyl)

imidazol-2-ylidene] lutidine} palladium dichloride, compound (5.3).

The phenyl rings are twisted by 81.9° and 79.9° from the planes of the carbene
rings. The palladium-nitrogen bond length is 2.074A (Table 5.1) and the palladium-
carbene bond lengths are both 2.03A,; similarly different from its bidentate counterpart
(4.3), as (5.4) is from its counterpart (4.4). The bite-angles between the nitrogen and the
carbenes are 87.4° and 87.7°, just over 2° larger than (4.3). The carbene-palladium-carbene

angle is 175.0°, but all other metrical data are very similar to (4.3).

Compound | Pd-N (A) Pd-C (A) N-Pd-C (°) | C-Pd-C (°)

(5.1) 2.071(4) | 1.999(6),2.021(6) | 87.12),87.7(2) | 174.5(2)

(5.3) 2.074(3) | 2.025(4),2.029(4) | 87.4(1),87.7(1) | 175.12)
(5.4) 1.975(7) | 2.014(9),2.033(9) | 78.9(3), 79.2(3) | 158.1(4)
(5.5) — 1.98(2), 1.981(18), — 163.7(8),

2.00(2), 2.03(2) 170.9(7)

Table 5.1. Palladium-carbon and palladium-nitrogen bond lengths, and nitrogen-palladium-
carbon and carbon-palladium-carbon angles.
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5.2.6. X-ray diffraction studies on complex (5.1)
X-ray diffraction quality crystals of {a,a'-bis-[3-(mesityl) imidazol-2-ylidene]
lutidine} palladium dichloride (5.1) were obtained by layering a saturated dichloromethane

solution with petrol (Figure 3.7). The helical conformation of the structure is similar to that

in compound (5.3).

Figure 5.7. Cation from the X-ray crystal structure of {o,0'-bis-[3-(mesityl) imidazol-2-
ylidene] lutidine} palladium dichloride, compound (5.1).

The palladium-nitrogen and palladium-carbene bond lengths are similar to that of
(5.3) and the carbene-palladium-carbene angle is 174° (7able 5.1). The helical
conformation of the cation is most simply described by considering the angles that the
carbene and lutidyl rings are twisted from the coordination plane of the palladium
(Figure 5.7), when looking down the donor-palladium bond. Starting at a carbene end of
one enantiomer: the carbene ring is twisted clockwise by 36.8° from the coordination plane
of the palladium; moving along the ligand, the lutidyl ring is twisted anticlockwise by
40.0° from the coordination plane of the palladium; moving along the ligand, the second
carbene ring is twisted clockwise by 39.9° form the coordination plane of the palladium.

All other metrical data are very similar to (4.2).
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5.2.7. NMR spectroscopy

Similarly to the palladium complexes described in Chapter Four, the peaks in the
'H and >C{H} NMR spectra used to characterise compounds (5.1), (5.2), (5.3), and (5.4)
are:

i) A weak peak downfield of 160 ppm in the >C{'H} NMR spectra which can be
assigned to the carbene carbon (observed in these complexes between 168 and 175
ppm);

i1) The pair of doublets observed between 5.4 and 6.5 ppm in the 'H NMR spectra for
the lutidyl carbene complexes (assigned to the diastereotopic protons on the
methylene bridge), and a peak observed at 55 ppm in the BC{H)} NMR spectra
(assigned to the carbon of the methylene bridge);

iii) A doublet observed between 8.4 and 9.0 ppm, and a triplet observed between 8.0
and 8.5ppm in the 'H NMR spectra (assigned to the protons in the 3,5- and
4-positions of the lutidyl or pyridyl ring);

iv) The presence of two doublets, with very small coupling constants, between 6.7 and
7.0 ppm, and 7.9 and 9.3 ppm in the "H NMR spectra (assigned to the protons in
the 5- and 4-position on the imidazol-2-ylidene ring).

The other peaks in the "H NMR spectra are assigned to the protons of the R group
on the imidazol-2-ylidene ring. The 'H NMR spectra obtained for (5.2) and (5.4) are
relatively simple as the complexes in solution retain their high degree of symmetry
observed in the crystal structure of compound (5.4).

The peaks associated with the methyls of the isopropyls of (5.4) are a pair of
doublets, one doublet assigned to the four methyls pointing towards the lutidyl ring, and
the other assigned to the methyls pointing away (at elevated temperatures these methyls
exchange, which is shown by the peaks becoming one doublet). A septet is observed in the
'"H NMR spectrum assigned to the protons on the secondary carbons of the isopropyls. A
doublet and a triplet are observed, which can be assigned to the protons of the phenyl ring.

The 'H NMR spectrum for (5.2) contains peaks assigned to the protons on the
methyls of the mesityl substituent at 2.0 and 2.2 ppm as well as a peak at 6.9 ppm assigned
to the CH protons on the mesityl substituent. The C{H} NMR spectra of complexes (5.2)
and (5.4) are similarly simple, and the chemical shifts are comparable to those of the
comparable bidentate complexes described in Chapter Four.

The peaks assigned to the R groups in the "H NMR spectra of complexes (5.1) and

(5.3) are not as straight forward as the analogous planar complexes (5.2) and (5.4). The
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complexity of these spectra are caused by the solid-state structures of (5.1) and (5.3) being

persistent in solution.

s s T T T e e T
Figure 5.8. The isopropyl methyl region of the 'H NMR spectrum of compound (5.3).

The '"H NMR spectrum of (5.3) contains four doublets that can be assigned to the
protons on the four types of isopropyl methyl (Figure 5.8). These four categories of
isopropyl methyls are best defined by labelling them as pointing towards (T) or away (A)
from the lutidyl ring, and by labelling them as being above/below (O) the helix or level
with the centre (C) of the helix. Therefore, the four types of methyl are TO, TC, AO and
AC; each associated to one of the doublets in the isopropyl methyl region of the "H NMR

spectrum.

‘ : , : . : : , : : : :
8.4 8.2 8.0 7.8 7.6 7.4 7.2 70 68
(opm)

Figure 5.9. The aromatic regions of the "H NMR spectrum of compound (5.3).

The protons in the meta positions on the phenyl ring can also be divided into two
categories; those that are above/below the helix of the structure and those that are level
with the central region of the helix of the structure; which lead to two doublets in the 'H

NMR spectrum (Figure 3.9).
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Figure 5.10. Cation from the X-ray crystal structure of {a,a'-bis-[3-(2,6-diiso-
propylphenyl) imidazol-2-ylidene] lutidine} palladium dichloride, compound (5.3). R =
2,6-diisopropylphenyl.

The solid-state structure of compound (5.3) is also shown to be persistent in
solution by the peaks assigned to the methylene-bridge protons in the 'H NMR spectra,
which appear as a pair of doublets. Each of these doublets can be assigned to either the
protons pointing in an axial (H22a, H26a) or in an equatorial direction (H22b, H26b), in
relation to the plane of the lutidyl ring (Figure 5.10 and Figure 5.11).

L PR A
et Nt e e AN

‘6.6 65 64 63 62 61 60 39 58 57 56 55 34
ppm)

Figure 5.11. The bridging methylene regions of the 'H NMR spectrum of compound (5.3).

The helical C; symmetrical structure of (5.3) is persistent in solution at least up to
80 °C in C¢DsCl as shown by variable temperature "H NMR spectroscopy. However, at
these elevated temperatures the isopropyls rotate, resulting in the methyls labelled TO and
AO, and TC and AC exchange to give only two doublets in the '"H NMR spectrum, related
to those above/below (O) or in the centre (C). This supports the assumption that a high
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activation barrier exists for any enantiomeric interconversion of this complex, and
therefore leads to the realistic possibility of resolving the racemic mixture by chemical or
chromatographic means. The 13C{H } NMR spectrum is equally complex, with analogous
peaks to that of the 'H NMR spectrum.

The '"H NMR spectrum of compound (5.1) contains three peaks that can be
assigned to the protons of the three categories of methyls of the mesityl groups. Firstly, the
two methyls in the para position of the mesityl rings, secondly, the two methyls that are
above/below the helix of the structure, and lastly, the two methyls that are level with the
central region of the helix (Figure 5.12). The protons on the mesityl ring can also be
divided into two groups; those that are above/below the helix of the structure and those that

are level with the central region of the helix; which results in two peaks in the 'H NMR

spectrum.

Figure 5.12. Cation from the X-ray crystal structure of {a,a'-bis-[3-(mesityl) imidazol-2-

vlidene] lutidine} palladium dichloride, compound (5.1).

Like compound (5.3), the peaks (in the "H NMR spectrum of (5.1)) assigned to the
methylene-bridge protons appear as a pair of doublets. Each of these doublets can be
assigned to either the two protons pointing in an axial or the protons in an equatorial
direction, in relation to the plane of the lytidyl ring (Figure 5.12). In addition, like
compound (5.3), the conformation of (5.1) is rigid at elevated temperatures. The 13C{H}
NMR spectrum is similarly complex and contains analogous peaks to that of the '"H NMR

spectrum.
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5.2.8. Chirality of (5.3) and (5.1) in solution

In order to demonstrate the chiral nature of compounds (5.3) and (5.1) in solution,
Pirkle's acid [TFAE, S-(+)-2,2,2-trifluoro-1-(9-anthryl)ethanol] (Figure 5. 14) was used as
a chiral discriminating agent on a sample of (5.3)."* The regions of the '"H NMR spectrum,
corresponding to the protons of the methyls of the isopropyl groups and the protons of the
methylene bridge, after addition of 3.4 equivalents of TFAE to a solution of (5.3) in
deuterated dichloromethane (Figure 5.13). The four doublets (Figure 5.8) are split to give
eight doublets of equal intensity (four for each enantiomer). The doublet, corresponding to
the axially pointing protons of the methylene bridge (H22a and H16a in Figure 5.10), is
split into a pair of doublets (one for each enantiomer). The splitting of these peaks
originates from the interaction of the chiral discriminating agent with the two enantiomers
of (5.3). The other peaks in the '"H NMR spectrum are unchanged, as the TFAE does not

allow the differentiation of the other protons on the two enantiomers.

(a)

(b)

Figure 5.13. The isopropyl methyl- and bridging methylene-regions of the '"H NMR
spectrum of (5.3), before (a) and after (b) the addition of Pirkle's acid.
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Figure 5.14. Pirkle's acid. [TFAE, S-(+)-2,2,2-trifluoro-1-(9-anthryl)ethanol]

5.2.9. X-ray diffraction studies on complex (5.5)

X-ray diffraction quality crystals of {a,0'-bis-[3-(2,6-diisopropylphenyl) imidazol-
2-ylidene] o-xylene} palladium dichloride (5.5) were obtained by layering a saturated
dichloromethane solution with petrol (Figure 5.15 and Figure 5.16). The asymmetric unit
contains a monomeric complex, comprising a palladium centre ligated by two chlorides
and a chelating ligand, and half a centro-symmetric dimeric complex. The dimer comprises

two symmetry equivalent palladium atoms each ligated by two chlorides and bridged by

two symmetry equivalent ligands.

Figure 5.15. The monomeric complex from the X-ray crystal structure of {a,a'-bis-[3-(2,6-

diisopropylphenyl) imidazol-2-ylidene] o-xylene} palladium dichloride, compound (5.5).

In the monomeric complex (Figure 5.15), the two carbenes of the chelating ligand
are disposed trans across the palladium centre. The geometry around the palladium is
square planar, with two chlorides filling the other two positions. The palladium-carbon

bonds in this fragment are 1.98 and 2.03A (Tuble 5.1), and the palladium-chlorine bonds
are 2.28 and 2.35A (Table 5.5).
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Figure 5.16. The dimeric complex from the X-ray crystal structure of {a,a'-bis-[3-(2,6-

diisopropylphenyl) imidazol-2-ylidene] o-xylene} palladium dichloride, compound (5.5).

In the dimeric complex (Figure 5.16), two bridging ligands coordinate to the two
palladium centres, so that the carbene ends are disposed 7rans to one another. The other
positions of each of the palladium square planes are filled by chlorides. The palladium-
carbon bond lengths in this fragment are 1.97 and 1.99A (Table 5.1) and the palladium-
chlorine bond lengths are 2.31A (Table 5.5). The remainder of the bond lengths and angles
are as expected. The 'H NMR spectrum proved to be unassignable because of the number,
and broadness, of the peaks. The 'HNMR spectrum of the reaction mixture appeared to
contain peaks for a number of other oligomers. The *C{H} NMR spectrum was also

unassignable due to the large numbers of similar peaks.

5.2.10. Reaction 5.4.2

Reaction 5.4.2 comprised of stirring {{1,1-bis-[3-(2,6-diisopropylphenyl)-
imidazol-2-ylidene]-methane}disilver dichloride} with (cyclooctadiene palladium
dichloride) in dichloromethane in an attempt to synthesise {1,1-bis-[3-(2,6-
diisopropylphenyl) imidazol-2-ylidene]-methane} palladium dichloride. Although pure
complexes were not obtained, characterisation methods suggested that these target
complexes were present within the reaction mixture. However, normal separation and
purification techniques failed to produce them as pure solids. Electrospray mass

spectrometry proved to be useful in identifying the products of the reaction, with peaks
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observed corresponding to [(li,gand)de(MeCN)z]2 ", [(ligand),Pd}*" and
[(ligand)PdCI(MeCN)]". The 'H NMR spectrum in deuterated chloroform contained broad
peaks around 1.0, 2.5, 5.0, 7.0 and 8.0 ppm. The broad 'H NMR spectrum and the mass
spectrum suggests that the impurities in the reaction could be a palladium complex
comprising two ligands bound to the metal centre, and that a mixture of coordination

isomers of the target molecule were formed.

5.3 Conclusion

The synthesis and characterisation of a number of palladium complexes with
"pincer" type mixed donor N-heterocyclic carbene ligands have been described in this
chapter, as well as a palladium complex with a bis-carbene xylyl bridged ligand.

Compounds (5.1) and (5.3) are the first examples of N-heterocyclic carbene
complexes that contain a stereogenic C» axis that was not pre-formed in the ligand.
Furthermore, the chiral nature of the complex in solution has been confirmed by the use of
a chiral-discriminating agent implying that the separation of the two enantiomers is
possible. Most importantly, these complexes have been shown to be conformationally rigid
in solution at temperatures as high as 80°C. This could be developed into a convenient
method to a single enantiomer of the complex by using a recoverable chiral salt in the
reaction mixture in order to imprint the chiral information on the complex.

Although compounds (5.2) and (5.4) are similar to the pincer complex reported by
Crabtree," they were developed independently and submitted for publication15 prior to

their paper being published.
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EXPERIMENTAL

5.4 Synthesis of bis-carbene palladium complexes
5.4.1. General method:

A dichloromethane solution of the corresponding silver carbene complex was added drop
wise to a solution of ¢yclooctadiene (COD) palladium dichloride and stirred at room
temperature for 12-24 hours (Scheme 5.1). After completion, the reaction mixture was
filtered, the volatiles were removed under vacuum, and the resulting solid was washed with
diethyl ether. Drying under vacuum gave the products as pale yellow solids.

In most cases, the solids were purified by recrystallisation from a saturated solution

of dichloromethane and diethyl ether or by extraction into hot toluene.

_+
R\ A/gCl CIA\E I Ifz (ljl llz
N V)/N <\/7—Pld—( J X
&/N AN N\) CODPACH, R x g
l Z Dichloromethane _ l 7
Cl Cl -AgCl . E 1"1 R 1+

Scheme 5.1. Synthesis of complexes (5.1)-(5.4), R = mesityl or 2,6-diisopropylphenyl, X" =
Cl', AgCly.

(5.1) {a,a'-bis-[3-(mesityl) imidazol-2-ylidene] lutidine} palladium dichloride

This was prepared following the general method from {a,a'-bis-[3-(mesityl)-
imidazol-2-ylidene]-lutidine} disilver dichloride (0.2g, 0.26mmol) and (COD) palladium
dichloride (0.08¢g, 0.26mmol) in dichloromethane (100ml) by stirring at room temperature
for 24 hours. The product was obtained in quantitative yields as a yellow solid. X-ray
diffraction quality crystals were obtained by layering a saturated dichloromethane solution
with petrol (Table 5.2).

Yield: 80%.

MS (ES): m/z 618.0, [Pd(ligand)CI]".
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ou(CDCl3) 1.9 (6H, s, CH3), 2.1 (6H, s, CH3), 2.3 (6H, s, CH3), 6.3, 5.5 (4H, dd,
CH,), 6.7 (1H, d, 4-imidazol-2-ylidene H), 6.9 (2H, s, mesityl H), 6.9 (2H, s, mesityl H),
7.9 (1H, d, 5-imidazol-2-ylidene H), 8.1 (1H, t, 4-lutidyl H), 8.4 (1H, d, 3,5-lutidyl H).

oc(CDCl3) 19, 19 21, (mesityl CHs), 55 (CH,), 122 (5-imidazol-2-ylidene C), 123
(mesityl C), 127 (3,5-lutidyl C), 129, 129, 134, 135, 136, (mesityl C), 139 (4-imidazol-2-
ylidene ©), 141 (4-lutidyl C), 155 (2,6-lutidyl C), 168 (2-imidazol-2-ylidene C).

(Found: C, 50.27; H, 4.81; N, 8.71. (C3;H33CLLN5sPd);Ag>Cl, calculated: C, 49.74;
H, 4.44; N, 9.36%).

