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Abstract

The increasing use of catalysis in all forms of chemistry hasallowed the synthesis of

new and diverse molecules to be achieved on both laboratory and industrial scales.

With most catalysts featuring one of only a handful of rare metals, the search for more

cost effective catalysts is an area of active interest. Here, nickel complex1 has po-

tential as an active catalyst in cross-coupling reactions,with potential sites to tune the

reactivity of the complex.

Initially, addition of methoxy groups on the benzimidazoles was conducted to increase

electron donation to the nickel atom. Characterisation of the complexes demonstrated

a solution state equilibrium between a five and four coordinate geometry which could

be influenced through solvent polarity and the addition of bromide. The methoxy

functionalised complex2 did not show the same behaviour, forming a predominately

four coordinate geometry in all tested solvents.
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Optimised conditions for the Suzuki reaction showed that both complexes were act-

ive as catalysts without the need for additional ligands. Anhydrous conditions were

required, as the ligand was found to disassociate from the metal and oxidise, with the

resulting compound isolated and independently synthesised. Both complexes,1 and

2 showed moderate activity in the Kumada reaction, although ahigh proportion of

homo-coupled product was found in each reaction. Counter-intuitively, the addition of

the methoxy functionalities in complex2 reduced the yield of the desired products.

Using spectroscopic and computational techniques, the influence of the methoxy groups

on the carbene-nickel bond was probed. With a series of synthesised palladium com-

plexes, the electronic properties of a target ligand can be correlated to the chemical

shift of the carbene atom of a benzimidazolyl derived ligand. The complexes were

also characterised in the solid state. Based on the results,addition of the methoxy

group in2 had no significant impact on the carbene-nickel bond.

The synthesis of complexes with further modifications by introduction of further func-
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tionalities was explored. Focus was primarily on additionsto the central pyridine

ring changing the halide bound to the nickel atom and finally the N-bound benzim-

idazole groups. A decomposition of DMSO during the synthesis of benzimidazolium

salts had been noted previously by reseachers in the group, giving dimethylsulfide

and an unknown crystalline material. In the context of attempts to synthesise N-

isopropylbenzimidazole derivatives, this decompositionwas explored in more detail.

The decomposition product was identified as trimethylsulfonium methanesulfonate

and found to be a useful reagent for the epoxidation of carbonyl groups.
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Chapter 1

Introduction

1.1 Catalysis

Catalysis of chemical processes is ubiquitous in large scale and fine chemical indus-

tries, however it was only in the late nineteenth century that a more complete un-

derstanding of the phenomenon was formed. The first recordeduse of an inorganic

catalyst dates back to the 1530’s, when sulfuric acid and ethanol were used to syn-

thesise diethyl ether (at the time termed sweet oil of vitriol). [1] It was not until nearly

three hundred years later that the theory and applications of catalysis were recognised,

leading to the 1909 Nobel prize in chemistry being awarded toWilhelm Ostwald “in

recognition of his work on catalysis and for his investigations into the fundamental

principles governing chemical equilibria and rates of reaction".[2]

Catalysts can be generally classed under two fields, homogeneous and heterogeneous.

Traditionally, these terms refer to the solubility of the catalyst and substrate, however

this research will use the definition proposed by Schwartz.[3] Under this definition,

homogeneous catalysts only have a single active site (such as a single metal centre

with defined ligands), while heterogeneous catalysts have many different, less defined

active sites (such as the surface of an alloy or nanoparticle). This modern definition

has the advantage in that it does not discriminate between a soluble catalyst and the

same catalyst that has been immobilised on a solid substrate, recognising that the same

chemical processes occur even if the phases are different. This research focused on

investigating homogeneous catalysts and their chemistry.
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1.1.1 Cross-coupling reactions

A cross-coupling reaction links two hydrocarbon fragmentsby the formation of a new

carbon-carbon bond, with aid of a metal catalyst. Homo-coupling, the coupling of two

identical molecules was reported by Glaser[4], Wurtz[5] and Ullmann and Bielecki[6]

(Scheme 1.1). The limited scope of these reactions, and the lack of selectivity limited

their synthetic applications. Cross-coupling, the reaction of two different reagents, us-

ing catalytic amounts of metal, was first reported in the 1940s by Kharasch[7,8] with

Grignard reagents and cobalt chloride (bottom, Scheme 1.1). Despite the narrow scope

of the Kharasch reaction, it remained the only aryl-aryl cross-coupling method for

three decades. In 1972 the Kumada[9] and Corriu[10] groups both separately and con-

currently reported the use of nickel catalysts with a Grignard reagent. In addition, the

Kumada group established the use of phosphine ligands to control the reactivity of the

nickel catalyst, initiating a whole new field of research.[9,11]

CuCl, NH4OH

EtOH
Cu

O2, NH4OH

EtOH
2 2

(Glaser, 1869)

I
Na

Et2O
2

(Wurtz, 1855)

I
Cu

260 °C

74%

(Ullman, 1901)

MgBr CoCl2 

Et2O

86%

+

(Kharasch, 1941)

Br

Scheme 1.1: Examples of early homo-coupling and cross-coupling reactions.

The creation of the Kumada-Tamao-Corriu reaction (henceforth referred to as the

Kumada reaction) marked the start of a period of intense research into cross-coupling

2



reactions and catalysts. From 1972 to 1979, new reactions byHeck (1972)[12], Sono-

gashira (1975)[13], Negishi (1978)[14], Suzuki (1979)[15] and Stille (1979)[16] were

published, and soon became an integral part of the syntheticchemist’s toolkit.

Presently, cross-coupling catalysis is essential to the pharmaceutical, agrochemical and

fine chemical industries. For example, the synthesis ofp-tert-butoxystyrene (3) using

the Kumada reaction is carried out on the scale of 200,000 kg/year (Scheme 1.2).[17]

Cross-coupling reactions in the pilot scale synthesis of medicinally important chemic-

als are too numerous to list here but can be found in reviews byTorborg and Beller[18]

and Busaccaet al.[19]. Larger scales however, can be illustrated by the 1,000,000

kg/year synthesis of the fungicide Boscalid (4), which utilises a Suzuki coupling reac-

tion as a key step.[19] A more complete history of catalysis and cross-coupling reac-

tions, as well as the impact on industry can be found in reviewarticles.[19–22].

X

NO2

Cl B(OH)2

NO2

Cl

H
N

O

N

Cl

Suzuki reaction
(exact conditions 

not disclosed)

O MgCl Cl O
Ni(dppp)Cl2

+

3

4

Scheme 1.2: Industrial examples of cross-coupling reactions used to produce p-tert-
butoxystyrene3 and fungacide boscalid

1.1.2 Suzuki-Miyaura reaction

First reported in 1979, a catalytic amount of tetrakis(triphenylphosphine)palladium al-

lows the coupling of boronic acids with alkenyl, aryl, allyland benzyl halides.[15,23–25]

This reaction (Scheme 1.3) was eventually termed the Suzuki-Miyaura reaction (or just

the Suzuki reaction).
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R1 B(OH)2R
Pd cat.