C(D)-N(1) 1.339(8) C(10)-N(3) 1.441(8)
C(1)-C(19) 1.500(9) C(19)-N(®4) 1.427(8)
C(5)-N(1) 1.338(8) C(20)-N(5) 1.345(7)
C(5)-C(6) 1.525(9) C(20)-N(4) 1.374(8)
C(6)-N(2) 1.446(8) C(20)-Pd(1) 2.021(6)
C(7)-N(2) 1.363(8) C(21)-C(22) 1.338(9)
C(7)-N(3) 1.371(8) C(21)-N(4) 1.385(8)
C(7)-Pd(1) 1.999(6) C(22)-N(5) 1.368(8)
C(8)-C(9) 1.322(10) C(23)-N(5) 1.431(8)
C(8)-N(2) 1.386(8) N(1)-Pd(1) 2.071(4)
C(9)-N(3) 1.384(8) CI(1)-Pd(1) 2.2880(15)
N(1)-C(1)-C(19) 116.9(5) C(1)-N(1)-Pd(1) 120.4(4)
N(1)-C(5)-C(6) 119.0(5) C(7)-N(2)-C(8) 111.0(5)
N(2)-C(6)-C(5) 109.1(5) C(7)-N(2)-C(6) 120.8(5)
N(2)-C(7)-N(3) 103.8(5) C(7)-N(3)-C(9) 110.3(5)
N(2)-C(7)-Pd(1) 120.3(4) C(7)-N(3)-C(10) 124.9(5)
N(3)-C(7)-Pd(1) 135.1(4) C(20)-N(4)-C(21) 111.0(5)
C(9)-C(8)-N(2) 107.0(6) C(20)-N(4)-C(19) 120.5(5)
C(8)-C(9)-N(3) 107.8(6) C(20)-N(5)-C(22) 111.6(5)
N(4)-C(19)-C(1) 112.9(5) C(20)-N(5)-C(23) 125.1(5)
N(5)-C(20)-N(4) 103.7(5) C(7)-Pd(1)-C(20) 174.5(2)
N(5)-C(20)-Pd(1) 138.3(4) C(7)-Pd(1)-N(1) 87.1(2)
N(4)-C(20)-Pd(1) 118.1(4) C(20)-Pd(1)-N(1) 87.76(19)
C(22)-C(21)-N(4) 105.9(5) C(7)-Pd(1)-CL(1) 92.85(16)
C(21)-C(22)-N(5) 107.8(5) C(20)-Pd(1)-CI(1) 92.27(15)
C(5)-N(1)-C(1) 119.4(5) N(1)-Pd(1)-CI(1) 179.82(15)
C(5)-N(1)-Pd(1) 120.2(4)

Table 5.2. Selected bond lengths (A) and angles (°) for compound (5.1).
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(5.2) {2,6-bis-[3-(mesityl) imidazol-2-ylidene] pyridine} palladium dichloride

This was prepared following the general method from {2,6-bis-[3-(mesityl)-
imidazol-2-ylidene]-pyridine }disilver dichloride (0.2g, 0.27mmol) and (COD) palladium
dichloride (0.08g, 0.27mmol) in dichloromethane (100ml) by stirring at room temperature
for 24 hours. The product was obtained in quantitative yields as a yellow solid (Figure
5.17). ’

MS (ES): m/z 589.7, [Pd(ligand)CI]".

ou(CDCl3) 2.0 (12H, s, mesityl CHs), 2.2 (6H, s, mesityl C/), 6.9 (4H, s, mesityl
H), 6.9 (2H, d, 5-imidazol-2-ylidene H), 8.5 (1H, d, 4-picolyl H), 9.0 (2H, d, 3,5-picolyl
H), 9.3 (2H, d, 4-imidazol-2-ylidene H).

oc(CDCl3) 18, 21 (CH3), 111 (5-imidazol-2-ylidene C), 121 (mesityl C), 125 (3,5-
pyridyl C), 129, 133, 134 (mesityl C), 140 (4-imidazol-2-ylidene C), 151 (4-pyridyl C),
169 (2,6-pyridyl C), 175 (2-imidazol-2-ylidene C).

(Found: C, 49.64; H, 6.12; N, 7.01. [Cy9H29CLNsPd(C4H;00)3;]AgCl calculated: C,
49.71; H, 6.00; N, 7.07%).

Figure 5.17. Cationic part of compound (5.2).

(5.3) {o,0'-bis-[3-(2,6-diisopropylphenyl) imidazol-2-ylidene] lutidine} palladium
dichloride

This was prepared following the general method from {a,a'-bis-[3-(2,6-
diisopropylphenyl)-imidazol-2-ylidene]-lutidine} disilver dichloride (0.5g, 0.59mmol) and
(COD) palladium dichloride (0.17g, 0.59mmol) in dichloromethane (150ml) by stirring at
room temperature for 24 hours. The product was obtained in quantitative yields as a yellow
solid. X-ray diffraction quality crystals were obtained by layering a saturated
dichloromethane solution with petrol (Table 5.3).

MS (ES): m/z 702.2, [Pd(ligand)C1]".
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ou(CDCl3) 0.9, 1.0, 1.2, 1.3 (24H, 4 x d, isopropyl CHz), 1.9, 2.6 (4H, 2 x septet,
isopropyl CH), 5.4, 6.5 (4H, 2 x d, CID), 6.7 (2H, d, 5-imidazol-2-ylidene H), 7.1, 7.2 (4H,
2 x d, 'ProCsHoH), 7.3 (2H, t, PryCeHoH), 8.0 (1H, t, 4-lutidyl H), 8.0 (2H, d, 4-imidazol-2-

ylidene H), 8.4 (2H, d, 3,5-lutidyl A).

0c(CDCls) 23, 24, 25, 26 [CH(CH3)], 28, 29 [CH(CHs)], 55 (CHa), 122 (5-
imidazol-2-ylidene ), 123 (‘PraCsH; C), 124 (3,5-pyridyl C), 125, 127, 130, 135 (Pr',CeH;
C), 142 (4-pyridyl C), 145 (4-imidazol-2-ylidene C), 147 (Pr'aCsH; C), 155 (2,6-pyridyl
(), 168 (2-imidazol-2-ylidene C).

(Found: C, 54.39; H, 5.95; N, 8.22. (C33H47CI,N5Pd)sAgsCl; calculated: C, 54.52;

H, 5.66; N, 8.37%).

C(1)-N(1)
C(13)-C(14)
C(13)-N(1)
C(14)-N(2)
C(15)-N(Q2)
C(15)-N(1)
C(15)-Pd(1)
C(16)-N(2)
C(16)-C(17)
C(17)-N(3)
C(21)-N(3)
C(21)-C(22)
C(22)-N(4)

N(2)-C(15)-N(1)
N(2)-C(15)-Pd(1)
N(1)-C(15)-Pd(1)
N(2)-C(16)-C(17)
N(3)-C(17)-C(18)
N@3)-C(17)-C(16)
C(18)-C(17)-C(16)
N(3)-C(21)-C(22)
N(4)-C(22)-C(21)
C(24)-C(23)-N(4)
C(23)-C(24)-N(5)
N(5)-C(25)-N(4)
N(5)-C(25)-Pd(1)
N(4)-C(25)-Pd(1)
C(135)-N(1)-C(13)
C(15)-N(1)-C(1)
C(15)-N(2)-C(14)

1.445(5)
1.341(6)
1.379(5)
1.373(5)
1.345(5)
1.350(5)
2.025(4)
1.455(5)
1.493(6)
1.347(5)
1.346(5)
1.512(5)
1.464(5)

104.5(3)
118.3(3)
137.0(3)
111.8(3)
120.6(4)
118.9(4)
120.6(4)
117.1(4)
110.4(3)
106.8(4)
107.1(4)
104.1(3)
137.8(3)
117.9(3)
110.5(3)
127.3(3)
111.6(3)

C(23)-C(24)
C(23)-N(4)
C(24)-N(5)
C(25)-N(5)
C(25)-N(4)
C(25)-Pd(1)
C(26)-N(5)
N(3)-Pd(1)
CI(1)-Pd(1)
Cl(6)-Ag(1)
CI(7)-Ag(1)
CI(T)-Ag(D)

C(15)-N(2)-C(16)
C(14)-N(2)-C(16)
C(17)-N(3)-Pd(1)
C(25)-N(4)-C(23)
C(25)-N(4)-C(22)
C(23)-N(4)-C(22)
C(25)-N(5)-C(24)
C(25)-N(5)-C(26)
C(15)-Pd(1)-C(25)
C(15)-Pd(1)-N(3)
C(25)-Pd(1)-N(3)
C(15)-Pd(1)-Cl(1)
C(25)-Pd(1)-Cl(1)
N(3)-Pd(1)-C1(1)
Cl(7)-Ag(1)-CI(6)
CI(7)-Ag(1)-CL(7)
CI(6)-Ag(1)-CI(7)

1.331(6)
1.364(5)
1.393(5)
1.351(5)
1.356(5)
2.029(4)
1.443(5)
2.074(3)
2.2756(11)
2.3712(12)
2.341(3)
2.422(9)

122.6(3)
125.7(3)
119.8(3)
111.7(3)
122.2(3)
125.9(3)
110.2(3)
128.9(3)
175.07(16)
87.41(14)
87.67(14)
92.44(12)
92.48(12)
177.78(9)
164.12(15)
17.9(5)
160.7(5)

Table 5.3. Selected bond lengths (A) and angles (°) for compound (5.3).
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(5.4) {2,6-bis-[3-(2,6-diisopropylphenyl) imidazol-2-ylidene] pyridine} palladium
dichloride )

This was prepared following the general method from {2,6-bis-[3-(2,6-
diisopropylphenyl)-imidazol-2-ylidene]-pyridine} disilver dichloride (0.5g, 0.61mmol) and
(COD) palladium dichloride (0.17g, 0.61mmol) in dichloromethane (150ml) by stirring at
room temperature for 24 hours. The product was obtained in quantitative yields as a yellow
solid. X-ray diffraction quality crystals were obtained by layering a saturated
dichloromethane solution with petrol (Table 5.4).

MS (ES): m/z 674.1, [Pd(ligand)C1]".

ou(CDCl3) 1.1, 1.2 (24H, 2 x d, isopropyl CHs), 2.5 (4H, septet, isopropyl CH), 7.0
(2H, d, 5-imidazol-2-ylidene H), 7.2 (4H, d, ‘Pr,CsH,H), 7.4 (2H, t, Pr,CeH,H), 8.5 (1H, t,
4-pyridyl H), 9.0 (2H, d, 3,5-lutidyl H), 9.3 (2H, d, 4-imidazol-2-ylidene H).

0c(CDCly) 23, 24 [CH(CH3)], 28 [CH(CH3)], 111 (5-imidazol-2-ylidene C), 120
(Pr,C¢Hs C), 124 (3,5-pyridyl C€), 126, 132, 135 (Pr',C¢H; C), 145 (4-midazol-2-ylidene
), 151 (4-pyridyl ), 170 (2,6-pyridyl C), 174 (2-imidazol-2-ylidene C).

(Found: C, 53.22; H, 5.60; N, 8.61. (C3H43C)NsPd)sAgsCl; calculated: C, 53.44;
H, 5.36; N, 8.66%).

Pd(1)-N(3) 1.975(7) N(#)-C(3) 1.379(12)
Pd(1)-C(1) 2.014(9) N(4)-C(1) 1.385(12)
Pd(1)-C(11) 2.033(9) N(4)-C(4) 1.416(11)
Pd(1)-C1(2) 2.283(2) N(G)-C(4) 1.322(12)
N(5)-C(1) 1.342(11) N@G)-C(8) 1.345(12)
N(5)-C(2) 1.404(12) N(2)-C(11) 1.336(12)
N(5)-C(12) 1.456(12) N(2)-C(9) 1.384(12)
N(D-C(11) 1.344(12) N(2)-C(8) 1.427(12)
N(1)-C(10) 1.395(12) C(3)-C(2) 1.338(13)
N(1)-C(24) 1.450(13) C(10)-C(9) 1.343(14)
N(3)-Pd(1)-C(1) 79.2(3) C(4)-N(3)-C(8) 120.9(8)
N(3)-Pd(1)-C(11) 78.9(3) C(4)-N(3)-Pd(1) 119.7(6)
C(1)-Pd(1)-C(11) 158.1(4) C(8)-N(3)-Pd(1) 119.4(6)
N(3)-Pd(1)-Cl(2) 179.42) C(11)-N(2)-C(9) 113.0(8)
C(1)-Pd(1)-C1(2) 101.3(2) C(11)-N(2)-C(8) 119.9(7)
C(11)-Pd(1)-C1(2) 100.6(3) C(9)-N(2)-C(8) 127.1(8)
C(1)-N(5)-C(2) 111.4(7) C(2)-C(3)-N(4) 105.8(8)
C(1)-N(5)-C(12) 124.6(8) C(3)-C(2)-N(5) 107.5(8)
C(11)-N(1)-C(10) 110.5(8) N(5)-C(1)-N(4) 103.1(7)
C(11)-N(1)-C(24) 127.0(8) N(5)-C(1)-Pd(1) 144.7(7)
C(3)-N(#)-C(1) 112.3(7) N(#)-C(1)-Pd(1) 112.0(6)
C(3)-N(4)-C(4) 129.7(8) C(9)-C(10)-N(1) 107.5(9)
C(1)-N(4)-C(4) 117.9(7) C(10)-C(9)-N(2) 104.8(8)

148



Chapter 5

N(1)-C(11)-N(2) 104.2(7) N(3)-C(4)-N(4) 111.2(8)
N(1)-C(11)-Pd(1) 143.7(7) N(3)-C(8)-N(2) 109.7(8)
N(2)-C(11)-Pd(1) 112.1(7)

Table 5.4. Selected bond lengths (A) and angles (°) for compound (5.4). Symmetry

transformations used to generate equivalent atoms: #1 -x+2,-y+1,-z

(5.5) {a,a'-bis-[3-(2,6-diisopropylphenyl) imidazol-2-ylidene] o-xylene} palladium
dichloride

This was prepared following the general method from {a,a'-bis-[3-(2,6-
diisopropylphenyl)-imidazol-2-ylidene]-o-xylene} disilver dichloride (0.2g, 0.24mmol)
and COD palladium dichloride (0.07g, 0.24mmol) in dichloromethane (100ml) by stirring
at room temperature for 24 hours. The product was obtained in quantitative yields as a
yellow solid. X-ray diffraction quality crystals were obtained by layering a saturated
dichloromethane solution with petrol (Figure 5.18 and Table 5.5).

MS (ES): m/z 617.2, [Pd(ligand)C1]",656.3, [Pd(ligand)Cl+MeCN]", 694.2,
[Pd(ligand)Cl,+MeCN]", 1302.1, [Pdy(ligand),Cls -1]".

ou(CDCls) very broad spectrum (see discussion)

(Found: C, 62.64; H, 6.74; N, 6.92. C30H43CI,N4Pd calculated: C, 62.44; H, 6.45;
N, 7.47%).

[\ /:\

RN

_,Y + " H% 7

uzyu

Figure 5.18. Coordination isomers of {a,a'-bis-[3-(2,6-diisopropylphenyl) imidazol-2-

vlidene] o-xylene} palladium dichloride, compound (5.5).
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C(13)-N(D)
C(13)-N(2)
C(13)-Pd(2)
C(24)-N(4)
C(24)-N(3)
C(24)-Pd(2)
C(51)-N(6)
C(51)-N(5)
C(51)-Pd(1)

N(D)-C(13)-N(2)
N(1)-C(13)-Pd(2)
N(2)-C(13)-Pd(2)
N(#)-C(24)-N(3)
N(4)-C(24)-Pd(2)
N(3)-C(24)-Pd(2)
N(6)-C(51)-N(5)
N(6)-C(51)-Pd(1)
N(5)-C(51)-Pd(1)
N(8)#1-C(89)-N(7)
N(8)#1-C(89)-Pd(1)
N(7)-C(89)-Pd(1)
C(15)-N(2)-C(13)
C(15)-N(2)-C(16)
C(13)-N(2)-C(16)
C(24)-N(3)-C(25)
C(24)-N(3)-C(23)
C(25)-N(3)-C(23)

1.337(19)
1.407(18)
1.981(18)
1.335(16)
1.370(19)
2.033(17)
1.338(18)
1.444(18)
1.976(16)

100.0(15)
141.6(15)
117.9(14)
107.1(15)
136.0(15)
116.8(13)
100.7(14)
127.4(13)
131.6(13)
100.1(14)
127.2(13)
132.5(14)
113.4(16)
125.4(16)
121.2(15)
112.0(16)
122.8(16)
125.2(16)

C(89)-N(8)#1
C(89)-N(7)
C(89)-Pd(1)
N(8)-C(89)#1
CI(1)-Pd(2)
CI(2)-Pd(2)
C1(3)-Pd(1)
Cl(4)-Pd(1)

C(51)-N(6)-C(53)
C(51)-N(6)-C(54)
C(53)-N(6)-C(54)
C(89)#1-N(8)-C(91)
C(89)#1-N(8)-C(61)
C(91)-N(8)-C(61)
C(51)-Pd(1)-C(89)
C(51)-Pd(1)-Cl(4)
C(89)-Pd(1)-Cl(4)
C(51)-Pd(1)-C1(3)
C(89)-Pd(1)-Cl(3)
Cl(4)-Pd(1)-CI(3)
C(13)-Pd(2)-C(24)
C(13)-Pd(2)-Cl(1)
C(24)-Pd(2)-CI(1)
C(13)-Pd(2)-C1(2)
C(24)-Pd(2)-C1(2)
CI(1)-Pd(2)-C1(2)

1.319(17)
1.372(18)
1.998(16)
1.319(17)
2.283(4)
2.352(4)
2.312(4)
2.308(4)

113.6(15)
119.6(15)
125.7(15)
118.2(16)
122.5(16)
118.7(17)
170.9(7)
88.5(5)
91.6(4)
91.5(5)
88.8(4)
177.61(17)
163.7(8)
90.7(5)
89.3(5)
90.0(5)
90.9(4)
176.92(16)

Table 5.5. Selected bond lengths (A) and angles (°) for compound (5.5). Symmetry

transformations used to generate equivalent atoms: #1 -X,-y,-z
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Compound .(5.1) (5.3) (5.4) (5.5)
Chemical formula C31H33C12N5Pd C40H45AgC19N5Pd C36H41C14'5N5Pd C38H46C1 2N4Pd
Formula weight 652.92 1129.13 809.66 535.34
Crystal system Monoclinic Monoclinic Triclinic Monoclinic
Space group P2/ P2i/c P-1 P2c
a/lA 10.823(2) 11.559(2) 8.4782(4) 16.948(3)
b/A 20.571(4) 42.043(8) 11.8790(6) 33.444(7)
c/A 19.286(4) 10.631(2) 20.8146(11) 16.958(3)
o/° 90 90 75.077(3) 90
B 90.86(3) 112.51(3) 83.364(3) 98.70(3)
¥/° 90 90 71.322(2) 90
V/A® 4293.5(15) 4772.6(16) 1917.65(17) 9501(3)
Z 4 4 2 11
T/K 150(2) 150(2) 150(2) 150(2)
p/mm’” 0.577 1.325 0.829 0.527
F(000) 1336 2264 829 3056
No. Data collected 30684 28393 14147 33749
No. Unique data 9674 10436 6524 12829
Rint 0.0863 0.0867 0.0839 0.2453
Final R(JF}) for Fo> 26(F,) 0.0855 0.0514 0.0838 0.1012
Final R(F?) for all data 0.1250 0.0897 0.1316 0.3391

Table 5.6. Crystallographic parameters for compounds (5.1), (5.3), (5.4) and (5.5).

5.4.2. Reaction between {1,1-bis-[3-(2,6-diisopropylphenyl) imidazol-2-

ylidene]-methane} disilver dichloride and (COD) palladium dichloride

This was performed following the general method from {1,1-bis-[3-(2,6-

diisopropylphenyl)-imidazol-2-ylidene]-methane }disilver dichloride (0.16g, 0.22mmol)
and (COD) palladium dichloride (0.08g, 0.22mmol) in dichloromethane (60ml) by stirring

at room temperature for 12 hours. The yellow product obtained at this stage was not

spectroscopically or analytically pure. However, attempts to purify the solid by standard

separation and purification techniques gave no further increase in purity.

MS (ES): m/z 377, [(ligand)Pd, + 2MeCNT*; 517, [(ligand),Pd]*"; 650,
[(ligand)PdCl + MeCN]".

ou(CDCl;) very broad spectra containing peaks at 1.0, 2.5, 5.0, 7.0, 8.0 (d,

PryCsH-H).
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Chapter 6
Reactions of Palladium (II) N-Heterocyclic Carbene Complexes

6.1 Introduction

The avalanche of publications on transition metal N-heterocyclic carbene
complexes has been encouraged by the realisation that they can act as catalysts or pre-
catalysts for important transformations, including; Pd-catalysed Heck and Suzuki
reactions,' CO-ethylene copolymerisation,” Ru-catalysed olefin metathesis® and Rh
catalysed hydrosilylations.”

Following on from complexes described in Chapter Four, this chapter focuses on
reactions of palladium carbene complexes aiming at studying some of their properties and
to synthesise complexes with a range of weakly coordinating anions. There are few
examples of palladium N-heterocyclic carbene complexes that undergo anion exchange™’
and few publications that show examples of dissociation of either the carbene moiety or a
linked donor group of a N-functionalised heterocyclic carbene ligand.>®

Within this chapter are described a number of anion exchange reactions and their
characterised products (Figure 6.1), including three X-ray crystal structures. One of these
crystal structures contains the second example of a mixed donor functionalised N-
heterocyclic carbene acting as a bridging ligand. The other structures included here all
contain functionalised N-heterocyclic carbene ligands that act as chelates. This chapter also
reports on some interesting reactions of the complexes described in Chapter Four with

phosphines and amines, in an attempt to demonstrate the hemilability of the ligands.’

RESULTS AND DISCUSSION

6.2 Anion exchange reactions of palladium (II) carbene complexes
6.2.1. Synthesis of palladium complexes (6.1)-(6.10)
The palladium complexes described in this chapter were synthesised by the
interaction of the corresponding parent palladium carbene complex [either compound (4.1),

(4.2), (4.3) or (4.4)] with the respective silver salt of the replacement anion (Scheme 6.1).
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Scheme 6. 1. Synthesis of compound (6.2) from (4.1).

The reactions were performed in either dichloromethane or acetonitrile and stirred
at room temperature until completion, giving the products as pale yellow air stable solids.
In most cases, the products obtained at this stage were spectroscopically and analytically
pure. However, in some cases, small excesses of the silver salt used proved difficult to
remove. In these cases, the solids were purified by repeated recrystallisation from saturated

solutions of dichloromethane and diethyl ether.
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Figure 6.1. Palladium complexes (6.1)-(6.10).
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6.2.2. X-ray diffraction studies on compound (6.7)

X-ray diffraction quality crystals of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]
palladium methyl trifluoroacetate (6.7) were obtained by layering a dichloromethane
solution with diethyl ether. The crystal structure demonstrates the difficulty of removing
any excess silver salt (Figure 6.2). These crystals were grown from a sample that had not
been recrystallised. The structure comprises two palladium atoms and one central silver

atom with two bridging trifluoroacetate ligands and one trifluoroacetate bound only to the

silver.

Figure 6.2. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]

palladium methyl trifluoroacetate, compound (6.7).

The coordination sphere of each palladium comprises of a trifluoroacetate, a methyl
group and a chelating ligand with the carbene end disposed trans to the trifluoroacetate
(Figure 6.2). The palladium centres are in square planar geometry, with close contacts with
the silver atom, and the silver is in a much-distorted tetrahedral geometry. The palladium-
silver close contacts are 2.94 and 3.07A. The palladium-carbene bond lengths are 1.84 and
1.89A, the palladium-nitrogen bond lengths are 2.18 and 2.13A, and the palladium-carbon
(methyl) bond lengths are 2.08 and 2.14A. These bond lengths are not dramatically
different to those of compound (4.2), with the palladium-carbene bond length being only

around 0.1A shorter. The other bond lengths and angles of the ligand are very similar.
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6.2.3. X-ray diffraction studies on compound (6.3)

X-ray diffraction quality crystals of [3-(tertbutyl)-1-(c-picolyl) imidazol-2-ylidene]
palladium methyl trifluoroacetate (6.3) were obtained by layering a dichloromethane
solution with diethyl ether (Figure 6.4). These crystals were grown from a sample that had
been repeatedly recrystallised. This structure is the second structurally characterised

example of a pyridine N-functionalised carbene acting as a bridging ligand rather than a

chelate (Figure 6.3).

/‘\

Figure 6.3. X-ray crystal structure of [3-(tertbutyl)-1-(a-picolyl) imidazol-2-ylidene]

palladium methyl trifluoroacetate, compound (6.3).

This tetrameric structure comprises four palladium atoms that occupy the corners of
a distorted tetrahedron with four ligands bridging four of the six sides, in a way that
completes the chain (Figure 6.4). Each palladium is coordinated by a carbene end of one
ligand, a pyridine end of another ligand, a methyl group, and an oxygen of a
trifluoroacetate. The pyridine and carbene moieties occupy mutually frans positions of the
palladium square plane. The palladium-carbene bond lengths are 1.89, 1.91, 1.94 and
1.96A, which are all in the range of carbene-palladium bond lengths found in these type of
complexes.® The palladium-nitrogen bond lengths are in the range 1.99-2.11A, the
palladium-carbon (methyl) bond lengths are in the range 1.94-2.10A, and the palladium-
oxygen (trifluoroacetate) bond lengths are in the range 2.15-2.17A, which are as expected

for these types of complexes.
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Figure 6.4. X-ray crystal structure of [3-(fertbutyl)-1-(a-picolyl) imidazol-2-ylidene]

palladium methyl trifluoroacetate, compound (6.3).

6.2.4. X-ray diffraction studies on compound (6.10)

X-ray diffraction quality crystals of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl)
imidazol-2-ylidene] palladium methyl tosylate (6.10) were obtained by layering a saturated
solution of dichloromethane with diethyl ether (Figure 6.5). These crystals were grown
from a sample that had been carefully recrystallised.

The structure comprises a central palladium atom coordinated by a chelating ligand,
a methyl group and a tosylate anion, in a square planar geometry. The carbene end of the
ligand is disposed trans to the oxygen of the tosylate and therefore the pyridine end is
disposed trans to the methyl group, similar to that of compound (4.4). The palladium-
carbene, palladium-methyl, and the palladium-nitrogen bond lengths are similar to those in
compound (4.4) at 1.95, 2.02 and 2.14A. The palladium-oxygen bond length of 2.12A is

similar to those in compounds (6.3) and (6.7).
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Figure 6.5. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-2-
ylidene] palladium methyl tosylate, compound (6.10).

Crystals were also obtained of compounds (6.1) and (6.4), by cooling saturated
THF solutions. However, the X-ray data obtained for these crystals were of poor quality;

unfortunately, crystals of better quality were not obtained.

6.2.5. Electrospray mass spectrometry

Electrospray mass spectrometry (positive) was of limited diagnostic value as the
starting palladium complex and the product give the same parent peak. The peaks observed
in the spectra were assigned to [(ligand)PdMe + MeCN] in all cases, a peak corresponding
to a parent ion [(ligand)PdMe]” was also observed in the spectrum of compound (6.3).
Elemental analysis was very useful in determining the stoichiometries especially as it
demonstrated the need for repeated recrystallisation. In the case of compound (6.7), the
elemental analysis disagreed with the stoichiometry determined by the crystal structure.
However, the difference can be explained by further recrystallisations being performed

before a sample for analysis was taken. This further purification step removed the final

traces of the silver salt.
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6.2.6. NMR spectroscopy

NMR spectroscopy proved itself the most the useful technique to determine the

formation of the products and their characteristics.

6.2.6.1. Characteristic peaks
The complexes (6.1)-(6.10) were identified by the following peaks in the 'H and

BC{H} NMR spectra, similar to the those for the palladium complexes described in

Chapter Four:

)

i)

Vi)

vii)

A weak peak downfield of 159 ppm in the *C{H} NMR spectra which can be
assigned to the carbene carbon (observed in these complexes between 159 and 174
ppm);

For the compounds (6.1)-(6.9), a broad singlet or pair of doublets were observed
between 5.3 and 5.7 ppm in the 'H NMR spectra (assigned to the protons on the
methylene bridge), and a peak observed between 55 and 58 ppm in the *C{H}
NMR spectra (assigned to the carbon of the methylene bridge);

A low field doublet observed between 8.5 and 9.1 ppm and a triplet or triplet of
doublets observed between 7.5 and 8.1 ppm in the "H NMR spectra (assigned to the
protons in the 6- and 4-positions of the pyridine type rings);

A high field peak observed between -0.1 and 0.6 ppm in the "H NMR spectra
(assigned to the protons of the methyl bound to palladium) and a corresponding
peak in the *C{H} NMR spectra between -10 and -5 ppm.

The presence of two doublets, with very small coupling constants, between 6.9 and
7.2 ppm, and 7.2 and 7.9 ppm in the 'H NMR spectra (assigned to the protons in
the 5- and 4~ positions of the imidazol-2-ylidene ring, when the ligand is acting as a
chelate);

A multiplet between 7.2 and 7.6 ppm in the "H NMR spectra (assigned to the
protons in the in the 5-position of the pyridine ring);

A doublet between 7.1 and 7.9 ppm in the 'H NMR spectra (assigned to the protons

in the in the 3-position of the pyridine ring).

6.2.6.2. Chelating or bridging?

Compound (6.3) has a tetrameric structure in the solid-state with the ligands

bridging between the four metal centres. The peaks in the "H NMR spectrum assigned to

the protons in the 5- and 4-position of the imidazol-2-ylidene ring appear at considerably
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higher field (6.4 and 7.0 ppm).than in similar complexes with chelating ligands. No other
peaks in the 'H NMR spectrum appear to show characteristic chemical shift differences
between a chelating and a bridging ligand. Although the chemical shifts of the protons of
the methylene bridge might be expected to be different, no clear trend has been observed.
However, when the diastereotopic protons of the methylene bridge give rise to a pair of
doublets it can be concluded that the ligand is chelating as when the ligand is bridging, the

flexibility of the methylene linker would be greatly increased.
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Figure 6.6. Compounds (6.4), (6.6) and (6.9) are all believed to be monomeric complexes

in solution at room temperature.

From this deduction, we can say that compounds (4.1)-(4.3), (4.5), (6.1), (6.2), and
(6.4)-(6.10) all contain ligands that are chelating a metal centre as they all have a doublet

of doublets assignable to the protons of the methylene bridge (Figure 6.6).

6.2.6.3. Other peaks
The other peaks in the "H NMR spectra are either associated to the protons of the R

group on the imidazol-2-ylidene ring or to the protons on the anion. The peaks associated
to the R groups are at similar shifts to those complexes described in Chapter Four: for
tertbutyl, a singlet around 1.7 ppm; for mesityl, singlets around 2.1, 2.3 and 7.0 ppm; and
for 2,6-diisopropylphenyl, two doublets between 1.0 and 1.4 ppm, a septet at around 2.4
ppm, a doublet at 7.2 ppm and a triplet at around 7.4 ppm. For compounds (6.1), (6.5),
(6.9) and (6.10) three peaks were observed in the 'H NMR spectra for the tosylate group.

These peaks were observed around 2.3 ppm (singlet) for the methyl group and between 7.0
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and 7.3 ppm (doublet), and between 7.5 and 7.8 ppm (doublet). The protons of the

benzoate group were observed around 8.0 and 7.3 ppm for compounds (6.4) and (6.8).
The “C{H} NMR spectra, although complicated, were fully assigned (see

experimental) and the chemical shifts were similar to those of the complexes described in

Chapter Four, and the peaks corresponding to the anions were in the normal ranges.

6.2.7. Coordination isomers of (6.1) and (6.4)

When compounds (6.1) and (6.4) were synthesised using more concentrated
solutions of the starting materials, duplicate peaks were observed in the 'H NMR spectra,
assigned to the protons of the methyl on palladium and of the 6-position of the pyridine
ring. These peaks were assigned to the cis and frans coordination isomers, similar to those

observed for (4.2), (4.3) and (4.4) (Figure 6.7).

Figure 6.7. Cis and trans coordination isomers of compound (6.4).

Z

6.2.8. Hemilability of the pyridine moiety

From the deduction that compound (4.1) contains a chelating ligand in solution, and
the fact that compound (6.3) in the solid state is a tetramer; we can speculate that at some
point in the synthesis of (6.3) the pyridine end of the ligand became detached from the
palladium centre, demonstrating its lability (Scheme 6.2).

The reactions 6.5.2-6.5.6 were performed in an attempt to displace the pyridine end
of the ligand from its coordination to the palladium centre to show the lability of this
group. The reactions were carried out by careful addition of a solution of the phosphine or
amine to a solution of the corresponding palladium complex [either compound (4.2), (4.3)
or (4.4)]. Simple work-up and purification methods were carried out in order to remove
any excess phosphine or amine.

Attempts to obtain suitable chemical analysis failed, possibly due to small excesses

of the phosphine or amine still being present or due to side reactions that took place. Slow
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decomposition was observed in these samples (much slower for reactions 6.5.4 and 6.5.6)
producing palladium black as a fine precipitate. The palladium complexes (4.1), (4.2), (4.3)
and (4.4) also decompose when under an atmosphere of carbon monoxide; however, the
complexes with a picolyl group decompose much faster than compound (4.4) which has a
pyridyl group. This decomposition is possibly related to the de-ligation of the metal by the

pyridine moiety, and therefore demonstrates that the picolyl group is more labile than the

pyridyl groups.
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Scheme 6.2. Synthesis of compound (6.3) from (4.1).

Electrospray mass spectrometry showed that the phosphines and amines were
coordinated to the metal centre, by the existence of a peak assigned to the parent ion
[(ligand)PdMe + PPhs]" or [(ligand)PdMe + NEt;]". However, this information on its own
can not prove any lability of the pyridine end of the ligand. The 'H NMR spectra of the
product show that in reaction 6.5.3 the ligand is acting as a chelate, based on the pair of
doublets assigned to the protons of the methylene bridge. The symmetry of the spectra of
the starting complex and the isolated product are similar, but the peaks of the product are
slightly shifted from that of the starting complexes, with additional peaks that can be
assigned to the phosphine or the amine used. The peaks assigned to the protons in the 6-
position of the picolyl and pyridyl rings did shift dramatically in the reactions 6.5.3 and
6.5.4. This shift was up to 0.9 ppm; the reason for this change is unknown but implies a
considerable difference in the environment of the protons in that position.

The protons in the 6-position of the picolyl and pyridyl rings become a pair of
doublets when the complexes are reacted with triethylamine. These duplicate peaks can be

assigned to cis/trans type species, which implies that some form of coordination
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isomerisation has taken place during the reaction. Although the exact identity of the
species has not been clarified, this observation suggests that there is considerable lability in
the complex. The ? 'P{H} NMR spectrum of reaction 6.5.4 contain peaks that can be

assigned to phosphine coordinated to a metal centre.

6.3 Conclusion
The synthesis and characterisation of a number of palladium mixed donor

N-heterocyclic carbene complexes with weakly coordinating anions have been described in
this chapter. Compound (6.3), is the second structurally characterised example of a mixed
donor N-heterocyclic carbene that acts as a bridging ligand rather than either a chelate or a
mono-dentate ligand.® The X-ray crystal structure shows that the complex is a tetramer
with the carbene moiety disposed trans to the picolyl group. From the '"H NMR data
collected, we can show that all the other complexes described in this chapter contain
chelating ligands (except (6.3)); this is clearly shown in the symmetry of the NMR peaks

assigned to the methylene bridging protons.

Scheme 6.3. lability of the pyridyl shown by the formation of the tetrameric structure of

compound (6.3) from the monomeric structure of (4.1).

164



Chapter 6

Since compound (4.1) contains a chelating carbene ligand, we believe that the
ligand rearrangement necessary for the formation of compound (6.3) is a clear
manifestation of the hemilability of this ligand system. The exact mechanism is unknown
but probably involves a dissociation of the picolyl group from the palladium centre
(Scheme 6.3).

The hemilability of the ligands can be supported by the observation that, when
compounds (4.3) and (4.4) are reacted with triethylamine, cis-frans isomerisation occurs;
and the observation that slower decomposition occurs in reactions 6.5.4 and 6.5.6 (which
contain the pyridyl type ligands). Scheme 6.4 shows a possible decomposition pathway for
the reaction 6.5.5, which as it involves a de-ligation step of the picolyl group could explain
the slower decomposition observed for the pyridyl complexes. This type of decomposition

has been proposed to take place in palladium complexes that contain monodentate carbene

ligands and triphenylphosphine.’
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scheme 6.4. Possible decomposition pathway for reaction 6.5.5.
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EXPERIMENTAL

6.4 Anion exchange reactions of palladium complexes
6.4.1. General method

A dichloromethane or acetonitrile solution of the corresponding silver salt was
added drop-wise to a solution of the corresponding palladium carbene complex [either
compound (4.1), (4.2), (4.3) or (4.4)] and stirred at room temperature for 2-12 hours
(Scheme 6.5). After completion, the reaction mixture was filtered, the volatiles were
removed under vacuum and the resulting solid was washed with diethyl ether. Drying
under vacuum gave the products as pale yellow solids.

In most cases, the products obtained at this stage were spectroscopically and
analytically pure. If not, the solids were purified by recrystallisation from a saturated

solution of dichloromethane and diethyl ether or by extraction into hot toluene.

Scheme 6.5. Synthesis of compound (6.5).

(6.1) [3-(tertbutyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl tosylate

This was prepared following the general method from [3-(ferrbutyl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.1) (0.1g, 0.27mmol) and silver tosylate
(0.07g, 0.27mmol) in acetonitrile (50ml) by stirring at room temperature for 2 hours. The
product was obtained in good yields as a yellow solid. Crystals were obtained by cooling a
saturated THF solution (Figure 6.8).

MS (ES): m/z 377, [(ligand)PdMe + MeCN] .

ou(CDsCN) 0.4 (3H, s, PACH3), 1.6 (9H, s, C(CHz)3), 2.2 (3H, s, OTs CH;), 5.4,
5.6 (2H, dd, CH,), 7.0 (2H, d. OTs H), 7.2 (1H, d, 5-imidazol-2-ylidene H), 7.3 (1H, m, 5-
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picolyl H), 7.4 (1H, d, 4-imidazol-2-ylidene H), 7.5 (2H, d, OTs H), 7.6 (1H, d, 3-picolyl
H), 7.8 (1H, td, 4-picolyl H), 8.5 (1H, d, 6-picolyl H).

dc(CD3CN) -9 (PACH3), 21 (OTs CH3), 33 [C(CHs)s], 57 (CHa), 60 [C(CHs)s)l,
119, 140, (OTs C), 121 (5-imidazol-2-ylidene C), 123 (5-picolyl CH), 126 (4-imidazol-2-

ylidene C), 126 (3-picolyl CH), 127, 129 (OTs CH), 140 (4-picolyl CH), 152 (6-picolyl
CH), 155 (2-picolyl C), 166 (2-imidazol-2-ylidene C).