Base
R1

RX
+

Scheme 1.3: The Suzuki reaction, the formation of a carbon-carbon bond, using a
organoboron reagent with an aryl halide.

Initially the Suzuki reaction was reported as the coupling of aryl halides with alkenyl-

boranes using Pd(PPh3)4 and sodium hydroxide as a base.[15,23] The versatility was

quickly improved to include alkynyl,[15] aryl,[23] allylic [24] and benzyl[24] halides.

The formation of biaryl compounds by the reaction of an aryl organoboron species

with aryl halides was reported in 1981.[25]

The last challenge for the Suzuki reaction, alkyl-alkyl coupling, was achieved in 1992

when Ishiyamaet al.[26] showed alkyl iodides could be coupled with organoborane

(namely 9-alkyl-9-borabicyclo[3.3.1]nonane (9-BBN) derivatives) compounds under

standard conditions (Scheme 1.4). Previous attempts at sp3-sp3 halide coupling were

prevented by aβ -hydride elimination, forming the terminal alkene.[27] The addition

of the haloalkane to the palladium metal produces an unstable intermediate, which

favours aβ -hydride elimination pathway (Scheme 1.5). The use of bulkyelectron rich

phosphines stabilises this intermediate, promoting a cross-coupling mechanism and

even allowing solid state characterisation.[28]

C10H21 I B C4H9

Pd(PPh3)4

K3PO4

dioxane, 50 °C

+

50%

Scheme 1.4: Early example of an alkyl-alkyl Suzuki cross-coupling reaction.[26]

PdII L2

ox. addition

Pd0L L

X

X

H
PdII L

X

H

L +

Scheme 1.5: Mechanism ofβ -hydride elimination, using halobutane as an example.
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Screening of ligands in the Suzuki reaction allowed alkyl bromides to be successfully

coupled using Pd(OAc)2 and PCy3 with K3PO4 as a base.[29] The selection of ligand

was found to be crucial, as most phosphine ligands gave no product under the reaction

conditions.[29] The use of PCy3 as a ligand also allowed the coupling of the even less

reactive alkyl chlorides to alkyl boron species in dioxane,with CsOH as a base.[27]

Although the scope of the Suzuki reaction has expanded to cover many substrates, it

gains the most prominence in the formation of biaryl compounds, as these are difficult

to synthesise using classical chemical techniques. Bulky electron rich ligands designed

by the groups of Buchwald,[30] Fu[31] and Hartwig[32] are now commercially available

(Figure 1.1).

X-Phos

P

P

MeO OMe

S-Phos

P
P

Fe

P

Ph

Ph
Ph

Ph

Ph

Q-Phos

PCy3 P(t-Bu)3

Figure 1.1: Commercially available phosphine ligands.

With the notable exception of the Heck reaction, palladium cross-coupling reactions all

follow a similar mechanism, shown in Figure 1.2. A Pd0 species can be considered a

starting point in the cycle. In practice, the catalyst can beadded as either as a Pd0 com-

plex, or a Pd2+ salt. Palladium salts such as Pd(OAc)2, Pd(PPh3)2Cl2 and Pd(acac)2

with a phosphine ligand are commonly used due to air and moisture stability. The

Pd2+ salt is reduced to Pd0 under reaction conditions by phosphines or, in the case of

the Suzuki reaction, the boronic acid.[33–35] Zero valent palladium can also be directly

used, frequently in the form of Pd(PPh3)4 or Pd2(dba)3.[27,36]

Although palladium has been the metal of choice for the Suzuki reaction, nickel has

found niche uses. The coupling of comparatively cheap unactivated aryl chlorides has
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R1 X
PdII XR1

R1 R2

L

L

PdII LR1

X

L

PdII R2R1

L

L

Pd0L L

PdII LR1

R2

L

R2 B
OH

OH

X B
OH

OH

isomerisation

isomerisation

ox. addition

transmetallation

red. elimination

+       base

Figure 1.2: Mechanism of the Suzuki reaction

remained a problem due to the strong C-Cl bond, leading to a sluggish oxidative addi-

tion step with palladium catalysts.[37] Through the use of a nickel phosphine complex

(Ni(dppf)Cl2, 5) arylboronic acids and aryl chlorides were coupled in better yields

compared to Pd(PPh3)4, however a reducing agent (BuLi) was required.[38,39] The

need for a reducing agent was later found to be unneccesary, producing good yields

with aryl chlorides at a 1 mol% loading.[40]

Ni
PP

ClCl

n

Ni
PP

ClCl
Ni

PP

ClCl

FePh

Ph

Ph

Ph

6 n=1, Ni(dppm)Cl2
7 n=2, Ni(dppe)Cl2
8 n=3, Ni(dppp)Cl2

9 Ni(PCy3)2Cl2 5 Ni(dppf)Cl2

Figure 1.3: Examples of nickel catalysts

Nickel catalysed Suzuki couplings were quickly found to be highly dependent on reac-

tion conditions. An elaborate study by Percecet al.[41] showed Ni(dppe)Cl2 (7) with

excess PPh3, and K3PO4 as a base, in dioxane, to be an acceptable catalyst system for

most substrates. When Xinget al.[42] studied a Ni(PCy3)2Cl2 (9) system, they determ-

ined that a small amount of water was required for successfulgeneration of the initial

Ni0 species, however too much would deactivate the catalyst. Anoptimal yield was ob-

tained when two equivalents of water were added to an otherwise dry system.[42] More

examples and discussion about the use of nickel in Suzuki reactions can be found in

review articles.[43,44]
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1.1.3 Kumada-Tamao-Corriu reaction

The Kumada reaction was first reported in 1972 as the couplingof a Grignard reagent

with an sp2 hybridised organic halide.[9] The reaction (Scheme 1.6) used a nickel phos-

phine complex, namely Ni(dppe)Cl2 (7). Palladium catalysts using the simple phos-

phine ligands were also tested, however were found to be unreactive with aryl chlor-

ides.[11,45] Optimisation studies showed that the reactivity of nickel with bidentate

ligands was far higher than monodentate ligands, with the most active ligand contain-

ing a three carbon bridge between the phosphine atoms (Ni(dppp)Cl2, 8).[11] Although

the Kumada reaction is a very effective method for C-C bond formation, the Grignard

reagent will react with carbonyl containing and acidic compounds.