(Found: C, 49.86; H, 4.98; N, 8.02. C,;H27N304PdS calculated: C, 49.66; H, 5.36;
N, 8.27%).

Figure 6.8. Compound (6.1).

(6.2) [3-(fertbutyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl triflate
This was prepared following the general method from [3-(ferrbutyl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.1) (0.1g, 0.27mmol) and silver triflate

(0.07g, 0.27mmol) in acetonitrile (50ml) by stirring at room temperature for 2 hours. The
product was obtained in good yields as a yellow solid.

MS (ES): m/z 377, [(ligand)PdMe + MeCN]".
ou(CD3CN) 0.5 (3H, s, PACH3), 1.7 (9H, s, C(CH3)3), 5.3, 5.7 (2H, dd, CHy), 7.2
(1H, d, 5-imidazol-2-ylidene H), 7.3 (1H, d, 4-imidazol-2-ylidene H), 7.4 (1H, m, 5-picolyl
H), 7.6 (1H, d, 3-picolyl H), 7.9 (1H, td, 4-picolyl H), 8.5 (1H, d, 6-picolyl H).
dc(CD3CN) -10 (PACH3), 32 [C(CH3)3], 58 (CHy), 60 [C(CHs)3)], 118 (CF3), 121
(5-imidazol-2-ylidene (), 123 (5-picolyl CH), 126 (4-imidazol-2-ylidene C), 126
(3-picolyl CH), 140 (4-picolyl CH), 152 (6-picolyl CH), 155 (2-picolyl C), 169 (2-
imidazol-2-ylidene C).

(Found: C, 36.87; H, 4.77; N, 8.21. CysH;F3N3505PdS calculated: C, 37.01; H,
4.35; N, 8.63%).
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(6.3) [3-(tertbutyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl trifluoroacetate

This was prepared following the general method from [3-(fertbutyl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.1) (0.1g, 0.27mmol) and silver
trifluoroacetate (0.059g, 0.27mmol) in acetonitrile (50ml) by stirring at room temperature
for 2 hours. The product was obtained in good yields as a yellow solid. X-ray diffraction
quality crystals were obtained by layering a saturated solution of dichloromethane with
diethyl ether (Table 6.1).

MS (ES): m/z 336, [(ligand)PdMe]"; 377, [(ligand)PdMe + MeCN]".

ou(CDCl) 0.5 (3H, br. s, PACH3), 1.7 (9H, s, C(CH3)3), 5.3 (2H, s, CHy), 6.4 (1H,
d, 5-imidazol-2-ylidene H), 7.0 (1H, d, 4-imidazol-2-ylidene H), 7.1 (1H, d, 3-picolyl H),
7.2 (1H, t, 5-picolyl H), 7.5 (1H, td, 4-picolyl A), 8.8 (1H, d, 6-picolyl H).

0c(CDCls) -8 (PACH3), 32 [C(CHz)3], 57 (CHy), 58 [C(CH3)3)], 119 (CF3), 120 (5-
picolyl CH), 121 (5-imidazol-2-~ylidene (), 123 (3-picolyl CH), 125 (4-imidazol-2-ylidene
(), 138 (4-picolyl CH), 151 (6-picolyl CH), 152 (2-picolyl C), 159 (2-imidazol-2-ylidene
), 174 (CO»).

(Found: C, 42.42; H, 4.14; N, 9.06. CcHy0F3N30,Pd calculated: C, 42.73; H, 4.48;

N, 9.34 %).

Pd(1)-C(4) 1.96(3) O(1)-C(2) 1.17(3)
Pd(1)-C(1) 2.1002) 0(2)-C(2) 1.28(3)
Pd(1)-N(4) 2.11(2) 0(3)-C(31) 1.25(2)
Pd(1)-0(1) 2.165(16) 0O(4)-C(31) 1.19(2)
Pd(2)-C(25) 1.91(2) 0(5)-C(47) 1.24(2)
Pd(2)-C(30) 1.94(2) 0(6)-C(47) 1.27(2)
Pd(2)-N(7) 2.097(17) O(7)-C(63) 1.28(2)
Pd(2)-0(4) 2.245(14) O(8)-C(63) 1.19(2)
Pd(3)-C(41) 1.94(3) N()-C(4) 1.33(3)
Pd(3)-C(46) 2.04(2) N(2)-C(4) 1.37(3)
Pd(3)-N(10) 2.09(2) N(5)-C(25) 1.31(2)
Pd(3)-0(5) 2.145(15) N(6)-C(25) 1.37(2)
Pd(4)-C(57) 1.89(2) N(8)-C(41) 1.36(2)
PA(4)-N(3) 1.99(2) N(9)-C(41) 1.36(2)
Pd(4)-C(62) 2.08(2) N(11)-C(57) 1.317(19)
Pd(4)-0(7) 2.170(15) N(12)-C(57) 1.40(2)
C(4)-Pd(1)-C(1) 85.3(10) C(25)-Pd(2)-N(7) 176.2(7)
C(4)-Pd(1)-N(4) 169.0(8) C(30)-Pd(2)-N(7) 91.0(7)
C(1)-Pd(1)-N(4) 89.2(8) C(25)-Pd(2)-O(4) 95.0(6)
C(4)-Pd(1)-O(1) 96.8(8) C(30)-Pd(2)-O(4) 175.8(8)
C(1)-Pd(1)-0O(1) 174.6(10) N(7)-Pd(2)-0(4) 88.2(6)
N(4)-Pd(1)-0(1) 89.5(6) C(41)-Pd(3)-C(46) 86.8(11)
C(25)-Pd(2)-C(30) 86.0(10) C(41)-Pd(3)-N(10) 170.0(6)
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C(33)-N(7)-Pd(2)

C(46)-Pd(3)-N(10) 89.3(7) 112.4(10)
C(41)-Pd(3)-0O(5) 95.3(8) C(53)-N(10)-Pd(3) 129.5(13)
C(46)-Pd(3)-O(5) 175.1(8) C(49)-N(10)-Pd(3) 115.0(12)
N(10)-Pd(3)-O(5) 89.2(6) O(1)-C(2)-0(2) 133(3)
C(57)-Pd(4)-N(3) 178.3(6) N(1)-C(4)-N(2) 103(2)
C(57)-Pd(4)-C(62) 89.6(10) N(1)-C(4)-Pd(1) 133(2)
N(3)-Pd(4)-C(62) 89.8(7) N(2)-C(4)-Pd(1) 124(2)
C(57)-Pd(4)-O(7) 91.5(7) N(5)-C(25)-N(6) 97.6(16)
N(3)-Pd(4)-0(7) 89.2(7) N(5)-C(25)-Pd(2) 126.6(16)
C(62)-Pd(4)-O(7) 177.0(7) N(6)-C(25)-Pd(2) 135.4(15)
C(2)-0(1)-Pd(1) 112.3(19) 0(4)-C(31)-0(3) 131(2)
C(31)-0(4)-Pd(2) 112.4(12) N(8)-C(41)-N(9) 102.3(17)
C(47)-0(5)-Pd(3) 113.4(9) N(8)-C(41)-Pd(3) 124.7(15)
C(63)-0(7)-Pd(4) 114.5(10) N(9)-C(41)-Pd(3) 132.9(16)
C(16)-N(3)-Pd(4) 119.7(13) 0(5)-C(47)-0(6) 130.3(17)
C(12)-N(3)-Pd(4) 129.8(15) N(11)-C(57)-N(12) 98.6(14)
C(17)-N(4)-Pd(1) 128.2(13) N(11)-C(57)-Pd(4) 130.7(13)
C(21)-N(4)-Pd(1) 115.9(13) N(12)-C(57)-Pd(4) 129.5(12)
C(37)-N(7)-Pd(2) 131.8(10) 0(8)-C(63)-0(7) 127(2)

Table 6.1. Selected bond lengths (A) and angles (°) for compound (6.3).

(6.4) [3-(tertbutyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl benzoate

This was prepared following the general method from [3-(fertbutyl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.1) (0.1g, 0.27mmol) and silver benzoate
(0.067g, 0.27mmol) in acetonitrile (50ml) by stirring at room temperature for 2 hours. The
product was obtained in good yields as a yellow solid. Crystals were obtained by cooling a
saturated THF solution.

MS (ES): m/z 377, [(ligand)PdMe + MeCN]".

on(CDCl) 0.6 (3H, s, PACH3), 1.7 (9H, s, C(CHs)3), 5.5 (2H, v. br, CH»), 6.9 (1H,
d, 5-imidazol-2-ylidene H), 7.0-7.3 (6H, m, benzoate H, 4-imidazol-2-ylidene H, 3,5-
picolyl A), 7.5 (1H, td, 4-picolyl H), 8.0 (2H, d, benzoate H), 8.7 (1H, d, 6-picolyl H).

0c(CDCls) -7 (PACH3), 32 [C(CHs)s], 57 (CHa), 60 [C(CH3)3)], 119 (5-picolyl CH),
120 (5-imidazol-2-ylidene C), 123 (3-picolyl CH), 124 (4-imidazol-2-ylidene C), 118, 128,
129, 130 (benzoate ), 138 (4-picolyl CH), 152 (6-picolyl CH), 153 (2-picolyl C), 170 (2-
imidazol-2-ylidene C), 174 (CO,).

(Found: C, 55.20; H, 5.98; N, 8.96. C,;HysN30,Pd calculated: C, 54.97; H, 5.71; N,
9.16%).
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(6.5) [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene| palladium methyl tosylate

This was prepared following the general method from [3-(mesityl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.2) (0.1g, 0.23mmol) and silver tosylate
(0.060g, 0.23mmol) in acetonitrile (50ml) by stirring at room temperature for 2 hours. The
product was obtained in quantitative yields as a yellow solid (Figure 6.9).

MS (ES): m/z 439, [(ligand)PdMe + MeCN]".

Jou(CD5CN) 0.0 (3H, s, PACHs5), 2.1 (6H, s, mesityl CHs), 2.4 (3H, s, OTs CHs), 2.4
(3H, s, mesityl CHs), 5.7 (2H, s, CHy), 7.1 (2H, s, mesityl H), 7.1 (1H, d, 5-imidazol-2-
ylidene H),7.3 (2H, d, OTs H), 7.6 (1H, m, 5-picolyl H), 7.7 (2H.,d, OTs H), 7.8 (1H, d, 4-
imidazol-2-ylidene /), 7.9 (1H, d, 3-picolyl H), 8.1 (1H, td, 4-picolyl H), 8.8 (1H, d, 6-
picolyl H).

0c(CD3CN) -5 (PACH3), 18, 21 (mesityl CHj), 21 (OTs CHs), 55 (CH»), 119, 140,
(OTs ©), 123 (5-imidazol-2-ylidene C), 124 (4-imidazol-2-ylidene C), 126 (5-picolyl CH),
126 (3-picolyl CH), 127, 129 (OTs CH), 130 (mesityl CH), 136, 140, 140 (mesityl C),141
(4-picolyl CH), 152 (6-picolyl CH), 154 (2-picolyl C), 168 (2-imidazol-2-ylidene C).

(Found: C, 55.10; H, 4.86; N, 7.85. Cy4H29N305PdS calculated: C, 54.78; H, 5.13;
N, 7.37%).
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Figure 6.9. Compound (6.5).

(6.6) [3-(mesityl)-1-(a-picolyl) imidazel-2-ylidene]| palladium methyl triflate

This was prepared following the general method from [3-(mesityl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.2) (0.1g, 0.23mmol) and silver triflate
(0.059¢, 0.23mmol) in acetonitrile (50ml) by stirring at room temperature for 2 hours. The
product was obtained in quantitative yields as a yellow solid.

MS (ES): m/z 439, [(ligand)PdMe + MeCN]".
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on(CDsCN) 0.0 (3H, s, PACH3), 2.1 (6H, s, mesityl CHz), 2.4 (3H, s, mesityl CHs)
5.6 2H, s, CHy), 7.1 (2H, s, mesityl H), 7.1 (1H, d, 5-imidazol-2-ylidene #), 7.6 (1H, m,
S-picolyl H), 7.6 (1H, d, 4-imidazol-2-ylidene H), 7.9 (1H, d, 3-picolyl A), 8.1 (1H, td,
4-picolyl H), 8.8 (1H, d, 6-picolyl H).

dc(CD;CN) -9 (PACH3), 18, 21 (mesityl CH3), 56 (CH»), 119 (CF3), 123
(5-imidazol-2-ylidene C), 124 (4-imidazol-2-ylidene (), 126 (5-picolyl CH), 126
(3-picolyl CH), 130 (mesityl CH), 136, 140, 140 (mesityl C), 140 (4-picolyl CH), 152
(6-picolyl CH), 154 (2-picolyl ), 168 (2-imidazol-2-ylidene C).

(Found: C, 43.98; H, 4.54; N, 7.43. C3oHa3FsN305PdS calculated: C, 43.76; H,
4.22; N, 7.66%).

(6.7) [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl trifluoroacetate

This was prepared following the general method from [3-(mesityl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.2) (0.1g, 0.23mmol) and silver
trifluoroacetate (0.05g, 0.23mmol) in acetonitrile (S0ml) by stirring at room temperature
for 2 hours. The product was obtained in quantitative yields as a yellow solid. X-ray
diffraction quality crystals were obtained by layering a saturated solution of
dichloromethane with diethyl ether (7able 6.2).

MS (ES): m/z 439, [(ligand)PdMe + MeCN]".

ou(CDCl3) 0.1 (3H, s, PACH;), 2.0 (6H, s, mesityl CH3), 2.3 (3H, s, mesityl CHs)
5.6 2H, v. br., CH>), 6.8 (1H, d, 5-imidazol-2-ylidene H), 6.9 (2H, s, mesityl H), 7.2 (1H,
d, 4-imidazol-2-ylidene H), 7.4 (1H, br. m, 5-picolyl A), 7.5 (1H, br., 3-picolyl H), 7.9
(1H, br. t, 4-picolyl H), 8.6 (1H, br. d, 6-picolyl H).

0c(CDCls) -9 (PACH3), 18, 21 (mesityl CH3), 56 (CH,), 122 (CF5), 123
(5-imidazol-2-ylidene (), 125 (5-picolyl CH), 125 (3-picolyl CH), 128 (4-imidazol-2-
ylidene C), 130 (mesityl CH), 135, 135, 139 (mesityl C), 140 (4-picolyl CH), 150
(6-picolyl CH), 152 (2-picolyl C), 164 (2-imidazol-2-ylidene C), 174 (COy).

(Found: C, 48.98; H, 4.64; N, 7.82. Cy1Hy3F3N30,Pd calculated: C, 49.18; H, 4.52;
N, 8.19%).
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Ag(1)-0(5)
Ag(1)-0(2)
Ag(1)-0(3)
Ag(1)-Pd(1)
Ag(1)-Pd(2)
Pd(1)-C(1)
Pd(1)-C(19)
Pd(1)-0(1)
Pd(1)-N(3)
Pd(2)-C(44)
Pd(2)-C(26)
Pd(2)-0(6)

O(5)-Ag(1)-0(2)
O(5)-Ag(1)-0(3)
0(2)-Ag(1)-0(3)
0(5)-Ag(1)-Pd(1)
0(2)-Ag(1)-Pd(1)
O(3)-Ag(1)-Pd(1)
0(5)-Ag(1)-Pd(2)
0(2)-Ag(1)-Pd(2)
0(3)-Ag(1)-Pd(2)
Pd(1)-Ag(1)-Pd(2)
C(1)-Pd(1)-C(19)
C(1)-Pd(1)-O(1)
C(19)-Pd(1)-0(1)
C(1)-Pd(1)-N(3)
C(19)-Pd(1)-N(3)
O(1)-Pd(1)-N(3)
C(1)-Pd(1)-Ag(1)
C(19)-Pd(1)-Ag(1)
O(1)-Pd(1)-Ag(1)
N(3)-Pd(1)-Ag(1)

2.344(16)
2.44(2)
2.437(17)
2.939(2)
3.066(3)
1.84(3)
2.135(19)
2.165(17)
2.18(2)
1.89(3)
2.08(3)
2.08(2)

106.6(7)
135.0(6)
112.3(8)
97.9(4)
78.4(5)
111.2(4)
73.8(4)
89.4(5)
84.6(4)
162.75(9)
96.3(11)
175.6(8)
84.8(7)
86.2(12)
177.2(8)
92.8(8)
101.6(7)
79.8(6)
82.8(4)
98.4(5)

Pd(2)-N(6)
0(1)-C(20)
0(2)-C(20)
0(3)-C(22)
0(4)-C(22)
0(5)-C(24)
0(6)-C(24)
N(D-C(1)

N(2)-C(1)

N(4)-C(26)
N(5)-C(26)

C(44)-Pd(2)-C(26)
C(44)-Pd(2)-0(6)
C(26)-Pd(2)-0(6)
C(44)-Pd(2)-N(6)
C(26)-Pd(2)-N(6)
O(6)-Pd(2)-N(6)
C(44)-Pd(2)-Ag(1)
C(26)-Pd(2)-Ag(1)
0O(6)-Pd(2)-Ag(1)
N(6)-Pd(2)-Ag(1)
N(1)-C(1)-N(2)
N(1)-C(1)-Pd(1)
N(2)-C(1)-Pd(1)
0(2)-C(20)-0(1)
O(3)-C(22)-0(4)
0(6)-C(24)-0(5)
N(5)-C(26)-N(4)
N(5)-C(26)-Pd(2)
N(4)-C(26)-Pd(2)

2.13(4)
1.31(3)
1.11(3)
1.20(3)
1.23(3)
1.27(3)
1.11(3)
1.24(3)
1.50(3)
1.55(4)
1.30(4)

92.2(13)
87.6(9)
171.7(11)
176.4(11)
85.9(14)
94.7(11)
89.9(6)
107.5(9)
80.7(5)
87.8(6)
101(2)
124(3)
134(2)
134(4)
123(4)
135(3)
117(3)
137(3)
105(3)

Table 6.2. Selected bond lengths (A) and angles (°) for compound (6.7).

(6.8) [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene| palladium methyl benzoate

This was prepared following the general method from [3-(mesityl)-1-(a-picolyl)

imidazol-2-ylidene] palladium methyl bromide (4.2) (0.1g, 0.23mmol) and silver benzoate

(0.057g, 0.23mmol) in acetonitrile (50ml) by stitring at room temperature for 2 hours. The

product was obtained in quantitative yields as a yellow solid (Figure 6.10).

MS (ES): m/z 439, [(ligand)PdMe + MeCN]".
Jou(CD;CN) 0.0 (3H, s, PACH;3), 2.0 (6H, s, mesityl CH;), 2.4 (3H, s, mesityl CHz)
5.7 (2H, br., CH,), 6.9 (1H, d, 5-imidazol-2-ylidene H), 7.0 (2H, s, mesityl H), 7.2 (1H, d.
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4-imidazol-2-ylidene 1), 7.4 (4H, br., 5-picolyl H, benzoate H), 7.6 (1H, d, 3-picolyl H),
7.9 (1H, t, 4-picolyl H), 8.0 (2H, br., benzoate ), 8.8 (1H, d, 6-picolyl H).

dc(CD3CN) -10 (PACH3), 18, 21 (mesityl CH3), 56 (CHy), 118 (benzoate C), 122
(CF5), 123 (5-imidazol-2-ylidene (), 125 (5-picolyl CH), 125 (3-picolyl CH), 126 (4-
imidazol-2~ylidene C), 130 (mesityl CH), 130, 130, 131 (benzoate CH), 132, 132, 136
(mesityl C), 140 (4-picolyl CH), 150 (6-picolyl CH), 151 (2-picolyl C), 169 (2-imidazol-2-
ylidene C), 170 (COy).

(Found: C, 59.72: H, 5.65; N, 8.34. C26H23N30,Pd calculated: C, 59.95; H, 5.42; N,

8.07%).

Figure 6.10. Compound (6.8).

(6.9) [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl
tosylate

This was prepared following the general method from [3-(2,6-diisopropylphenyl)-
1-(a-picolyl) imidazol-2-ylidene] palladium methyl bromide (4.3) (0.4g, 0.769mmol) and
silver tosylate (0.24g, 0.846mmol) in dichloromethane (50ml) by stirring at room
temperature for 12 hours. The product was obtained in quantitative yields as a yellow solid.

MS (ES): m/z 469, [(ligand)PdMe + MeCNT".

ou(CDCl3) -0.1 (3H, s, PACH3), 1.0, 1.4 [2 x 6H, br. d, CH(CH3)2], 2.3 (3H, s, OTs
CH;), 2.4 [2H, septet, CH(CHs),], 5.5 (2H, br. s, CH,), 6.8 (1H, d, 5-imidazol-2-ylidene
H), 7.1 (2H, d, OTs H), 7.2 (1H, d, 4-imidazol-2-ylidene H), 7.2 (2H, d, 'Pr,CsH,H), 7.3
(1H, m, 5-picolyl H), 7.4 (1H, t, Pr,CsHaH), 7.5, 7.6 (2H, br., 3.4-picolyl H), 7.8 (2H, d,
OTs H), 8.8 (1H, v. br., 6-picolyl H).

0c(CDCl3) -7 (PdCH3), 21 (OTs CHjs), 24, 26 (CH(CHs),), 28 (C H(CHj3),), 56
(CHy), 115, 139, (OTs C), 122, 135 (‘PryCsHs), 124 (5-picolyl CH), 124, 131 ('Pr,CsHy),
125 (4-imidazol-2-ylidene C), 129 (3-picolyl CH), 126, 129 (OTs CH), 138 (5-imidazol-2-
ylidene C), 142 (4-picolyl CH), 145 (6-picolyl CH), 152 (2-picolyl ), 174 (2-imidazol-2-
ylidene C).
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(Found: C, 56.75; H, 5.83; N, 6.55. C29H36N305PdS calculated: C, 56.81; H, 5.92;
N, 6.85%).

(6.10) [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-2-ylidene] palladium methyl
tosylate

This was prepared following the general method from [3-(2,6-diisopropylphenyl)-
1-(2-pyridyl) imidazol-2-ylidene] palladium methyl bromide (4.4) (0.38g, 0.75mmol) and
silver tosylate (0.21g, 0.75mmol) in dichloromethane (50ml) by stirring at room
temperature for 12 hours. The product was obtained in quantitative yields as a yellow solid.
X-ray diffraction quality crystals were obtained by layering a saturated solution of
dichloromethane with diethyl ether (Figure 6.11 and Table 6.3).

MS (ES): m/z 455, [(ligand)PdMe + MeCN]".

ou(CDCl3) 0.0 (3H, s, PACH;), 1.1, 1.2 [2 x 6H, d, CH(CH3),], 2.3 (3H, s, OTs
CHs3), 2.5 [2H, septet, CH(CHs),], 6.9 (1H, d, 5-imidazol-2-ylidene H), 7.1 (2H, d, OTs H),
7.2 (2H, d, Pr,CeHoH), 7.4 (1H, m, 5-picolyl ), 7.5 (1H, t, ‘PryCsHaH), 7.7 (1H, d,
3-picolyl /), 7.8 (2H, d, OTs H), 7.9 (1H, d, 4-imidazol-2-ylidene H), 8.1 (1H, dt,
4-picolyl H), 9.1 (1H, br. d, 6-picolyl H).

oc(CDCls) -10 (PdCH3), 21 (OTs CHj3), 23, 25 (CH(CHs),), 28 (C H(CHs),), 117,
142 (OTs C), 122, 135 (‘PryCsH3), 124 (4-imidazol-2-ylidene C), 124 (5-picolyl CH), 124,
131 (‘PryCsHs),126 (3-picolyl CH), 127, 129 (OTs CH), 140 (5-imidazol-2-ylidene C), 143
(4-picolyl CH), 145 (6-picolyl CH), 150 (2-picolyl C), 174 (2-imidazol-2-ylidene C).

(Found: C, 55.20; H, 5.42; N, 6.52. (C;3H34N3035PdS)4CH,Cl; calculated: C, 54.70;
H. 5.61; N, 6.77%).

Figure 6.11. X-ray crystal structure of [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-
2-ylidene] palladium methyl tosylate, compound (6.10).
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Pd(1)-C(1)
Pd(1)-C(21)
Pd(1)-0(3)
Pd(1)-N(1)
S(1)-0(1)
S(1)-0(2)
S(1)-0(3)
N(2)-C(1)
N(2)-C(7)

C(1)-Pd(1)-C(21)
C(1)-Pd(1)-0(3)
C(21)-Pd(1)-0(3)
C(1)-Pd(1)-N(1)
C(21)-Pd(1)-N(1)
0(3)-Pd(1)-N(1)
0(1)-8(1)-0(2)
0(1)-8(1)-0(3)
0(2)-8(1)-0(3)
S(1)-0(3)-Pd(1)
C(1)-N(2)-C(7)

1.947(3)
2.017(4)
2.124(2)
2.142(3)
1.443(2)
1.443(2)
1.480(2)
1.368(4)
1.388(4)

98.36(15)
173.08(11)
88.04(14)
79.49(11)
176.44(17)
94.24(9)
114.64(15)
112.38(14)
111.56(14)
122.72(13)
112.03)

N(2)-C(6)
NEG)-C(D)
N(3)-C(8)
N(3)-C(9)
C(8)-C(7)
C(5)-C(6)
C)-C4)
N(1)-C(6)

C(1)-N(2)-C(6)
C(1)-N3)-C(8)
C(1)-N(3)-C(9)
C(7)-C(8)-N(3)
C(6)-N(1)-Pd(1)
N(D-C(6)-N(2)
C(5)-C(6)-N(2)
N(3)-C(1)-N(2)
N(3)-C(1)-Pd(1)
N(2)-C(1)-Pd(1)

1.413(4)
1.358(4)
1.393(4)
1.442(4)
1.328(5)
1.369(5)
1.377(5)
1.339(4)

120.2(2)
110.7(3)
125.7(3)
108.0(3)
113.1(2)
112.5(3)
123.6(3)
103.43)
142.2(2)
114.1(2)

Table 6.3. Selected bond lengths (A) and angles (°) for compound (6.10).

Compound (6.10) (6.7) 6.3)
Chemical formula CygH3sN3OsPdS  CuyHssAgFoNgOgPd,  CygHigoF 12N 1:06Pd,
Formula weight 598.03 1238.47 1872.11
Crystal system Monoclinic Triclinic Triclinic
Space group P2y/c P-1 P-1
a/A 15.0071(2) 13.918(3) 9.852(2)
b/A 11.7722(2) 15.726(3) 20.026(4)
c/A 16.2981(2) 15.906(3) 21.056(4)
al® 90 113.86(3) 89.95(3)
B/re 110.0420(10) 97.85(3) 90.19(3)
v/° 90 113.49(3) 90.04(3)
V/A® 2704.96(7) 2729.8(9) 4154.2(14)
z 4 2 2
7K 150(2) 150(2) 150(2)
w/mm’ 0.797 1.083 0.935
F(000) 1232 1224 1890
No. Data collected 23226 28224 34221
No. Unique data 6178 10149 10208
Ry 0.0553 0.2495 0.2498
Final R(|F]) for Fo> 20(F,) 0.0408 0.1278 0.1095
Final R(F?) for all data 0.0706 0.3885 0.2650

Table 6.4. Crystallographic parameters for compounds (6.3), (6.7) and (6.10).
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6.5 Reactions of palladium carbene complexes with phosphines and

amines
6.5.1. General method
To a solution of the corresponding palladium carbene complex [either compound
(4.2), (4.3) or (4.4)] in dichloromethane, was added drop-wise a solution of the
corresponding phosphine or amine and the mixture stirred at room temperature for 12-48
hours. After completion, the volatiles were removed under vacuum, the resulting solid was

washed with diethyl ether, and drying under vacuum gave pale yellow solids.

6.5.2. Reaction between [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]
palladium methyl bromide (4.2) and triphenylphosphine
This was performed by following the general method from [3-(mesityl)-1-(a-
picolyl) imidazol-2-ylidene] palladium methyl bromide (4.2) (0.1g, 0.23mmol) and
triphenylphosphine (0.055g, 0.23mmol) in dichloromethane (50ml) by stirring at room
temperature for 12 hours.
MS (ES): m/z 439, [(ligand)PdMe + MeCN]"; 662, [(ligand)PdMe + PPh;]".
ou(CDCls) broad peaks.
op(CDCl3) -4.

6.5.3. Reaction between [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-
2-ylidene| palladium methyl bromide (4.3) and trimethylphosphine
This was performed by following the general method from [3-(2,6-diisopropyl-
phenyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl bromide (4.3) (0.05g,
0.02mmol) and trimethylphosphine (0.5ml) in dichloromethane (20ml) by stirring at room
temperature for 12 hours.
MS (ES): m/z 536, [(ligand)PdMe + MeCN]".
ou(CDCl3) peaks including 0.2 (3H, br., PACH;), 1.4, 1.6 [2 x 6H, d, CH(CH5)a],
1.5 [9H, d, PC5], 3.0 [2H, septet, CH(CH3),], 5.4, 6.3 (2H, dd, CH,), 7.2 (1H, d, 5-
imidazol-2-ylidene H), 7.4 (2H, d, Pr,CeHH), 7.5 (1H, m, 5-picolyl H), 7.6 (1H, t,
"PryCsHaH), 7.9 (1H, d, 4-imidazol-2-ylidene H), 8.2 (1H, dt,4-picolyl H), 8.5 (2H, d, 3-
picolyl H), 8.7 (1H, br. d, 6-picolyl H).
op(CDCls) 25.
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Scheme 6.6. Proposed reaction of compound (4.3) with trimethylphosphine.
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6.5.4. Reaction between [3-(2,6-diisopropylphenyl)-1-(2-pyridyl) imidazol-
2-ylidene]| palladium methyl bromide (4.4) and trimethylphosphine
This was performed by following the general method from [3-(2,6-diisopropyl-
phenyl)-1-(2-pyridyl) imidazol-2-ylidene] palladium methyl bromide (4.4) (0.05g,
0.02mmol) and trimethylphosphine (0.5ml) in dichloromethane (20ml) by stirring at room
temperature for 12 hours.
MS (ES): m/z 522, [(ligand)PdMe + PMe;]".
o(CDCl;) 0.2 (3H, s, PACH3), 1.1, 1.2 ]2 x 6H, d, CH(CHs),], 1.5 [9H, d, PCH;],
2.3 [2H, septet, CH(CH3),], 7.1 (1H, d, S5-imidazol-2-ylidene H), 7.3 (2H, d, Pr,CsHoH),
7.3 (1H, m, 5-pyridyl H), 7.5 (1H, t, PryC¢HyH), 7.7 (1H, dt, 4-pyridyl &), 7.9 (2H, d, 3-
pyridyl /), 8.2 (1H, d, 4-imidazol-2-ylidene H), 8.5 (1H, d, 6-pyridyl H).
Jp(CDCls) 25.

6.5.5. Reaction between [3-(2,6-diisopropylphenyl)-1-(a-picolyl) imidazol-
2-ylidene] palladium methyl bromide (4.3) and triethylamine
This was performed by following the general method from [3-(2,6-diisopropyl-
phenyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl bromide (4.3) (0.05g,
0.02mmol) and trimethyllphosphine (0.5ml) in dichloromethane (20ml) by stirring at room
temperature for 48 hours (Scheme 6.6).
MS (ES): m/z 543, [(ligand)PdMe + NEt;]".
ou(CDCl3) 0.1, 0.2 (3H, s, PACH3), 1.0, 1.4 [2 x 6H, br. d, CH(CH5),], 1.1 [6H, t,
N(CH2CH;)s], 2.4 [2H, septet, CH(CH3),], 2.6 [4H, q, N(CH,CHs)s3], 5.5 (2H, br., CH>),
6.8 (1H, d, 5-imidazol-2-ylidene H), 7.2 (2H, d, ‘Pr,CsHLH), 7.4 (1H, m, 5-picolyl H), 7.4
(1H, t, Pr,CHLH), 7.4 (1H, d, 4-imidazol-2-ylidene H), 7.6 (2H, d, 3-picolyl H), 7.8 (1H,
dt, 4-picolyl H), 9.2, 9.3 (1H, 2 x d, 6-picolyl H).
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Scheme 6.7. Proposed reaction of compound (4.4) with triethylamine.

6.5.6. Reaction between [3-(2,6-diisopropyiphenyl)-1-(2-pyridyl) imidazol-
2-ylidene] palladium methyl bromide (4.4) and triethylamine
This was performed by following the general method from [3-(2,6-diisopropyl-
phenyl)-1-(2-pyridyl) imidazol-2-ylidene] palladium methyl bromide (4.4) (0.05g,
0.02mmol) and trimethyllphosphine (0.5ml) in dichloromethane (20ml) by stirring at room
temperature for 48 hours (Scheme 6.7).
MS (ES): m/z 529, [(ligand)PdMe + NEt;]".
ou(CDCl3) 0.3, 0.3 (3H, s, PACH3), 1.0 [6H, t, N(CH,CHs)3], 1.1, 1.3 |2 x 6H, d,
CH(CHs),], 2.5 [4H, q, N(CH>CH3)s], 2.6 [2H, septet, CH(CH3).], 7.0 (1H, d, 5-imidazol-
2-ylidene H), 7.3 (2H, d, PryCsH3H), 7.4 (1H, m, 5-pyridyl H), 7.5 (1H, t, Pr,CsHa H), 7.6
(2H, d, 3-pyridyl H), 7.8 (1H, d, 4-imidazol-2-ylidene H), 8.0 (1H, dt, 4-pyridyl H), 9.2,
9.4 (1H, 2 x d, 6-pyridyl A).
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Chapter 7
N-Heterocyclic Carbene Complexes of Nickel (1I),
Ruthenium (II) and Rhodium (I)

7.1 Introduction

Carbene complexes are now known for all transition metals, except technetium.'
Most of the published examples are of palladium. However, only very few reports describe
transition metal complexes that contain mixed donor N-functionalised carbene ligands;
only three examples are known of structurally characterised mixed donor N-heterocyclic
carbene complexes that do not contain palladium. These are:
i) Rhodium coordinated by a carbene-oxazoline ligand.”
i1) Molybdenum coordinated by a carbene-allyl ligand.’
ii1) Iridium coordinated by a carbene-picolyl ligand where the carbene adopts an

unusual binding mode.*

Described in this chapter are three new mixed donor N-heterocyclic carbene
complexes of transition metals, two of which are structurally characterised. The nickel

complex is the first example of a mixed donor N-heterocyclic carbene complex of nickel.

RESULTS AND DISCUSSION

7.2 Synthesis of nickel (II), ruthenium (II) and rhodium (I)

complexes
The transition metal complexes described in this chapter were synthesised by the
interaction ot [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] silver bromide (3.5), with
nickel dibromide dimethoxyethane, ruthenium dichloride #°-p-cymene dimer or rhodium
chloride cyclooctadiene dimer in dichloromethane. The products were isolated as highly

coloured solids (Figure 7.1).

7.2.1. Elemental analysis and mass spectroscopy
The stoichiometry of compound (7.2) was identified by elemental analysis and the
electrospray mass spectra obtained confirmed the formation of a ruthenium carbene
complex by a peak assigned to the molecular ion made up of the carbene ligand a

ruthenium, a chlorine and a p-cymene ligand. This molecular ion is consistent with the
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formation of a ruthenium complex, which comprises of one carbene ligand, a cymene
ligand and two chlorine atoms; similar to the stoichiometry of the complexes described by

Nolan.” A possible structure for compound (7.2) is proposed in Figure 7.1.

Figure 7.1. Nickel, ruthenium and rhodium compounds synthesised.

The stoichiometry of compounds (7.1) and (7.3) were identified by elemental
analysis, however the silver bromide proved ditficult to remove and was only removed
after repeated recrystallisations. The crystal structure of (7.3) shows that the counter ion is
a chloride ion, where as the analysis shows it to be a silver chloride bromide anion. The
silver bromide was also difficult to remove from compound (7.1) but on recrystallisation
was completely removed. The electrospray mass spectrum for compound (7.1) was not
collected, as the complex was insoluble in suitable solvents for this procedure. However,
the electrospray mass spectrum obtained for compound (7.3) was consistent with the

structure obtained from X-ray diffraction studies (Figure 7.4).

7.2.2. X-ray diffraction studies on compound (7.1)

X-ray diffraction quality crystals of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]
nickel dibromide (7.1) were obtained by layering a saturated dichloromethane solution
with petrol. The structure comprises a nickel centre coordinated by two bromine atoms and
both the carbene and the picolyl ends of a ligand (Figure 7.2). The nickel atom is in a
tetrahedral geometry. The unpaired electrons give the complex the intense purple colour as

well as its paramagnetism.
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Figure 7.2. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] nickel
dibromide, compound (7.1).

The ligand chelate ring is in a boat type conformation with a bite angle (carbene-
nickel-nitrogen) ot 92.7°. The ligand can easily accommodate the tetrahedral geometry by
reducing the angle created by the methylene bridge (113.1°); in the square planar geometry
of compound (4.2) this angle is 116.5°. The nickel-carbene and nickel-nitrogen bond
Jengths are 1.96 and 2.03A, which are not very different from those of compound (4.2).
The rest of the bond angles and bond lengths of the ligand are similar to those of

compound (4.2).