Cl
MgBr

Ni(dppe)Cl2 (<1 mol%)

Ether, 35 °C, 20 h
76%

+

Scheme 1.6: Example of nickel mediated cross-coupling of anaryl halide and alkyl
Grignard reagent.[9]

The mechanism(s) for nickel catalysed reactions have not been as fully studied as their

palladium analogues, and consequently is not as well understood. The basic mechan-

ism (oxidative addition followed by reductive elimination) is considered to be similar

to palladium cross-coupling reactions (see Figure 1.2 on the preceding page). The gen-

eric M0→MII →M0 cycle is not strictly followed for nickel catalysis.[11,46] Aryl-aryl

coupling using preformed nickel complexes have suggested asolvent dependent dis-

proportionation, suggesting NiI and NiIII as the active species.[46] The use of different

ligands and solvents has been shown to induce a Ni0 / NiII pathway.[47] The use of

alkyl substrates has given evidence of NiI and NiIII species, accompanied by radical

catalytic pathways.[48] The use of dienes as ligands has been suggested to mediate a

NiII / NiIV pathway for alkyl-alkyl coupling.[49]
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1.2 Carbenes and their complexes

Carbenes have been hypothesised as reactive intermediatesin chemical reactions for

over 150 years,[50,51] however it was only in 1964 that the first unambiguous and

fully characterised carbene metal complex was synthesised.[52] Inspired by hydro-

gen/deuterium exchange reactions of heterocycles,[53] and with the rationalisation that

carbenes could be stabilised by adjacentπ donating atoms, Wanzlick attempted to pre-

pare free carbenes via a suite of different methods during the 1970s.[54,55] While the

presence of a carbene intermediate was suggested byin-situ reactions with mercury

acetate or water, the desired product,11, was never obtained (Scheme 1.7). With minor

successes over the next three decades and many metal complexes reported,[56] it was

only in 1991 that a stable carbene (14) was isolated by Arduengo, via deprotonation

of an imidazolium salt,13 (Scheme 1.8).[57] It was reported that despite the reactive

nature of carbenes, crystals of14 melted at 240 °C without decomposition.

N

N

Ph

Ph

Ph

Ph

ClO4
-

KOt-Bu

N

N

Ph

Ph

Ph

Ph N

N

Ph

Ph

Ph

Ph

OH

H

H2O

10 11 12

Scheme 1.7: Wanzlick’s attempt making a free carbene

N

N
Ad

Ad
N

N
Ad

Ad

NaH
THF/DMSO

13 14

Scheme 1.8: Arduengo’s synthesis of the first stable carbene

Carbenes are defined as a divalent carbon atom with a lone pairof electrons.[58] These

electrons can be found in either a singlet or, less commonly,a triplet state.[58] The
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carbon atom is able to take this configuration due to stabilisation from neighbour-

ing heteroatoms, although unstabilised carbenes, such as methylene have been detec-

ted in solid argon matrices.[59,60] Weakly stabilised dichlorocarbene has long been

used as a reagent (generatedin-situ) in organic synthesis for the cyclopropanation of

olefins.[61,62] Most synthesised carbenes involve a nitrogen as the stabilising atom,

although there are examples for the use of oxygen, sulfur, boron, silicon and phos-

phorus.[58,63–66]

Cyclic diaminocarbenes are of particular interest due to synthetic accessibility and the

multitude of functionalisation routes available. Imidazole (15) and its derivatives com-

prise the majority of studied carbene chemistry.[65,67–70]As ligands, diaminocarbenes

have been found to behave akin to phosphines in respect to their electronic proper-

ties, with some desirable properties such as increased air and moisture stability when

complexed with a metal.[71] It was this rationale that led to the development of the

second generation Grubbs’ catalyst,16, in which a phosphine ligand in the first gen-

eration (17) was changed with an imidazole derived carbene.[72,73] The main focus of

diaminocarbene chemistry over the past two decades has beenon their applications as

ligands in catalytically active complexes or as organocatalysts in their own right.[69,74]

Ru

PCy3

PCy3

Cl

Cl
Ru

PCy3

Cl

Cl

N N

N

H
N

15 17 16

Figure 1.4: Right from left: imidazole, Grubbs catalyst generation 1 and generation 2.

1.3 The nature ofN-heterocyclic carbene (NHC) bond-

ing

1.3.1 NHC carbenes

The diaminocarbene carbon is largely considered to be sp2 hybridised, stabilised by

both the inductive withdrawal (-I ) of electrons throughσ bonds and donation of elec-

trons into vacantπ orbitals, shown graphically in Figure 1.5. The inductive withdrawal
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of the nitrogen stabilises the sp2 orbital on the carbene, favouring a singlet state.[9,75]

The stabilisation is also increased by the resonance donation (+R) of theπ electrons of

the nitrogen atoms into the vacant pπ orbital on the carbene, as found in the aromatic

imidazolium salt precursor.[76] The combination of electron push (+R) and pull (-I )

allows the carbene carbon to maintain its electronic neutrality.

N

N

N

N

Figure 1.5: Stabilisation of a singlet diaminocarbene by the inductive withdrawal
(shown on the left) and resonance donation (right) from the adjacent nitrogen atoms.

It should be noted that while carbenes are found in both singlet and triplet states, this

thesis will focus on singlet carbenes. A review of the factors influencing, and con-

sequences of, this property has been compiled by Bertrand etal.[58]

1.3.2 Metal carbene bonds

Understanding of the nature of the carbene to metal bond has increased dramatically

over the past two decades.[77] Due to π orbital interactions with adjacent nitrogen

atoms, carbenes were initially considered only asσ donating ligands.[78] With grow-

ing evidence, recent work has shown that imidazole derived carbenes have significant

π acceptor properties, larger than that of pyridine.[79,80] Conversely, theπ donation of

electrons has been reported in NHC ligands bound to electrophilic metals.[81] Density

functional theoretical studies have found thatπ donation from the carbene to the metal

centres make up between 10% (for d10 metals) to 40% (for d0 metals) of the totalπ in-

teraction.[82] Contribution to the total bonding energy ofπ orbitals has been measured

between 10% to 25% for studied transition metals.[82]

Ni

CO

CO
OC

OC
L, THF

Ni

L

CO
OC

OC

Scheme 1.9: Generalised scheme for the synthesis of nickel tricarbonyl complexes.
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Many methods for the measurement and comparison of the electronic properties of

NHC ligands and complexes are available. These usually takethe form of the synthesis

and vibrational spectroscopy of metal carbonyl complexes.The most well known

method is the synthesis (Scheme 1.9) of a nickel carbonyl complex coordinated to

the target ligand to be analysed. The C≡O stretching frequency of the carbonyl groups

is reported as the Tolman electronic parameter (TEP).[83] While a very significant lib-

rary of complexes of phosphine based ligands has been produced, less than a couple

of dozen of NHC nickel carbonyl complexes have been reportedto date.[84] The high

toxicity of, and the difficulty in working with, nickel tetracarbonyl has lead to the use

of other metal complexes to determine these values, such as IrCl(CO)2NHC[85] and

RhCl(CO)2NHC[86]. Both the iridium and rhodium complexes can be adequately con-

verted into TEP values through the appropriate linear regression formulae.[84] Studies

using computational methods to determine TEP values for a large number of NHC

ligands have also been published with good agreement with experimental values.[87]

Other methods for the comparison of NHC ligands include pKa measurements[88] and

various electrochemical techniques,[89,90] but these have not gained the critical mass

in the literature required to be of general use.[87]

1.4 Imidazole and Benzimidazole

Benzimidazoles were first synthesised in 1872, although it was not until 1944, when it

was noticed that benzimidazoles can act similarly to purinein biological systems, that

interest increased.[91,92] Since then, benzimidazole and derivatives have been mostly

considered from a medicinal standpoint.[93] With this in mind, the huge imbalance in

carbene chemistry research related to imidazole and benzimidazole may be a little sur-

prising considering the subtle, but defined, differences intheir respective chemistries.

While imidazole chemistry progressed rapidly during the 1990s, benzimidazoles re-

mained relatively unexplored, with the first stable benzimidazole derived carbene not

published until 1999.[94] The free carbene20was prepared via the treatment of diaminoben-

zene with thiophosgene, followed by reduction with sodium and potassium metals

(Scheme 1.10).
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Scheme 1.10: Synthesis of the first benzimidazole derived free carbene.[94]

The obvious difference between benzimidazole and imidazole is the aromatic ring

fused to the 5 and 6 carbons. The effect of the aromatic ring onthe carbene in

benzimidazole-derived species can be interrogated via13C NMR. It would be expected

that a more electron rich carbene would present a more upfieldresonance. The results

(shown in Figure 1.6 with other related compounds) show thatdialkyl benzimidazole

has a chemical shift closer to the unsaturated imidazoline.Increasing annulation of

the imidazole ring results in further deshielding and a downfield shift of the carbene

resonances. The intermediate nature of benzimidazole, lying between saturated and

unsaturated imidazole analogues has the potential to produce interesting properties.

N

N

R

R

N

N

R

R

N

N

R

R

N

N

R

R

N

N

R

R

239.8 ppm217.0 ppm 225.1 ppm 231.5 ppm 236.8 ppm

Figure 1.6: Reported13C carbene chemical shifts for dialkyl-NHC ligands.[94–98]

Since the 1960s, the trend for free carbene compounds to dimerise in solution has been

reported.[99] This property was only noted with certain carbenes, such as the satur-

atedN,N-dimethyl-imidazol-2-ylidene.[100] The unsaturatedN,N-dimethyl-imidazol-

2-ylidene is thermodynamically stable relative to the dimer (Figure 1.7).[101,102] Un-

der similar conditions, the free carbene ofN,N-dimethylbenzimidazole was found to

dimerise in solution, showing that its chemistry in this case is more closely related to

the unsaturated imidazoline.[94]

This behaviour can be rationalised by considering the resonance structures of benzim-

idazole. Classically considered a delocalised 10π-electron arrangement, studies on the

free carbenes show chemistry more consistent with two independent 6 and 4π-electron

systems (Figure 1.8).
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Figure 1.7: Observed dimerisation of deprotonated imidazolium salts in solution.

N

N

N

N

Figure 1.8: Two rationalisations of theπ-electron delocalisation in benzimidazole
carbenes.

The numbering of benzimidazoles used in this thesis followsthe IUPAC rules.[103] As

shown in Figure 1.9, positions one and three denote the nitrogen atoms, with priority

given to the saturated nitrogen. All carbons are numbered sequentially around the

rings, with the exception of the bridging carbons, denoted as 3a and 7a. Hydrogen

atoms are labelled according to the carbon atom they are bonded to.

N

H
N

N

H
N 1

2

3
3a

4
5

6
7

7a1

2

3
4

5

Figure 1.9: Numbering of positions for imidazole and benzimidazole used in this
thesis.

1.4.1 Effect of substitution on the aromatic ring

As carbenes have a substantialσ donation combined with the ‘ambivalent’ nature ofπ

electrons affecting the metal carbon bond, many options exist for the tailoring of NHC

ligands to improve carbene complexes as catalysts.[104] The combination ofσ andπ

interactions were studied using rhodium-based catalysts for hydroboration reactions.

Electron density from a metal centre was more effectively decreased byπ withdrawing

substituents on the ligand compared toσ withdrawing counterparts.[105]
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Computational studies on the electron donating propertiesof heterocyclic carbenes

found that substituents on the 4 and 5 positions of the imidazole ring play a significant

role. A computational study on the electron donating properties conducted by Gusev,

found the order of electron donating effects to be (lowest tohighest) NO2 < CN < CF3

< F≈Cl < CO2Me < H < OMe < Me < NMe2.[87]

N

N
Ad

Ad

Cl-
N

N
Ad

Ad

Cl-
N

N
Ad

Ad

Cl-
MeO

MeO

F

F

OMeClB(OH)2 OMe

8 mol% ligand
4 mol% Pd(OAc)2

Cs2CO3

Dioxane, 80 °C

+

Ligand:

Yield in Suzuki reaction: 83% 72% 53%

21 22 23

Figure 1.10: Catalytic studies of functionalised di-adamantyl benzimidazolium com-
pounds.[106]

O’Brien et al.[107] proposed that tuning the catalytic activity of benzimidazolyl palla-

dium complexes could be achieved in two stages. Firstly, by adding electron donating

groups on the 5 and 6 position (increasing oxidative addition) and secondly, increasing

the bulk of theN-substituted groups (increasing reductive elimination).[107] The res-

ulting ligand,21, was found to be the most active of the series tested (Figure 1.10).[106]

Others have suggested that the increase of electron densityon the metal centre is the

most important area of catalytic design, with sterics to be considered as a secondary

feature.[107,108]With these ideas, the optimisation of NHC carbene complexesfor cata-

lysis has mainly taken on three forms, as shown in Figure 1.11.[109]
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Figure 1.11: The three main methods for catalytic tuning of NHC complexes. Top,
changing the electronic properties of groups directly on the diamino carbene; middle,
the addition of redox active substituents; and bottom, the use of proton sensitive eno-
lates incorporated into the ring.[109]

1.5 Pincer complexes

The term pincer ligand refers to rigid, linear tridentate ligands which bind to metals

in a meridional or pseudo-meridional orientation. The firstreported pincer complexes,

using phosphorus-carbon-phosphorus (abbreviated to PCP)coordinating atoms were

published in 1976,[110] although the term ’pincer’ was not introduced for some time.[111]

Complexes of pincer ligands are known for their high thermalstability, with many

complexes shown to be highly active catalysts.[67,112–114]Of particular interest to this

work are those referred to as CNC-pincers, which contain a nitrogen based donor

flanked by two carbon atom donors (typically carbenes). CNC pincer complexes with

a bis(imidazole)pyridine motif were first reported by two different groups in 2001 (24

and 25).[115,116] The two palladium complexes showed high activity as catalysts in

Heck coupling reactions.