Figure 7.3. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazolium] nickel

tribromide, decomposition product of compound (7.1).
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When complex (7.1) was recrystallised in air a very small number of blue crystal
were also isolated. These blue crystals were also of X-ray diffraction quality and their
structure is shown in Figure 7.3. The structure comprises a nickel atom coordinated by
three bromine atoms and a picolyl moiety. The other end of the ligand is not a carbene but
an imidazolium cation. The nickel is in a tetrahedral environment and the nickel-nitrogen
bond (2.02A) is only very slightly shorter than that of compound (7.1). The reason for this
decomposition (blue crystals) is unknown but the decomposition does not occur under
nitrogen, therefore it is believed that compound (7.1) is slightly moisture-sensitive. The

purple crystals of (7.1) do not dissolve in water and do not show any decomposition over a

few hours.

7.2.3. X-ray diffraction studies on compound (7.3)

X-ray diffraction quality crystals of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]
rhodium cyclooctadiene chloride (7.3) were obtained by layering a saturated
dichloromethane solution with diethyl ether. The structure consists of a chloride anion and
a cationic rhodium complex. The cationic complex comprises a central thodium atom
coordinated by a #°-1,5-cyclooctadiene and a chelating carbene ligand in a slightly

distorted square-planar geometry (Figure 7.4).

Figure 7.4. Cationic complex from the X-ray crystal structure of [3-(mesityl)-1-(a-picolyl)

imidazol-2-ylidene| rhodium cyclooctadiene chloride, compound (7.3).

The carbene-rhodium and the nitrogen-rhodium bond lengths are similar to those
reported by Herrmann ef a/.”. The distance between the metal centre and the double bonds
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of the cyclooctadiene is slightly longer for the atoms #rans to the carbene end of the ligand.
This is in keeping with the carbene being a stronger donor than the picolyl group. The
carbene ligand is once again in a boat type conformation but the ligand is even flatter
across the methylene bridge (110.1°) than compound (7.1). The bite angle of the ligand
(84.6°) is considerably smaller than that of compound (7.1) but similar to that of the
complex reported by Herrmann ef al.” This tighter bite angle can be accounted for by the

longer nitrogen-rhodium bond. The other bond lengths and angles of the ligand are similar

to that of compound (7.1).

7.2.4. NMR spectroscopy
The '"H NMR spectrum was not able to be collected for compound (7.1) as the

complex is paramagnetic due to unpaired d electrons (tetrahedral & complex). However,
'"H NMR spectroscopy proved to be very useful in identitying the formation of the
ruthenium complex (7.2). The spectrum obtained for the reaction contained peaks that
showed the formation of a chelating carbene complex by the appearance of a pair of

doublets at 5.0 and 5.9 ppm assigned to the protons of the methylene bridge.

A
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Figure 7.5. "H NMR spectrum of compound (7.2); isopropyl diastereotopic methyl protons
of the #°-p-cymene ligand.

The ruthenium carbene complex was further identified by characteristic peaks at

9.3,7.9, 7.7 and 7.4 ppm for the protons of the picolyl ring as well as peaks at 7.8 and 7.1
ppm for the protons in the 4- and 5-positions of the imidazol-2-ylidene ring (Figure 7.6).
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Figure 7.6. '"H NMR spectrum of compound (7.2); between 9.4 and 6.9 ppm.

These peaks in the spectrum of compound (7.2) were of very similar shift, and
symmetry to those of the palladium complex (4.2) with the same chelating ligand. Peaks
were also identified in the 'H NMR spectrum for the cymene ligand and the mesityl group
of the carbene ligand. The cymene has no plane of symmetry in this complex; this was
demonstrated by the spectrum containing two peaks for the isopropyl methyls (Figure 7.5)
as well as four peaks for the ring protons. The lack of symmetry of the complex supports
the suggested structure in Figure 7.1.

Compound (7.3) was also characterised by '"H NMR spectroscopy. The broad peak
assigned to the methylene bridge protons shows that the ring-flipping process (observed for
compounds in Chapter Four), happens very rapidly at room temperature. The peaks
assigned to the cyclooctadiene ligand were generally broad probably due to the lack of
symmetry in the molecule and the rapid ring flipping of the carbene-picolyl chelate. The
peak in the 'H NMR spectrum for the proton in the 6-position of the picolyl ring shifted
up-field from that of the palladium complex (4.2), giving it a very similar shift to that of
the uncoordinated imidazolium salt (2.2). The reason for the chemical shift of this peak is
unknown but could be due to a shielding effect of the double bonds of the cyclooctadiene.
The peaks for the rest of the ligand are very similar to those observed for compound (7.2)

and to those of the palladium complex (4.2).
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7.3 Conclusions

The synthesis and characterisation of a range of transition metal mixed donor

N-heterocyclic carbene complexes have been described in this chapter. These include:

y

iii)

The first example of a nickel complex that contains a mixed donor N-heterocyclic
carbene ligand; with the nickel in a tetrahedral environment, chelated by the
carbene ligand. '

A structurally characterised rhodium complex, the X-ray crystal structure of which
shows the cationic rhodium complex to have a distorted square-planar geometry.
The carbene and cyclooctadiene ligand are both acting as chelating ligands.

A ruthenium mixed donor carbene complex has been characterised by 'H NMR
spectroscopy, mass spectroscopy and chemical analysis. Although no crystal
structure was obtained, the complex has been shown to contain a chelating mixed
donor carbene ligand. This complex is the first example of a ruthenium complex
that contains a mixed donor N-heterocyclic carbene ligand, where both donor
atoms are coordinated to the metal centre.

These new transition metal carbene complexes are important as there are very few

examples with mixed donor carbene ligands. The synthesis and characterisation of these

complexes has led to a variety of other transition metal complexes to be synthesised by

others.’
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EXPERIMENTAL

7.4 Synthesis of nickel and rhodium complexes
7.4.1. General method
A dichloromethane solution of [3-(mesityl)-1-(a~picolyl)-imidazol-2-ylidene] silver
bromide was added drop wise to a solution of the corresponding metal complex and stirred
at room temperature for 4 hours. After completion, the reaction mixture was filtered, the
volatiles were removed under vacuum, the resulting solid was washed with diethyl ether,
and dried under vacuum. The solids were purified by recrystallisation from a saturated

solution of dichloromethane and diethyl ether.

(7.1) [3-(mesityl)-1-(a-picolyl)-imidazol-2-ylidene] nickel dibromide

This was prepared following the general method from [3-(mesityl)-1-(a-picolyl)-
imidazol-2-ylidene] silver bromide (0.2g, 0.41mmol) and dimethoxyethane nickel
dibromide (0.12¢g, 0.41mmol) in dichloromethane (40ml) by stirring at room temperature
for 4 hours. The product was obtained in quantitative yields as a purple solid. X-ray
diffraction quality crystals were obtained by layering a saturated dichloromethane solution
with petrol (Figure 7.7 and Table 7.1).

(Found: C, 43.60; H, 3.86; N, 8.47. C13H;9sN3NiBr; requires C, 43.68; H, 3.87; N,
8.41%).

Figure 7.7. X-ray crystal structure of [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene] nickel
dibromide, compound (7.1).
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Br(1)-Ni(3) 2.3677(4) N(1)-C(11) 1.440(3)

Br(2)-Ni(3) 2.3585(4) N(2)-C(1) 1.349(3)
Ni(3)-C(1) 1.961(2) N(2)-C(3) 1.384(3)
Ni(3)-N(3) 2.030(2) N(2)-C(4) 1.462(3)
N3)-C(5) 1.354(3) C(2)-C(3) 1.345(4)
N(1)-C(1) 1.348(3) C(4)-C(5) 1.502(3)
N(1)-C(2) 1.387(3)

C(1)-Ni(3)-N(3) 92.74(9) C()-N(1)-C(11) 125.97(19)
C(1)-Ni(3)-Br(2) 114.71(7) C(1)-N(2)-C(3) 111.41(19)
N(3)-Ni(3)-Br(2) 104.15(6) C(1)-N(2)-C(4) 122.70(19)
C(1)-Ni(3)-Br(1) 106.13(7) N(D-C(1)-N(2) 104.64(19)
N(3)-Ni(3)-Br(1) 106.83(6) N(2)-C(1)-Ni(3) 119.29(16)
Br(2)-Ni(3)-Br(1) 126.556(16) C(3)-C(2)-N(1) 106.9(2)
C(5)-N(3)-Ni(3) 121.45(16) N(2)-C(4)-C(5) 113.06(19)
C(1)-N(1)-C(2) 110.85(19) N(3)-C(5)-C(4) 118.3(2)

Table 7.1. Selected bond lengths (A) and angles (°) for compound (7.1).

Br(1)-Ni(1) 2.3873(15) N(1)-C(3) 1.396(11)
Br(2)-Ni(1) 2.3757(15) N(1)-C(4) 1.458(10)
Br(3)-Ni(1) 2.3783(14) N(2)-C(1) 1.311(11)
Ni(1)-N(3) 2.024(7) N(2)-C(2) 1.366(11)
N(3)-C(14) 1.352(10) N(2)-C(13) 1.470(10)
N(1)-C(1) 1.320(11) C(3)-C(2) 1.342(12)
N(3)-Ni(1)-Br(2) 110.2(2) C(1)-N(1)-C(4) 126.0(7)
N(3)-Ni(1)-Br(3) 109.48(18) C(3)-N(1)-C(4) 124.7(7)
Br(2)-Ni(1)-Br(3) 120.52(6) C(1)-N(2)-C(2) 109.0(7)
N(3)-Ni(1)-Br(1) 101.51(19) C(1)-N(2)-C(13) 124.9(7)
Br(2)-Ni(1)-Br(1) 106.50(5) N(3)-C(14)-C(13) 117.7(8)
Br(3)-Ni(1)-Br(1) 106.79(6) C(2)-C(3)-N(1) 105.0(8)
C(14)-N(3)-Ni(1) 124.7(6) N(@2)-C(1)-N(1) 108.4(8)
C(1)-N(1)-C(3) 109.2(7) C(3)-C(2)-N(2) 108.3(8)

Table 7.2. Selected bond lengths (A) and angles (°) for the decomposition product of
compound (7.1).

(7.2) [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene| ruthenium dichloride nﬁ-p—cymene
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This was carried out following the general method by using [3-(mesityl)-1-
(a-picolyl)-imidazol-2-ylidene] silver bromide (0.1g, 0.2mmol) and (ruthenium dichloride
p-cymene); (0.09g, 0.1mmol) in dichloromethane (40ml) and stirring at room temperature
for 4 hours. The product was obtained in good yields as an orange solid.

MS (ES): m/z 548, [(ligand)RuClcymene + MeCNT".

ou(CDCL3) 0.5, 1.1 [2 x 3H, d, cym CH(CHs),],1.6 (3H, s, cym CH3), 2.1 (6H, s,
mesityl CHz), 2.3 (3H, s, mesityl CHs), 3.3 [1H, br., cym CH(CH3),], 5.0,5.9 (2 x 1H, d,
CH;),5.3,54,57,5.8(4 x1H, d, cym CH), 6.9, 7.1 (2 x 1H, s, mesityl /), 7.1 (1H, d,
5-imidazol-2-ylidene H), 7.4 (1H, t, S-picolyl H), 7.7 (1H, d, 3-picolyl H), 7.8 (1H. d,
4-imidazol-2-ylidene H), 7.9 (1H, td, 4-picolyl H), 9.3 (1H, d, 6-picolyl H).

(Found: C, 44.24; H, 4.74; N, 5.34. Cy9H37CLNsRuAgBr requires C, 44.68; H,
4.32; N, 5.80%).

(7.3) [3-(mesityl)-1-(a-picolyl) imidazol-2-ylidene]| rhodium cyclooctadiene chloride

This was prepared following the general method from [3-(mesityl)-1-(a-picolyl)
imidazol-2-ylidene] silver bromide (0.2g, 0.40mmol) and (rhodium chloride
cyclooctadiene); (0.1g, 0.20mmol) in dichloromethane (40ml) by stirring at room
temperature for 4 hours. The product was obtained in good yields as an orange solid. X-ray
diffraction quality crystals were obtained by layering a saturated dichloromethane solution
with diethyl ether (Figure 7.8 and Table 7.3).

MS (ES): m/z 488, [(ligand)RhCOD + MeCN]".

ou(CDCl3) 1.7 (3H, s, mesityl CH3), 1.9 (2H, br., COD CH,), 2.1 (3H, s, mesityl
CH,), 2.2 (2H, br., COD CHy), 2.4 (3H, s, mesityl CH3), 4.6 (2H, br., CH»), 6.7 (1H, d,
5-imidazol-2-ylidene H), 7.0 (2H, s, mesityl H), 7.2 (1H, d, 3-picolyl H), 7.3 (1H, d,
4-imidazol-2-ylidene H), 7.3 (2H, s, COD CH), 7.4 (1H, m, 5-picolyl H), 7.8 (1H, br.,
4-picolyl H), 7.9, 8.3 (2H, br., COD CH), 8.4 (1H, d, 6-picolyl H).

(Found: C, 44.13; H, 4.24; N, 6.29. C;5H3;N3RhAgCIBr requires C, 43.88; H, 4.39;
N, 5.90%).
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Figure 7.8. X-ray crystal structure of [3-(imesityl)-1-(a-picolyl) imidazol-2-ylidene]}

rhodium cyclooctadiene chloride, compound (7.3).

Rh(1)-C(7) 2.035(10) N(5)-C(21) 1.442(14)
R(1)-C(29) 2.119(10) N(6)-C(7) 1.344(14)
Rh(1)-N(4) 2.125(9) N(6)-C(27) 1.375(14)
Rh(1)-C(24) 2.141(11) N(6)-C(18) 1.467(13)
Rh(1)-C(11) 2.190(12) C(10)-C(18) 1.527(14)
Rh(1)-C(12) 2.202(12) C(11)-C(12) 131(2)
N(@)-C(10) 1.357(14) C(20)-C(27) 1.327(16)
N(5)-C(7) 1.346(13) C(24)-C(29) 1.405(17)
N(5)-C(20) 1.403(15)

C(7)-Rh(1)-C(29) 92.7(4) N(5)-C(7)-Rh(1) 135.1(8)
C(7)-Rh(1)-N(4) 84.6(4) N(4)-C(10)-C(18) 116.7(9)
C(7)-Rh(1)-C(24) 94 8(4) C(12)-C(11)-R(1) 73.1(8)
N(4)-Rh(1)-C(11) 91.3(4) C(11)-C(12)-Ri(1) 72.1(8)
N(4)-Rh(1)-C(12) 97.5(4) C(39)-C(12)-Rh(1) 109.4(7)
C(10)-N(4)-Rh(1) 119.7(7) N(6)-C(18)-C(10) 110.1(8)
C(7)-N(5)-C(20) 109.4(9) C(27)-C(20)-N(5) 107.0(10)
C(7)-N(5)-C(21) 124.8(9) C(29)-C(24)-Rh(1) 69.9(6)
C(7)-N(6)-C(27) 110.8(9) C(20)-C(27)-N(6) 107.2(10)
C(7)-N(6)-C(18) 121.8(9) C(24)-C(29)-Rh(1) 71.6(6)
N(6)-C(7)-N(5) 105.6(9)

N(6)-C(7)-Rh(1) 118.7(7)

Table 7.3. Selected bond lengths (A) and angles (°) for compound (7.3).
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Compound (7.3) (7.1) (7.1) decomp.
Chemical formula CogH3; 1 CIN;OsRh - CigHoBrNsNi CigHooBrsNsNi
Formula weight 555.90 495.89 576.81
Crystal system Triclinic Monoclinic Monoclinic
Space group P-1 P2i/c P2ic
a/A 1011.78(4) 1173.110(10) 1125.97(4)
b/A 1154.86(4) 1056.550(10) 1185.85(4)
c/A 1434.63(7) 1616.97(2) '1593.24(6)
o/ 73.550(2) » 90 90.0000(10)
B/e 73.901(2) 109.9460(10) 104.654(2)
y/° 81.123(2) 90.0000(10) 90.000(2)
V/A® 1539.42(11) 1883.93(3) 2058.14(13)
V4 2 4 4
T/K 150(2) 150(2) 150(2)
u/mm’” - 0.664 5276 6.773
F(000) 572 984 1128
No. Data collected 11244 22080 12572
No. Unique data 5679 5488 4445
Rig 0.0765 0.0478 0.0484
Final R(|F}) for Fo> 26(F,) 0.1041 0.0345 0.0695
Final R(F") for all data 0.1442 0.0461 0.1121

product of compound (7.1).
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Chapter 8
Palladium (II) N-Heterocyclic Carbene Complexes as
Pre-catalysts for the Heck Reaction

8.1 Introduction
The formation of carbon-carbon and carbon-nitrogen bonds plays an important role
in the synthesis of organic chemicals. Palladium complexes catalyse a number of
transformations leading to the formation of carbon-carbon bonds:! one of them is the Heck
reaction. The Heck reaction, the palladium catalysed arylation or alkenylation of alkenes,

is shown in Scheme 8.1.°
N R'
=
S : (j s e L R T
-BaseHX 7 R

Scheme 8. 1. The Heck reaction of aryl or alkenyl halides with alkenes.
The flexibility of the Heck and related reactions (such as Stille, Suzuki, Kumada,
Negishi, and amination reactions) has been partly responsible for the huge amount of

interest in the area.” Although there has been a great deal of research, the full scope and

mechanisms of these reactions are not yet fully elucidated.

H Activation H /
PdX, + == + L, —» Pdl, + HX + )r—\

Catalytic cycle:  Pdl, + RX ——3 RPszX

R PdL,X ——3 >—< +  HPdL,X

HPdL,X + Base ———3 PdlL, + Base'HX

Scheme 8.2. An approximate mechanism for the Heck reaction, as proposed by R.F. Heck.?
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8.1.1. Mechanisms of the Heck reaction

Probably one of the most debated issues in the Heck reaction is that of the nature
and oxidation state of the active palladium species. R.F. Heck proposed the basic
mechanism (Scheme 8.2), involving an activation step, an oxidative addition step, an
insertion step, and a f-hydride elimination followed by the reductive elimination to recycle
the palladium complex for the oxidative addition step. This is still generally accepted by
most as a suitable general mechanism, but it does not explain a number of observations that
have been made. Important questions that are still to be answered originate from the wide
variety of different complexes that can act as effective pre-catalysts. For example:

1) [s the reaction taking place in solution (homogeneous) or on the surface of solid
particles (heterogeneous) or does it run under both regimes under different
conditions?

i) What is the active catalyst?

ii1) What is the operating mechanism?

The answers to these questions are probably not the same for the different types of
pre-catalysts as a number of other metals are also known to facilitate the same
transformations.”

Certain palladium (II) "catalysts" show an induction period (which can be
shortened by the use of a reducing agent),” implying that the palladium goes through a
palladium (0)-palladium (II) cycle, with the palladium (0) species starting the cycle
(Scheme 8.5). However, this induction period is not observed with all complexes that are
active pre-catalysts. In alternative mechanisms, there are no activation steps and the cycle
involves palladium (II) and palladium (IV) species; proposed cycles are shown in Scheme
8.3 and Scheme 8.4. The order of the elementary steps in these mechanisms are quite
different; the first (Scheme 8.3) comprises of (i) the oxidative addition of the olefin to the
palladium (II) active complex, (ii) the reductive elimination of HX, and (iii) the oxidative
addition of the aryl halide followed by (iv) the reductive elimination of the product.
However, the second (Scheme 8.4) involves (i) coordination of the olefin, (ii) the attack by
a nucleophile on the coordinated olefin, (iii) the oxidative addition of ArX, (iv) the
elimination of the nucleophile, (v) the insertion of Ar into the olefin, and (vi) f-hydride

elimination and the dissociation of the product (vii) followed by the removal of the hydride

by the base.
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l. 10

Scheme 8.3. Mechanism proposed by Jensen ef al. ™~ involving an octahedral

palladium (IV) species with a pincer type tridentate ligand.

The situation is further complicated by the wide range of ligands that have been
used to support homogeneous catalysts as well as a number of heterogeneous systems that

are able to perform effectively.® Ligands on palladium that have been used in the Heck and

7.8.9.10

similar reactions include a range of pincer tridentate ligands, cyclopalladated

112302 . s 1A .
phosphines, cyclopalladated }:)hosphltc'as,13 cyclopalladated imines, ~ bidentate bis
5. . 15,25 16.1
carbenes,” mixed donor bidentate carbenes, *> monodentate carbenes, 817 monodentate
. 8 . . s
phosphines'® and bidentate phosphines."
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Scheme 8.4. Mechanism proposed by Shaw et al. following a palladium (II)-palladium (IV)

cycle with a bidentate pz:llladacyclc:.20 nuc = nucleophile (Br, OH")
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The use of phosphine ligands in the Heck reaction has been well studied and some
conclusions on the mechanism have been drawn.” It is generally believed that the active
catalyst is a 14-electron palladium (0) L, species, where L is usually a monodentate or L,
is a bidentate phosphine.”’ It is believed that the reaction follows a mechanism similar to
that shown in Scheme 8.3, involving a cycle between palladium (0) and palladium (II)
species. The cycle comprises of an oxidative addition of the aryl halide to a 14-electron
palladium (0) species followed by a coordination-insertion step, a -hydride elimination-
dissociation step and finally recycling of the palladium () to palladium (0) by the action

of a base.

Pd precataiyst

]
activation

\
Base-H
\ Pd(0) RX
\
Base / AN /
AN A | oxidative additionl
[ reductive ehmmatlorﬂ Y
! ]
—~Pd-X X-Pd—
) |
|
RN r
I fi
H R
‘ R
—Pd] R
| —Pd—]
|
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Scheme 8.5. A schematic mechanism for the Heck reaction, which involves a palladium

(0)-palladium (1I) cycle.?®

8.1.2. Phosphine free systems for the Heck reaction
Phosphine free systems on the other hand, are less well studied and very few
publications exist have shed any light on the nature of the active species or the operating
mechanism.”' From the small number of publications on the mechanism of the Heck
reaction catalysed by heterocyclic carbene complexes, the reaction is believed to proceed
via the oxidative addition of the aryl halide to a palladium(0) species followed by the
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abstraction of a halide anion and subsequent coordination and insertion of the olefin into

the palladium-aryl bond.

With chelating spectator ligands, the effect of chelate ring size, number and nature
of co-donors and the steric influence of N-heterocyclic carbene moieties on the activity of
the catalyst have been widely ignored. Instead, the focus has been placed on the quest for
the most difficult and the most challenging reactions (activation of aryl chlorides) drawing
attention away from the difficult mechanistic and comparative studies.

In addition, K. Cavell ef al.”? have observed that on interaction of aryl halides with
palladium (0) complexes containing sterically unhindered (NV-methyl derivatised)
heterocyclic carbenes, small quantities of eliminated imidazolium salts were formed as
well as other decomposition products. They rationalised these products by invoking
reductive elimination of the carbene and an alkyl or aryl substituent on the palladium
leading to the imidazolium salts. The generality of this observation is now being
questioned, as with the more sterically demanding ligand designs reported in this thesis, no
similar decompositions were observed under similar conditions. Incorporation of steric
bulk above and below the carbene plane possibly prevents interaction of the LUMO of the
carbene carbon with the neighbouring substituents on the metal disfavouring reductive
elimination and, therefore, increasing the stability of the palladium-carbene bond.

A more detailed mechanism involving a generic chelating ligand (L---L) as well as
a palladium (0) catalyst is shown in Scheme 8.6. The mechanism comprises:

i) The oxidative addition of an aryl or alkenyl halide to a palladium (0) species;

i1) The coordination of the olefin to the resulting palladium (II) species;

iii) The insertion of the olefin into the metal-aryl or alkenyl bond;

v) The reductive elimination of the product olefin, either by direct elimination of the
olefin or the reduction of the metal centre and then the elimination of the olefin via
the metal hydride.

In summary, there is not a universal mechanism for the full range of complexes
that can catalyse the Heck reaction. As monodentate, bidentate and tridentate ligands have
all been shown to be suitable supports of the metal centre, it is plausible that a number of

mechanisms could run concurrently.
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Scheme 8.6. Variations of the mechanism shown in Scheme 8.5 for the palladium (0)-

palladium (II) cycle involving bi- and tri-dentate ligands.
RESULTS AND DISCUSSION

8.2 Heck reactions catalysed by some of the palladium carbene

complexes described in Chapters Four and Five
8.2.1. Initial catalytic results

Some of the palladium complexes described in Chapters Four and Five were tested
as pre-catalysts for the Heck reaction. The initial results from the catalysis showed that,
although the complexes with bidentate ligands are extremely good catalysts for coupling
aryl iodides (Table 8.1), they are not as effective with aryl bromides and chlorides.”
However, the activity with aryl iodides was as high as the best-known systems.24 The
initial results showed that the highest turnovers were achieved when triethylamine was
used as a base (entry [3]); sodium carbonate, sodium acetate and potassium ferrbutoxide
were also suitable bases. N-methylpyrrolidone was shown to be the best solvent. Complex
(4.1) was also shown to catalyse amination reactions, see entries [8] and [9]. The turnover

numbers (TON) were calculated from reproducible data obtained by measuring the amount
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of product formed in the reaction with reference to an internal standard using gas

chromatography and quoted to a reasonable degree of accuracy.

Reaction Aryl Halide” Alkene’/ Amine  Catalyst Time  Temp Catalyst Base vield TON
hy O (mmol) (%)
{1] PhI MA 4.1) 5 80 35x 107 NEt; 5 600
[2] Phl MA (4.1) 3 i30 35x 10" NaCOs 90 12600
13} Phi MA (4.1) 3 130 35x 107 NEt; 100 142900
4] PhBr MA 4.1) 132 130 35x10° NEt; 20 2900
[5] 4-CH;0-CeH,Br BA (4.1) 18 140 35x107° NEt; 3 4300
[6} 4-NO,-C,H.Br BA 4.1) 18 140 2.5x10%  NaOAc 100 200
{71 4-CH;CO-CH;Br BA 4.1 18 140 25x 107 NaOAc 100 200
18] PhBr PhNHMe* .1) 24 65 7.0x10°  KOtBu 10 700
191 PhBr PhNFMe* .1y 24 65 35x10° NEt; 10 14300

“ Amounts: ArX, Smmol; alkene/amine, 6 mmol; NEts, 7 mmol; NaOAc, 7 mmol; Na,COs, 3.5 mmol; MN-methy! pyrrolidone

was used as solvent. * MA = methyl acrylate; BA = nbutylacrylate. © THF was used as solvent. TON determined by GC.

Table 8.1. A range of reactions catalysed by compound (4.1).

8.2.2. High turnover numbers in the Heck coupling of aryl iodides

When complex (4.1) was tested to show the lifetime of catalyst's activity with aryl

iodides. 1.4 million turnovers were achieved (entry [14]). However, on consumption of the

substrate, another batch of substrates was added which was completely converted to

products within a similar time scale (entry [15] in Table 8.2). This observation showed that

the catalyst was able to lie dormant and then to restart catalysing the coupling reaction.

However, this remarkable ability was not observed when using other aryl halides.

Reaction Aryl Halide® Alkene” Catalyst Time (h) Temp (°C) Catalyst (mmol) Base  Yield (%) TON
|10} Phl MA (4.1) 1 130 3.5x107 NEt; 85 121400
{11} Phi MA 4.1) 2 130 3.5x 107 NEt; 95 136000
[12] Phi MA {4.1) 3 130 3.5x107 NEts 100 143000
[13] Phl MA @.1 6 130 1.75 x 107 NEL 100 286000
[14] PhI MA 4.1 18 140 35x10° NEt; 98 1400000
{15] PhI MA 4.1 38 140 L75x 10° NEt; 100 2860000

* Amounts: ArX, Smmol; alkene/amine, 6 mmol; NEt;, 7 mmol; N-methyl pyrrolidone was used as solvent.  MA = methyl

acryiate. TON determined by GC.

Table 8.2. High turnover numbers and turnover frequencies, achieved when coupling

phenyl iodide with methylacrylate using compound (4.1) as the pre-catalyst.
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8.2.3. Heck reaction with aryl chlorides
Compounds (5.1) and (5.3) were shown to be very effective in catalysing the Heck
reaction with aryl chlorides (Table 8.3). They showed very good activity even when no
activating agent (i.e. NBuyBr) was used. The palladium complexes with bidentate carbene
ligands showed very low activity with the aryl chloride in the absence of any activating
agent, similar to those observed by Cavell e al.”’ Coupling of aryl bromides could be

carried out at relatively low temperatures.

Reaction Aryl Halide® Alkene®  Catalyst Time (h) Temp (°C)  Catalyst (mmol) Base  Yield (%) TON
[16] 4CH;CO-CGsH,Br  MA (5.3) 18 80 3.5x 107 NEt; 60 850
[17] 4-CH;CO-CsH,;Br MA 3.1 18 80 3.5x10% NEt 85 1200
[18] 4-CH;CO-C.HLCl MA {5.3) 18 140 3.5x 107 NEg 35 500
[19] 4-CH;CO-CsH, Cl MA (5.1) 18 140 35x 107 NEt; 45 650
“ Amounts; ArX, Smmol; alkene, 6 mmol; NEt;, 7 mmol; N-methy! pyrrolidone was used as solvent. ” MA = methyl acrylate. TON

determined by GC.

Table 8.3. Coupling of aryl chlorides and bromides with methylacrylate.

Aryl chlorides are less reactive than aryl bromides, which are less reactive than aryl
iodides; this follows the trend of the bond dissociation energies of the carbon-halogen
bond.* A major rate-limiting step in the Heck reaction is believed to be the oxidative
addition of the aryl halide and so the overall rate is affected by the carbon-halogen bond

. . . . 2
dissociation energies.”’

8.2.4. Comparative studies

The focus of the catalytic studies was directed towards detecting and if possible
understanding any effects of the structural differences of the palladium complexes to the
activity of the catalyst (Figure 8.1). This could lead to new catalyst designs and
optimisation based on empirical rules that correlate molecular structure with observed
activity. The palladium complexes tested were selected with an attempt to draw similarities
between the currently fast-developing carbene research and the much more well
established phosphine chemistry. 2

The complexes were chosen to enable the study of the activity of the catalyst
against three main features (Figure 8.1):
1) The size of the bulky substituents on the carbene moiety;

1) The bite angle of the resulting chelate;
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1ii) The nature of the metal coordination sphere as probed by comparing bidentate and

tridentate ligands.

8.2.5. Compounds tested for activity in the Heck reaction

B1 }|3r Y
w~pd Me~—Pd—N Me_ﬂi—Q
e——Pd—— N N
\—/
(4.1) @2 @.3) (4.4)

”@f@“ N

>/ *~< [ >/Pd~< o @*Pd% )

(5.1) (5.3) (5.4)
Figure 8.1. Complexes tested as catalysts for the Heck reaction.

The bidentate complexes that were tested are: [3-(tert-butyl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.1), {3-(mesityl)-1-(a-picolyl) imidazol-
2-ylidene] palladium methyl bromide (4.2), [3-(2,6-diisopropylphenyl)-1-(a-picolyl)
imidazol-2-ylidene] palladium methyl bromide (4.3) and [3-(2,6-diisopropylphenyl)-1-(2-
pyridyl) imidazol-2-ylidene] palladium methyl bromide (4.4). The tridentate complexes
that were tested are: {a,a'-bis-[3-(mesityl) imidazol-2-ylidene] lutidine} palladium
dichloride (5.1), {o.a'-bis-[3-(2,6-diisopropylphenyl) imidazol-2-ylidene] lutidine}
palladium dichloride (5.3) and {2,6-bis-[3-(2,6-diisopropylphenyl) imidazol-2-ylidene]
pyridine} palladium dichloride (5.4), shown in Figure 8.1.

In order to get the clearest results, the design of the experiments was the simplest
possible, for example avoiding using any activating materials, quaternary ammonium salts
or reducing agents. These are known to affect the reaction in a number of ways, for
example making the complexes less prone to decomposition. It was important to be able to

identify the effect of the targeted molecular characteristics of the ligand on the true

[\
<
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stability and activity, and because of this, leaving activating agents out was crucial for

meaningful comparisons.

8.2.6. Effect of the ligand structure on the activity in the Heck reaction
8.2.6.1. The effect of the size of the R group on the activity of the
catalyst '

The first observation that became clear when comparing the activity of the
complexes with bidentate ligands was that the size of the bulky R group on the imidazol-2-
ylidene had little or no effect on turnover number or turnover frequency (7able §.4).
Although compound (4.1) always slightly under-performed compared to the similar
compounds with aryl groups, no significant difference was observed. In addition, no
significant difference in turnover number or frequency was observed between compounds
(4.2) and (4.3). This result can be easily understood if the ligand is considered to be acting
as a monodentate during the rate-limiting steps, as the R group would be free to rotate to
reduce any steric restrictions. Alternatively, this observation can be accounted for by

assuming that there is no steric influence on the rate-limiting steps, either positive or

negative.

Reaction Aryl Halide® Alkene®  Catalyst Time(h) Temp (°C)  Catalyst (mmol) Base  Yield (%) TON

20]  4-CH:CO-CiHBr  MA @1 18 140 3.5x107 NEt; 60 850
[21]  4-CH,CO-GHLBr  MA (4.3) 18 140 35x10° NEf3 66 950
[22]  4-CH,CO-CHiBr  MA (4.4) 18 140 35x107 NEts 74 1050
[23]  4-CH;CO-CoH,Br MA (5.3) 18 140 3.5x 107 NEt; 100 1450
[24]  4-CH,CO-CHBr  MA (5.4) 18 140 3.5x107 NEL; 100 1450
[25]  4-CH:CO-CH,Br  MA (5.1) 18 140 3.5x10° NE; 100 1450

“ Amounts: ArX, 5mmol; alkene, 6 mmol; NEts;, 7 mmol; NaOAc, 7 mmol; Na,COs, 3.5 mmol; N-methyl pyrrolidone was used as solvent.

? MA = methyl acrylate. TON determined by GC.

Table 8.4. Comparative activity data of palladium complexes in the coupling of

bromoacetophenone with methylacrylate, illustrating the etfect of the substituent R groups.

The effect of the size of the R group of the tridentate ligands was very pronounced
(Table 8.5). The complexes involving the ligand containing mesityl groups (compound
(5.1)) considerably out performed the complexes with the ligand containing the bulkier
2.6-diisopropylphenyl groups (compound (5.3)). This dramatic difference can be accounted

for by the bulk of the ligands restricting the approach of other molecules to the metal
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centre. The steric effect of the R group does imply that the ligand arrangement, observed in
the solid state of the isolated complexes, must be maintained to a certain degree in the

catalytically active species. Therefore, the ligand that restricts the accessibility of the metal
centre the least will have the better performance. The difference in their activity is likely to

be due to an association process being a rate-limiting step.

Reaction Arvl Halide®  Alkene’ Catalyst Time(h) Temp(°C) Catalyst (mmol) Base Yield (%) TON

[26} 4-CH3CO-CsHsBr  MA (5.3) 18 140 35x10° NEt, 30 71500
127] 4-CH,CO-CeH,Br - MA 5.4) 18 140 3.5x10° NEt; 50 71500
128] 4-CH;CO-CoHsBr - MA (5.1) 18 140 35x10° NEt; 100 143000

* Amounts: ArX, Smmol; alkene/amine, 6 mmol; NEt;, 7 mmol; N-methyl pyrrolidone was used as solvent. > MA = methyl acrylate.

“ THF was used as solvent. TON determined by GC.

Table 8.5. Comparative activity data on the coupling of bromoacetophenone with
methylacrylate for the palladium complexes supported by tridentate ligands, illustrating the

effect of the size of the substituent R groups.

Compounds C-M (A) M-N (A) | C-M-C (°) C-M-N (°)
(4.4) 1.970(4) 2.166(3) - 79.15(13)
(4.3) 1.969(4) 2.168(3) - 85.22(13)
(5.4) 2.014(9) 2.033(9) | 1.975(7) 158.1(4) 79.2(3) 78.9(3)
(5.3) 2.025(4)2.029(4) | 2.074(3) | 175.07(16) | 87.41(14) 87.67(14)

Table 8.6. Selected bond lengths and angles for compounds (4.3), (4.4), (5.4) and (5.3).

8.2.6.2. The effect of the chelate ring size on activity of the catalyst

Reactions were performed in order to identify the influence on the catalyst activity
of the presence of a methylene bridge, which widens the chelate ring size, on the
complexes with the fridentate ligands. The results did not show any significant difference
under a variety of reaction conditions. The reason for this was unclear, since the
differences in bite angle, coordination geometry and palladium-nitrogen bond length are
pronounced (7able 8.6). It is possible however that these structural features affect the
activity in a much more subtle way than could be probed with the techniques that were

used.
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Reaction  Arvl Halide®  Alkene’ Catalyst Time (h) Temp (°C) Catalyst (mmol) Base  Yield (%) TON

129] CeHsBr MA ER)) 75 130 35x10° NEt; 35 5000
130} CsHsBr MA 4.3) 80 140 3.5x10% NEt; 40 5700
[31] CsHsBr MA (4.4) 80 140 3.5x 107 NEt; 90 12900
[32] CeHsBr MA (5.3) 18 140 35x10° NEt; 15 18600
[33] CqHsBr MA (5.1) 18 140 35x107 NEf; 48 68600

2 Amounts: ArX, Smmol; alkene, 6 mmol; NEt;, 7 mmol; N-methyl pyrrolidone was used as solvent. > MA = methyl acrylate.

TON determined by GC.

Table 8.7. Comparative activity data in the coupling of phenyl bromide with
methylacrylate for the palladium bidentate and tridentate complexes, illustrating the effect

of the methylene bridge.