Within two years of the first complexes being reported, the ligand had been coordin-

ated to Ru (26),[117] Cr (27) [118] and Rh (28, shown in Figure 1.12).[119] Ruthenium

and rhodium complexes26and28were found to catalyse the reduction of ketones via

hydrogen transfer from alcohols, as well as the oxidation ofolefins.[117,119]Chromium

complex27 was highly active in the polymerisation of ethylene.[118] Nickel complex

29 was later found to have moderate activity in the Heck and Suzuki reactions.[120]
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Further work showed its activity in the Kumada reaction,[121] and a number of deriv-

atives have since been published.[122]

N NN

N NPd

Cl

N NN

N NPd

N NN

N NRu

Br

BrBr CO

N NN

N NNi

Br

N NN

N NCr

ClCl Cl

N NN

N NRh

BrBr Br

24 25 26

27 28 29

Figure 1.12: A selection of reported bis(imidazolyl)pyridine complexes

More recently, complexes of Ag,[123] Os,[124] Fe,[125] Co,[126] V, [127] Mn,[127] U,[127]

Ti, [127] Pt[128] and Ir[129] have been reported. Theoretical studies on the complexa-

tion of bis(imidazolium)pyridine with lanthanides and actinides (Sc, Y, La, Sm, Lu,

U and Am) have also been conducted.[130] A very significant amount of work on

bis(imidazolyl)pyridine complexes has been published, with a number of reviews avail-

able.[69,131,132]

Comparatively ignored, benzimidazole derived pyridyl CNCcomplexes only appeared

in the literature in 2008,[133] with relatively few complexes reported at the start of

this project. Palladium complex33 was synthesised from the appropriate bisbenzi-

midazolium salt with Pd(OAc)2 in a microwave reactor at 160 °C (Figure 1.13).[133]

It was found to be air and moisture stable, and active in both the Heck and Suzuki

reactions. Substitution of the pyridine core with an isonicotinic acid allowed the wa-

ter soluble palladium complex,30, to be synthesised, which was used as a catalyst in

aqueous Heck reactions.[134]

Distorted octahedral complexes of osmium and ruthenium, (31 and32) were synthes-

ised and spectroscopically characterised.[124] Coordination of the metals to the ligands

was achieved in refluxing ethylene glycol (b.p. 197 °C).

Nickel complex34was synthesised using a two step treatment of the benzimidazolium

salt with sodium acetate, followed by nickel bromide.[135] It was found to be an active
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Figure 1.13: Reported CNC pincer complexes of bis(benzimidazolyl)pyridine.

catalyst in the Suzuki reaction with high air and moisture stability.[135] The structure

and chemistry of complexes34and35, as well as an improved one step synthesis using

nickel acetate were explored in much more detail the following year.[136] A solution

state equilibrium was noted and a series of analogues were synthesised.

While not true CNC pincer complexes, the bis(benzimidazolyl)pyridine ligand has

also been coordinated to Ag and Au, shown in Figure 1.14. Initially, attempts at syn-

thesising palladium complex33 via a silver transfer method produced a dimeric com-

plex,36.[137] In a search for photo-luminescent gold(III) complexes, thesilver transfer

method was also used to create the dimeric gold complex37.[138]

N NN

N N
Ag

N NN

N N

N
N NN N HexHex

Au Au

N
N NN N HexHex

Ag

37
36

Figure 1.14: Reported complexes of bis(benzimidazolyl)pyridine.
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1.6 Project

Due to the price disparity between nickel and palladium, nickel catalysed cross-coupling

reactions have always been an attractive target. While phosphine ligands have proven

themselves to be very effective at tempering and controlling nickel catalysis, carbenes

offer new and unexplored routes for modification.

Previous work on imidazole-derived carbenes has shown themto be very useful asσ

donating ligands, however benzimidazole derived ligands have not received the same

attention. While basic comparisons between benzimidazoleand imidazole are com-

mon, modifications to benzimidazole, in particular the arylring, have no equivalent

in imidazole chemistry. The study of benzimidazole derivedcarbenes and their com-

plexes still remains a relatively unexplored field, with very few studies conducted on

ligand modification.

N NN

N N
Ni

X XR3 R3

R2

R2

R2

R2

R1

Figure 1.15: Potential sites of functionalisation for thisproject.

Multidentate ligands have consistently been shown to have advantageous handling and

catalytic properties when compared to monodentate systems. Pincer ligands of the

type shown in Figure 1.15 have shown catalytic activity in the Suzuki reaction, with

potential in other cross-coupling reactions. This class ofnickel complex has particular

appeal as it allows multiple routes of functionalisation toaffect different catalytic prop-

erties. The electronic nature of the nickel atom can be influenced by alteration of R1

and R2, using well studied pyridine and benzimidazole chemistry.TheN-substituents,

R3 can influence the steric environment around the nickel, while the halide, X, can be

used to stabilise or destabilise certain coordination geometries. This project has the

ultimate goal of improving the catalytic activity of bis(benzimidazolyl)pyridine nickel

complexes, in cross-coupling reactions, though systematic structural alterations.
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Chapter 2

Synthesis of first generation CNC

complexes

2.1 Introduction

In 2010 Tu and coworkers showed that complex1 was an effective pre-catalyst in

the Suzuki-Miyayra coupling of unreactive aryl halides.[133,135] The results showed

good yields of cross-coupled products at relatively low catalytic loading.[135] Despite

promising results, no studies on ligand optimisation have been published since. Here, a

methoxy substituted precatalyst2 was initially investigated and compared to complex

1 in an attempt to improve reactivity. These substituents were hypothesised to increase

the electron density of the benzimidazolyl groups, leadingto a more electron rich metal

centre. An increased electron density in metal complexes has correlated with higher

catalytic activity in cross-coupling reactions (see 1.4.1on page 13).

N NN

N N
Ni

Br BrBu Bu

MeO

MeO

OMe

OMe
N NN

N N
Ni

Br BrBu Bu

1 2
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2.2 Synthesis and characterisation of ligands

A three step sequence was used to synthesise the complexes1 and 2. Substitution

of the chlorides on 2,6-chloropyridine (39) with benzimidazole (38) creates the sym-

metrical bis(benzimidazolium)pyridyl core followed by alkylation of the secondary

benzimidazole nitrogens to form the dicationic benzimidazolium salt (42). Complexa-

tion with nickel was achieved by treatment of ligand precursor 42 with nickel acetate

tetrahydrate. During complexation it is hypothesised the the acetate anion behaves as

a base, deprotonating the imidazolium hydrogen to form the carbene.

NCl Cl

N

N

N Cl
N

N

Cl

N ClN

N

N
H

N

140 °C

N NN

N N
Bu Bu

2Br-

Br

8.22 ppm (CDCl3)

10.93 ppm (d6-DMSO)
12.35 ppm (CDCl3)

H

HDMF, 100 °C, 24 h

NaH, DMF

60 °C

N NN

N N

8.66 ppm (CDCl3)

H

38

39

40 41 (85%)

42 (79%)

Scheme 2.1: Synthesis of the first generation ligand precursor from benzimidazole and
2,6-dichloropyridine.

Substitution of 2,6-dichloropyridine with the sodium saltof the benzimidazole (Scheme 2.1)

proceeds, as expected, in two steps. With two electron withdrawing chlorine atoms on

the pyridine (39) the first nucleophilic aromatic substitution occurs underrelatively

mild conditions (60 °C, 2 hours). The second substitution isnot as favoured, as the

attached electron donating benzimidazole group decreasesthe electrophilicity of the

pyridine nitrogen, when compared to39 and requires more forcing conditions. Unfor-

tunately, at temperatures over 80 °C, 2,6-dichloropyridine sublimes from the reaction
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mixture. Previously, to overcome this problem, the substitution reaction has been per-

formed in sealed vessels at high temperatures (>160 °C) or with a copper catalyst in

an Ullman-like reaction.[133,139] Here, a two step heating protocol was developed to

increase yields. The reaction was first heated to 60 °C for 24 hours creating the non-

volatile intermediate,40. Further heating at 140 °C allowed the second substitution to

take place, with the reaction easily monitored by TLC. The addition of water precipit-

ated41 in 85% yield and sufficiently pure for subsequent use. The13C NMR spectrum

of the compound showed ten resonances, consistent with the ten unique carbon atoms

in 41. Resonances of the pyridyl hydrogens in the1H NMR spectrum are found more

downfield when compared to 2,6-dichloropyridine, due to theelectronic effects of the

adjacent benzimidazole groups.

Heating the product,41 in a sealed tube with four equivalents of 1-bromobutane in

DMF at 100 °C gave the dicationic salt42. Analysis of the1H and13C NMR spectra

show resonances of the pyridine ring with a splitting pattern indicative of a symmet-

rical di-substitution, indicating that both benzimidazoles reacted. Alkylation of the

pyridine nitrogen[140] is not observed in this reaction. This is suspected to be due to

the benzimidazole nitrogens being less sterically hindered, compared to the pyridine,

allowing them to react first.

The chemical shift (in CDCl3) of the imidazole hydrogen (H2) in the alkylated com-

pound42 is 12.35 ppm, significantly higher than in compound41 (8.66 ppm). The

marked deshielding of the benzimidazole hydrogen is indicative of the formation of a

cationic species. Benzimidazolium salts have been reported to be very hygroscopic,[141]

however these compounds did not require any precautions to exclude moisture during

both the reaction and purification. The assignment of some resonances, in particular

the benzimidazole C4 and C7 carbons was not possible due to their proximity on the

spectra. Through the use of1H - 13C HMBC and HSQC correlation spectra, the two

signals representing these carbons could be identified, however determining which was

C4 and C7 was not possible with the available information. Incases such as these, the

assignment in the experimental notes this ambiguity.

The methoxy functionalised ligand was next considered. In order to synthesise ligand

precursor43, 5,6-dimethoxybenzimidazole was required. This was synthesised in two

steps from 1,2-dimethoxybenzene using a literature procedure (Scheme 2.2).[142,143]
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1,2-Dimethoxybenzene (44) and concentrated nitric acid were heated at 70 °C for two

hours. Isolation by filtration followed by recrystallisation of the crude residue from eth-

anol produced yellow needles of 1,2-dimethoxy-4,5-dinitrobenzene (45) in 75% yield.

Hydrogenation with hydrazine hydrate and palladium on carbon gave the di-amine (46)

which was isolated but not purified to prevent aerial oxidation of this electron rich aro-

matic compound. Heating (46) with formic acid gave 5,6-dimethoxybenzimidazole,

47, through a condensation reaction. The1H NMR spectrum of dimethoxybenzim-

idazole shows three signals at 3.91, 7.12 and 7.96 ppm, integrating for 6, 2 and 1

hydrogens respectively, consistent with structure47. Interestingly, the H2 signal of

47 (7.96 ppm, CDCl3) has shifted upfield compared to benzimidazole (38, 8.22 ppm,

CDCl3). This difference between the two resonances can be rationalised by an increase

in electron density in the imidazole ring.

H3CO

H3CO

H3CO

H3CO

NO2

NO2

HNO3 N2H2.xH2O, Pd/C (10%)

EtOH, 78 °C, 2 h

H3CO

H3CO

NH2

NH2

Formic acid

100 °C, 2 h N
H

NMeO

MeO
H

7.96 ppm

44 4645 (75%)

47 (36%)

Scheme 2.2: Synthesis of dimethoxybenzimidazole.

With 5,6-dimethoxybenzimidazole (47) in hand, the bis(benzimidazolium)pyridine salt

43, was synthesised successfully in a method analogous to the synthesis of42. The

two step heating process was again utilised to form48, as presented in Scheme 2.3.

Addition of water to the reaction allowed the isolation of the product by filtration, with

an analytically pure sample produced by recrystallisationfrom toluene.

Alkylation of 48 with eight equivalents of 1-bromobutane produced the ligand pre-

cursor43 in 57% yield. A noticeably longer heating time was required compared to the

parent bis(benzimidazole)pyridine (41), potentially suggesting a lower nucleophilicity

of the imidazole N3. The isolation of43 is identical to compound42, and recrystal-

lisation from 1-propanol produced an analytically pure sample. The H2 peaks in the
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1H NMR spectra for compounds43 and48 showed an increase in electron shielding,

compared to the parent compounds (41 and42, see Schemes 2.1 and 2.3).
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Scheme 2.3: Synthesis of methoxy functionalised ligand

The UV-Vis absorbance spectra of the ligand precursors (parent benzimidazolium salt

42 and methoxy benzimidazolium salt43) are shown in Figure 2.1. The spectrum of

the parent salt shows a broad band at 270 nm, with a shoulder at290 nm. The meth-

oxybenzimidazolium salt shows comparable peaks, althoughwith opposite intensities.

A peak can be found at 270 nm, however the second band has been red shifted to 300

nm. It is the higher wavelength bands that are attributable to the benzimidazolium

groups[144] while the peak at 270 nm is considered to be at least partiallydue to the

di-substituted pyridine. The observed red shift of the benzimidazolium bands is con-

sistent with the increase in electron density on the aromatic ring, as a consequence of

the addition of the methoxy groups.

The emission spectra of the two benzimidazolium salts were also measured. Excitation

at 270 nm did not produce a detectable emission, supporting the assignment of this ab-

sorbance band as pyridine. Upon excitation at ca. 300 nm, both compounds displayed

broad structureless emission profiles (Figure 2.2). Methoxy functionalised compound,

43, emits at a longer wavelength (407 nm), than the original compound,42 (373 nm).