In contrast, the influence of the methylene bridge on the activity of the complexes
that contain bidentate ligands is much more pronounced (Figure 8.2 and Table 8.6). The
complex that contained a ligand with a methylene bridge (with larger bite angle and longer
palladium-nitrogen bond) proved to have higher turnover frequencies initially but the
activity dropped rapidly over time. The complex without the methylene bridge had a much
longer lifetime and more consistent activity throughout the reaction period (Figure 8.2).
There was no induction period observed for any of the reactions studied, however the first
samples were taken after five minutes. Compound (4.3) was more than three times faster to
achieve a fifty percent yield (within around four hours). However, with less reactive
substrates compound (4.4) achieved much higher turnovers than compound (4.3) (Tuble
8.7).

These differences could be related to the pyridyl and picolyl moieties having
different degrees of hemilability; the picolyl group dissociating more easily, and
frequently, than the pyridyl. In the "picolyl-off" state, the space available for substrate
molecules to coordinate to the metal centre could be increased, speeding up associative
processes. However, larger bite angles in diphosphine chelate complexes have been shown
to favour reductive elimination and dissociation processes. This is considered to be due to
the inherently larger angles in the low coordination number intermediates that are formed

by these two elementary steps, and this may be the same for analogous carbene ligands.”®
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% conversion

Time (min)

Figure 8.2. Coupling of bromoacetophenone with methylacrylate in the presence of
triethylamine and N-methyl pyrrolidone, using compounds (4.3) and (4.4) as pre-catalysts.
[t is very difficult to determine which of these possible factors carries more weight;
i.e. the ability of the picolyl group to dissociate or the larger bite angle of the ligand
topology promoting the coordination geometry changes at the palladium centre. However,
further work is being done to identify the species involved in these reactions,”® as well as
to synthesise similar complexes to obtain a fuller picture of the possible effect of

hemilability on the catalytic system.”

Reaction  Arvl Halide® Alkene” Catalyst Time(h) Temp(°C) Catalyst (nmol) Base Yield(%) TON

[34] CsHsl MA 5.1y 18 1490 3.5x10° NEt; 20 260000
[35] CoHsl MA @.1) 18 140 35x10° NEt; 98 1400000
[36] CeHsl MA #.1) 18 140 1.75x 10° NEt; 100 2860000

? Amounts: ArX. Smmol; alkene, 6 mmol; NEt;, 7 mmol; N-methyl pyrrolidone was used as solvent. > MA = methyl acrylate.

TON determined by GC.

Table 8.8. Comparative "high activity” data in the coupling of phenyl iodide with
methylacrylate catalysed by palladium complexes (5.1) and (4.1).
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8.2.6.3. The effect of ligand denticity (bi- vs. tri-dentate architectures)
on the activity of the catalyst

Although the complexes with tridentate ligands, perform better as pre-catalysts than
the bidentate analogues, when aryl bromide and chlorides are used as substrates, the latter
are considerably more effective as pre-catalysts when aryl iodides are coupled (Table 8.8).
This is possibly due to different mechanisms being followed by complexes with these two
classes of ligands.

The tridentate ligands are quite demanding in coordination space around the metal
centre and this could have a restrictive effect on the type of elementary steps that give rise
to higher coordination number intermediates. On the other hand, the high coordination
power, rigidity and increased order offered by the tridentate ligands may increase the life
time of the catalyst by preventing decomposition via deligation of the metal centre. This
stability could be the reason for the good activity in the coupling of aryl chlorides. It is
likely that the carbene ends of the tridentate ligands are still attached during the catalytic
cycle, since if one carbene end of the ligand was to become detached, then the catalytic
properties would tend to be much more similar to those of the bidentate ligands.

In comparison, the bidentate ligands are less coordinativly saturated and are able to
perform extremely high numbers of turnovers when coupling of aryl iodides. This high
activity and low coordination could leave the bidentate complexes susceptible to deligation
and therefore more prone to decomposition pathways, especially when the reaction cycle is

slowed down, i.e. when using aryl chlorides (slower oxidative addition step).

8.3 Conclusions

The complexes tested have been shown to be extremely good pre-catalysts for the
Heck reaction. They were also able to catalyse Suzuki and amination reactions although
detailed studies were only made for the Heck reaction.

The complexes containing bidentate ligands appear to act as "living” catalysts when
coupling aryl iodides. In this case, they achieve very high turnover numbers and are as
active as the best-known systems from the literature. Aryl bromides were coupled
effectively too, but aryl chlorides were only coupled at very low turnover numbers and
frequencies.

Complexes with tridentate ligands demonstrated a much greater activity in coupling
the more difficult aryl chloride and bromides. However, aryl iodides were not coupled as

rapidly in these systems, compared to the complexes with bidentate ligands.
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In comparative tests, it was shown that for the complexes with bidentate ligands,
the complexes containing ligands with a methylene bridge could achieve much higher
turnover frequencies than those with ligands without a methylene bridge. However, the
overall turnover number for the more difficult substrates was higher for the complexes
containing the ligands without a methylene bridge.

In addition, it was shown that for complexes with tridentate ligands the steric bulk
of the R groups affected the rate and turnover number of the reaction. However, the chelate
size of the ligands appeared to have little or no effect on the rate or turnover number. These
complexes with fridentare ligands were also much more effective at catalysing aryl
bromides and chlorides than the similar complexes with bidentate ligands. Nevertheless,
they were not able to achieve the extremely high turnover frequencies with aryl iodides
that were obtained when using the complexes with bidentate ligands.

The mechanisms that operate are not straightforward, when using the above
complexes as catalysts for the Heck reaction. It is possible that the mechanism comprises
of a number of diversions or even parallel cycles. The results of the experiments performed
suggest that the less the palladium centre's coordination sphere is filled, the higher the
possibie turnover frequency that can be achieved. The results also showed that the more
coordinated the palladium was, the more stable it was towards forming catalytically
inactive species. Palladium black was not observed in any of the reactions that were carried
out, so the reaction can be assumed to be homogeneous. The differences observed in the
catalyst activity for the coupling of particular substrates demonstrate the importance of
selecting the appropriate complex (well-ligated or poorly-ligated metal centre) for the
specific substrates that are required to be coupled. There appears to be a trade-off between
turnover frequency and effectiveness at coupling the more difficult aryl halides.

Compounds (5.1) and (5.3) are the first examples of chiral complexes that catalyse
the coupling of aryl chlorides in phosphine free Heck reactions. The complexes also
catalyse the Heck reaction with aryl bromides at temperatures at which the complexes have

been proven to remain chiral.
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EXPERIMENTAL

8.4 Procedure for Heck reaction

In a typical run, a 50ml Rotaflow ampoule was charged with the corresponding aryl
halide (5 mmol), methylacrylate (6 mmol), triethylamine (7 mmol), di(ethylene glycol)
dibutylether (500p]) and NMP (5ml). A solution of the catalyst in NMP (1ml) was added
to the reaction mixture and rapidly heated to reaction temperature. After the desired time
the reaction mixture was rapidly cooled to room temperature and quenched with water
(2ml) and dichloromethane (Sml). The organic layer was analysed by gas chromatography.

For example, a 50ml Rotaflow ampoule was charged with 4-CH;CO-C¢HyBr
(995, 5 mmol), methylacrylate (622ul, 6 mmol), triethylamine (1066ul, 7 mmol),
di(ethylene glycol) dibutylether (500ul) and NMP (5000ul). A solution of [3-(2,6-diiso-
propylphenyl)-1-(a-picolyl) imidazol-2-ylidene] palladium methyl bromide (4.3) (3.5x10°
mmol) in NMP (1000ul) was added to the reaction mixture and rapidly heated to 140°C.
After 18 hours, the reaction mixture was rapidly cooled to room temperature and quenched
with water (2ml) and dichloromethane (5ml). The organic layer was analysed by gas

chromatography.
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Conclusion

Practical methods to synthesise a large range of unusual imidazolium salts are
reported in this thesis. A number of these salts have been used as precursors in the
synthesis of new silver, copper, nickel, thodium, ruthenium and palladium imidazol-2-
ylidene complexes. These complexes include:

i) The first structurally characterised examples of silver (I) imidazol-2-ylidene
complexes that contain ligands with a second donor group.

i) The first structurally characterised examples of copper (I) imidazol-2-ylidene
complexes; including monomeric, dimeric and polymeric materials.

ii1) A range of copper (1) imidazol-2-ylidene complexes with weakly coordinating
anions.

) The first structurally characterised example of a nickel (IT) imidazol-2-ylidene
complex that contains a mixed donor N-heterocyclic carbene ligand.

V) The first example of a ruthenium (II) imidazol-2-ylidene complex containing a
mixed donor ligand with both donor atoms coordinated to the metal centre.

vi) The first structurally characterised examples of chiral imidazol-2-ylidene

complexes that contain a stereogenic (', axis that did not pre-exist in the ligand

(Figure 9.1).

Figure 9.1. Compound (5.1), a chiral palladium imidazol-2-ylidene complex with a

axis.

214



Chapter 9

vil)  The first X-ray structure that contains a bidentate imidazol-2-ylidene ligand in both
a bridging and a chelating role.

viii)  The second structurally characterised example of a rhodium (I) imidazol-2-ylidene
complex that contains a mixed donor N-heterocyclic carbene ligand.

ix) The second structurally characterised example of a palladium (II) imidazol-2-
ylidene complex that contains a bridging mixed donor N-heterocyclic carbene
ligand.’

X) A range of palladium (II) imidazol-2-ylidene complexes with bidentate and
tridentate mixed donor carbene ligands and a variety of palladium (IT) complexes
with weakly coordinating anions.

The imidazolium salts reported in this thesis are functionalised with a variety of
other donors, including pyridyl, picolyl, lutidyl, phosphine, phosphine-borane, phosphine
oxide, y-bromopropyl and methoxy moieties as well as substituted with a variety of bulky
aryl and alkyl groups. Bis-imidazolium salts have also been prepared with methylene,
lutidyl and pyridyl bridges.

Carbene complexes have been prepared from a number of these imidazolium salts.
The silver complexes synthesised all contain ligands that are monodentate, with the
exception of a structurally-characterised example with a bridging ligand. These silver
complexes have been shown to be very usetul as ligand transter agents to late transition
metals. The copper complexes synthesised all contain bidentate bridging ligands, with the
exception of one complex which has a chelating ligand. Some of the copper complexes are
observed to aggregate at higher solution concentrations, which demonstrates the

hemilability of the picolyl functionality (Figure 9.2).

Figure 9.2. Dimeric and polymeric structures of compound (3.10), grown from solutions of

different concentration.
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The nickel complex (7.1) contains a chelating ligand, with the metal in a tetrahedral
environment. The rhodium complex (7.3) also contains a chelating ligand and the cationic
metal complex has a distorted square-planar geometry. The ruthenium complex (7.2) was

shown by 'H NMR spectroscopy to contain a chelating carbene ligand.

Figure 9.3. X-ray crystal structure of palladium complex (4.5).

The palladium complexes described in Chapter Four include compounds with
mixed donor carbene ligands that have different bite angles and varying amounts of steric
bulk (Figure 9.3). They mostly contain chelating ligands and a number of them have been
structurally characterised. Some of these complexes have shown extremely good activity as
pre-catalysts for the Heck and amination reactions. In all of the structures obtained, the
palladium centre is in a square planar geometry. However, one of the structures comprises
of an imidazolium salt coordinated to a palladium centre via the picolyl group only.
Another example of a complex that does not contain a chelating ligand is compound (5.7),
which contains two monodentate functionalised carbene ligands. The palladium complexes
described in Chapter Six all contain chelating ligands, except compound (6.3); this
comprises four bridging mixed donor carbene ligands that form a tetrameric structure with
four palladium centres.

The subtle structural differences between some of the palladium complexes
described in Chapter Four have given rise to different catalytic activities for the Heck
reaction. A range of the palladium complexes were tested for their activity in the
copolymerisation of carbon monoxide and ethylene. However, no activity was observed for
the compounds tested and the palladium complexes were reduced to palladium black
within only a few minutes. The bite angle of the ligand and the longer palladium-nitrogen
bond of the picolyl ligands appear to increase the hemilability of the ligand (as observed

for the copper complexes). This has been correlated with the higher turnover frequencies
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that have been achieved. However, the larger bite angle complexes are less stable over long
periods under catalytic conditions. Hemilability is also supported by reaction of some of |
these compounds with triethylamine. The reaction causes cis-trans isomerisation to occur
in the complexes that contain the picolyl-carbene ligand; this is followed by their slow
decomposition. Decomposition also occurred when dichloromethane solutions of the
palladium complexes were exposed to an atmosphere of carbon monoxide. The
decomposition was faster for the complexes bearing a ligand with a methylene bridge; this

has been associated with their greater hemilability (Scheme 9.1).

Scheme 9. 1. Hemilability demonstrated by the decomposition of compound (4.3) where

L = triethylamine or carbon monoxide.

The hemilability of the picolyl functionality has been further demonstrated by the
conversion of a monomeric complex (4.1) (with a chelating carbene ligand), to a tetrameric
complex (6.3) (with a bridging carbene ligand), by the interaction with silver
trifluoroacetate. The exact mechanism of the formation of the tetramer is unknown but it is
likely to involve a step in which the picolyl group is detached from the palladium centre.
The hemilability of the picolyl functionality may be related to the observation that the
complexes, when used as pre-catalysts for the coupling of aryl iodides in the Heck
reaction, appear to be "living" catalysts.

The palladium complexes described in Chapter Five include compounds with
mixed donor bis-carbene ligands of the "pincer" architecture with different bite angles and
variations in the steric bulk. Chapter Five also contains a palladium complex with a bis-

carbene ligand bound in two different ways in the same crystal structure (Figure 9.4).
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Figure 9.4. Two coordination isomers of compound (5.5).

The palladium complexes that contain tridentate "pincer" ligands with methylene
bridges are of considerable interest as they are some of the very few palladium carbene
complexes that are chiral. These complexes are particularly interesting as the palladium
centre is on the chiral C, axis and therefore the chiral information should have a very
pronounced influence on the metal centre (i.e. catalytic site). The conformational chirality
of these complexes has been shown to persist in solution at temperatures as high as 8§0°C.
At this temperature, the complexes are very active pre-catalysts for the coupling aryl
bromides in the Heck reaction. The same complexes are also very effective pre-catalysts
for the coupling aryl chlorides in the Heck reaction; they are the first examples of chiral,
non-phosphine system that can achieve this.

Important general conclusions from the catalyst testing are:

1) The use of higher denticity ligands enables the complexes to couple more difficult
substrates in the heck reaction (aryl chlorides), but also results in lower turnover
frequency;

i) The less ligated palladium centres allow much higher turnover frequencies to be

achieved but also result in the faster decomposition of the complexes.
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In summary, the catalyst performance appears to be a trade-off between rate, as
measured by turnover frequency, and activity.

The large number of complexes and imidazolium salts whose synthesis are reported
in this thesis have already generated interest in the scientific and industrial communities by
colleagues2 and others.> A range of follow-up studies are underway aiming to clarify some
of the questions that have arisen from the synthesis of these new compounds, and to
explore the synthesis of similar complexes. In addition, further catalytic studies on these

complexes are being explored.’
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Experimental techniques

Unless otherwise stated. experiments were performed under dry dinitrogen using
standard Schlenk line techniques or in an inert atmosphere dry box (Braun UNILAB)
containing dinitrogen, constantly monitoring oxygen levels. Glassware was pre-dried
before use. Solvents were dried and then distilled from sodium benzophenone ketyl [light
petroleum ether (bp 40-60°C), diethylether and THF], from sodium (toluene and ethanol),
or from calcium hydride (dichloromethane and acetonitrile) under a slow continuous
stream of dinitrogen. Solvents were thoroughly degassed by the pump fill cycles or by
purging with dinitrogen prior to use. Deuterated solvents were dried (d°-benzene and d*-
toluene over sodium/potassium alloy, d*-dichloromethane and d*- acetonitrile over calcium
hydride, and d-chloroform over molecular sieves), distilled and degassed by freeze-pump-
thaw cycles prior to use. Unless otherwise stated, commercial reagents and solvents were
used as received from Acros, Aldrich and Avocado. Compounds synthesised from the
literature are: 1-tersbutyl imidazole,' 1-mesityl imidazole,’ 1-(2,6-diisopropylphenyl)
imidazole,? 2-bromomethyl-6-methylpyridine hydrogen bromide,’ 2-bromomethylpyridine
hydrogen bromide," 2,6-di(bromomethyl)pyridine hydrogen bromide.” Pd(OAc)s,°
NiBr,DME,” PdBr,(COD), PACL(COD), PdMeBr(COD), PdMeCl(COD),’ PhoPH' and
AgCoFs !

Instrumentation

NMR experiments were performed on Bruker 300, 360 and 400 MHz spectrometers.
The spectra were reterenced internally using the signal from the residual protio-solvent
("H) or the signal from the solvent (*C). Chemical shifts are reported as & values in parts
per million down field from trimethylsilane. HB_ 3'p NMR, C-H and H-H correlation
experiments were recorded by Mrs J.M. Street, Department of Chemistry, University of
Southampton.

Mass spectra (electrospray ionisation) were obtained from acetonitrile solutions on a
VG Biotec platform. All the calculated isotopic envelopes agree well with the
experimentally observed patterns.

Analytical gas chromatography was performed on a Varian 3400 GC equipped with a
flame ionization detector and a Hewlett-Packard 3396 series 2 integrator. The yields and
turnovers were calculated using di(ethyleneglycol)dibutylether as an internal standard,

based on the formation of the product.
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Elemental analyses were carried out by the University College London

Microanalytical Laboratory.

Single crystal X-ray diffraction data were collected, and structures solved, by S.

Winston, S. Kleinhenz, M. E. Light, S. J. Coles, S. Cafferkey and A. Genge, Department of

Chemistry, University of Southampton.

REFERENCES

R. Scarr, personal communication.

A.L. Johnson. U.S. Pat. 3,637,731, 25/01/1972 to E.I. du Pont.

b2

3 M. Newcomb, J.M. Timko, D.M. Walba, D.J. Cram, J. Am. Chem. Soc., 1977, 63,
92.

! B.R. Brown, J. Humphreys, J. 4m. Chem. Soc., 1959, 2040.

> M.E. Haeg, B.J. Whiﬂock, H.W. Whitlock, Jr., /. Am. Chem. Soc., 1989, 692.

6 T.A. Stephenson, (Mrs) S.M. Morehouse, A.R. Powell, J.P. Heffer, G. Wilkinson,
J. Am. Chem. Soc., 1965, 3632.

’ L.G.L. Ward, Inorg. Synth., 1972, 5, 156.

8 J. Chatt, (Miss) L.M. Vallarino, L.M. Venanzi, J. Am. Chem. Soc., 1957, 34, 13.

9 R.E. Rulke, J.M. Erusting, A.L. Spek, J. Elseveir, P. W.N.M. Van Leeuwen, K.

Vrieze, Inorg. Chem., 1993, 32, 5769.
10 V.D. Biacho. S. Doronzo, Inorg. Synth., 1976, 16, 161.
" K.K. Sun, W.T. Miller, J. Am. Chem. Soc., 1970, 72, 6985.

b2
2
8]