There is also a small emission occuring at 335 nm, which cannot be assigned with the

available data. The red shift of the methoxybenzimidazolium emission can be inter-

preted as an increased electron density on the aromatic ringof the benzimidazolium.
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Figure 2.1: UV-Vis absorbance spectra of benzimidazolium ligands42and43, in meth-
anol at 10−5 M.

This trend is well documented, for example from benzene,λ em: 291 nm, to the more

electron rich methoxybenzene,λ em: 302 nm.[145]
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Figure 2.2: Normalised emission of ligands42 and43 in methanol
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2.3 Synthesis and characterisation of nickel complexes

2.3.1 Five coordinate complexes

It has been reported that complexation of benzimidazolium salts to nickel can be

achieved by heating the ligand precursor and a stoichiometric amount of nickel acetate

tetrahydrate in DMSO at 160 °C.[136] After experimentation with reaction conditions

it was found that DMF gave better yields. This may be due to thereduced solubility of

the complex in DMF, which would improved isolation. The use of less forcing condi-

tions (ca. 100 °C) with an excess of the nickel salt also increased yields. Complexation

of this class of ligand typically occurs in less than ten minutes, with the product ob-

served as a characteristic black precipitate. No precautions to exclude air or moisture

were required in the complexation reaction.

Heating a solution of42with hydrated nickel acetate at 100 °C for five minutes created

a fine black precipitate that could be isolated by filtration (Scheme 2.4). Washing the

solid with dichloromethane followed by methanol produced apure sample of1. The

complex showed very low solubility in all solvents, howevercould be recrystallised

from methanol with a very low recovery. A single crystal x-ray structure determination

has been published previously, but no NMR data were presented, with the authors

citing issues with solubility.[136] NMR data were obtained in this study, discussed later

in section 2.3.3 on page 32.

Ni(OAc)2·4H2O

DMF, 100 °C, 5 min

N NN

N N
Bu Bu

2Br-

N NN

N N
Ni

Br BrBu Bu

42 1 (57%)

Scheme 2.4: Synthesis of nickel complex1

Synthesis of the methoxy functionalised complex2 was achieved with similar con-

ditions (Scheme 2.5), although a higher temperature and a longer period of heating

were required (110 °C for ten minutes). Longer reaction times did not produce higher
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yields. Filtration of the residue followed by washing with diethyl ether and recrystal-

lisation from nitromethane afforded an analytically pure sample. Visually, both nickel

complexes appeared identical as very fine dark purple / blackmicrocrystalline solids

(photos are included on page 27). While the original complex1 had very low solubility,

the addition of methoxy groups lowered the solubility further. The growth of a single

crystal of2 for structure determination was attempted with a multitudeof solvents sys-

tems, however no suitable crystals were obtained. Purity ofthe complexes, however

was confirmed by elemental analysis.

Ni(OAc)2·4H2O,
DMF

110 °C, 10 min

N NN

N N
Bu Bu

2Br-

N NN

N N
Ni

Br BrBu Bu

MeO

MeO

OMe

OMe

MeO

MeO

OMe

OMe

43 2 (54%)

Scheme 2.5: Synthesis of five coordinate methoxy functionalised nickel complex

As complexes1 and2 were insoluble in most solvents, the butyl groups were replaced

with octyl groups to increase the lipophilicity of the complex. Using a provided sample

of ligand precursor49,i complex50was synthesised (Scheme 2.6). The octyl substitu-

ents increased the solubility of the complex in polar organic solvents compared to the

butyl equivalent1, while leaving the steric environment around the nickel atom not

significantly changed.

Ni(OAc)2·4H2O

DMF, 100 °C, 10 min

N NN

N N
Oct Oct

2Br-

N NN

N N
Ni

Br BrOct Oct

49 50 (56%)

Scheme 2.6: Synthesis of five coordinate octyl complex

i Initial studies on the solid state chemistry of compounds49and50were conducted by Karen Magee
at Curtin University.[146]
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2.3.2 Four coordinate complexes

Previous studies report this class of complex in both four and five coordinate geo-

metries.[136] Through the use of a lipophilic anion, four coordinate complexes were

able to be isolated from their five coordinate counterparts.[136] Initially, synthesis of

known complex51 was targeted, followed by a series of analogues. Heating complex

1 in methanol with KPF6 afforded an orange solid (Scheme 2.7). Filtration and diffu-

sion recrystallisation (diethyl ether into a solution of the complex in dichloromethane)

afforded51 in 90% yield. Treatment of theN-octyl complex50 with the same condi-

tions produced a pure sample of52. The change in coordination is also accompanied

by a change in colour, with the slow dissolution of a dark purple solid leading to the

precipitation of a bright orange powder.

N NN

N N
Ni

Br BrR R

KPF6, MeOH

65 °C, 5 min

N NN

N N
Ni

R R
Br

PF6
-

1 R=Butyl 51 R=Butyl (90%)
50 R=Octyl 52 R=Octyl (70%)

1 51

Scheme 2.7: Synthesis of four coordinate complexes. Imagesare of the butyl func-
tionalised complexes.

Synthesis of the four coordinate methoxy functionalised complex 53 was conducted

in the same manner used to produce52 (Scheme 2.8). The methoxy complex53 was

yellow as opposed to orange in the solid state. Diffusion recrystallisation was a suit-

able method of purification, although the crystals obtainedwere of poor quality and

unsuitable for solid state studies. The reaction was thus repeated using sodium tet-

raphenylborate. The resulting complex (54) was more amenable to crystallisation and

provided a sample for x-ray crystallography (shown in the appendix as Figure A.19 on

page 162).
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Scheme 2.8: Synthesis of four coordinate methoxy functionalised complexes

Many different methods to grow crystals of the PF6
− salt 53 suitable for x-ray char-

acterisation were trialled. It was found the best method wasdiffusion of non-polar

solvent vapours into a solution of the complex dissolved in apolar organic solvent.

Also attempted was the use of triphenylphosphine oxide (OPPh3), employed as a crys-

talline adduct for the metal complexes. No binding of the OPPh3 to the complexes was

found, with attempts at crystallisation leading to a mixture of the phosphine oxide and

the complex.

Eventually crystals of sufficient quality were grown from a solution of 53 in propi-

onitrile by a diffusion of ether vapours. The obtained structure, shown in Figure 2.4,

contains a 50/50 mixture of bromide and cyanide for the ancillary ligand. Most start-

ling was that no cyanide was used, leading to the conclusion that either the propionitrile

used contained an appreciable amount of free cyanide ions, or the complex assisted in

the decomposition of the solvent. Confirmation that the ligand was in fact cyanide was

first sought from IR using an ATR attachment. A very weak potential signal appeared

at 2247 cm−1, close to the peak absorbance for nitriles (spectrum shown in Figure 2.3).

With absorption by the diamond plate in the same region, definite assignment proved

difficult. Raman spectroscopy was then utilised to avoid this interference, and a reson-

ance at 2131 cm−1was found. This correlates closely with other known nickel nitrile

stretching frequencies,[147] leading to the conclusion that a nickel bound cyanide was

present. As the nitrile stretch was found to be very weak (uncharacteristic of C≡N

stretching), it suggests that the cyanide bound complex waspresent in very low quant-

ities in the bulk. One aspect that was realised later about this class of complex is that

smaller ancillary ligands lead to an increase in crystallinity (see section 6.4), showing
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that there may have been a bias in the solid state determination.
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Figure 2.3: FTIR spectrum obtained from crystals of53

It was considered a possibility that the complex had catalysed the decomposition of

propionitrile, with the resulting complex binding strongly to any released cyanide.

This result was explored by attempting to force any decomposition of the solvent by

refluxing synthesised nickel complexes with propionitrile, benzonitrile and acetoni-

trile. Unfortunately, while minute traces of a nickel cyanide complex were identifiable

with IR spectroscopy, no substantial decomposition was observed and the origin of the

cyanide anion remains unclear.

Pure high quality crystals of53were finally grown, by the slow evaporation of a solu-

tion prepared for NMR spectroscopy (using CDCl3 andd6-DMSO as co-solvents). The

two structures of53 and54 were unsurprisingly very similar (shown in Figure 2.5).

The carbene - nickel bond lengths were anticipated to be an important value to gauge

the effect on the carbene from the methoxy groups. It was hoped that a shorter bond

length would be observed, to reflect the possibility of better binding from methoxy-

benzimidazole. Unfortunately, all complexes analysed hadno significant deviation in

bond lengths from that of the parent unfunctionalised complex 51 (Table 2.1), which

may be due to the inflexibility of the ligand.

Deflection of the halide out from the plane of the molecule wasnoted to be different

between the complexes. The effect of the counter anion seemsto play a significant

role, with a 179.5° pyridyl-N - nickel - halide angle in the BPh4 complex54 and a
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Figure 2.4: De-convoluted structures obtained from the recrystallisation of53, showing
the position of the bromide and cyanide ancillary ligands.
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Table 2.1: Selected bond lengths and angles for synthesisedcomplexes53and51, with
comparisons to51.

Complex
C-Ni
(Å)

N-Ni
(Å)

Ni-Br (Å)
R-Ra

(Å)
N-Ni-X c

(°)
C-N-Cb

(°)

51[136] 1.924(4),
1.932(4)

1.866(3) 2.2955(6) 6.547(6) 166.68(9)100.4(2)

54
1.929(2),
1.933(1)

1.866(2) 2.2989(4) 6.594(2) 179.54(5)100.92(8)

53
1.937(3),
1.941(3)

1.857(3) 2.2858(5) 6.461(3) 176.05(8)101.5(1)

a The distance between the two carbon atoms, of the alkyl substituents, bound to the azolyl nitrogen.b

Angle formed between the two benzimidazolyl C2 and the pyridyl N. c Angle formed by the pyridyl-N

- nickel - halide.

Figure 2.5: Solid state structure of four coordinate complex 53. The PF6− anion and
solvent molecules are removed for clarity.
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176.0° angle for the PF6 complex53. These results suggest that the deflection of

the halide may be influenced more by “crystal packing forces”than the alteration to

the benzimidazoles. Nonetheless, the parent complex showed an equivalent angle of

166.7°, which is the only significant difference upon the addition of methoxy groups

as determined by the solid state structures.

2.3.3 Solution state studies

It has been previously suggested that the complexes studiedhere exist in an equilibrium

between two coordination states (square planar and trigonal bipyramidal, shown in

Scheme 2.9).[136] It was hypothesised that in polar solvents a four coordinatespecies

is dominant, due to the more favoured dissociation of an ancillary bromide anion from

the complex. Conversely, non-polar solvents would inhibitthis dissociation, leading to

the five coordinate species being dominant. This was initially suggested by the colours

of the complexes in the solid state and in solution. In the solid state, five coordinate

complexes were found to be nearly black in colour while four coordinate complexes

varied from intense yellow to orange. With increased solubility in a range of solvents,

the octyl functionalised complex50, was initially investigated.

N NN

N N
Ni

Br BrBu Bu

N NN

N N
Ni

Bu Bu
Br

Br-+

Scheme 2.9: Hypothesised equilibrium of complexes in solution

As high polarity solvents (ie, methanol) have been suggested to promote a four co-

ordinate geometry, here CD2Cl2, a comparative low polarity solvent was initially used

for NMR studies. Both the four and five coordinate octyl complexes (50 and52) had

adequate solubility in dichloromethane to produce clean1H spectra (shown in Fig-

ure 2.6). It was noted that the colours of the samples were different, with the five

coordinate complex50 producing a dark brown solution, compared to yellow of the

four coordinate salt52.

While the two complexes produce similar spectra, the most substantial difference is

in the aromatic region. The spectrum for the five coordinate complex50 has distinct
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resonances for the benzimidazole H5 and H6 and H4 protons (at7.3, 7.4 and 7.55

ppm). These overlap and appear as a multiplet in the spectrumof the four coordinate

complex52. In addition, the pyridyl H4 triplet at 8.13 ppm in the spectra of 50 shifts

to 8.58 ppm in the four coordinate species52. The general downfield shift of the

aromatic protons in the four coordinate complex correlateswith the cationic nature of

the molecule when compared to the neutral five coordinate complex. Importantly, these

spectra show that the four and five coordinate complexes produce different species in

solution, which can be analysed via NMR.

Figure 2.6: 1H NMR spectra of octyl complexes in the five (50, top) and four (52,
bottom) coordinate geometry in CD2Cl2.

To further understand the relationship between the two coordination states, the polarity

of the solvent was increased, with spectra taken at regular intervals. This was done by

titrating CD3OD into a solution of five coordinate complex50 in CD2Cl2. The result-

ing spectra, with a focus on the aromatic region, are shown inFigure 2.7. Throughout

the sequence the samples were noted to lighten in colour, from a dark brown to yellow

at the conclusion. The additions of methanol accompanied a gradual change in the

spectra of the five coordinate complex50 and after 0.5 mL of methanol is added, the

spectra appears to be very similar to that of the four coordinate complex52 in the same

solvent mixture. This suggests that the addition of the methanol is shifting the equi-

librium towards a four coordinate species from the initial five coordinate state. At the

higher concentrations of methanol, the signals show an upfield shift, attributed to the

changing polarity of the solvent. The equilibrium between the four and five coordinate
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complexes appear to only produce one set of resonances, suggesting that the spectra

are showing an averaging of the two complexes. This is indicative of a fast (on the

NMR time scale) exchange.

Figure 2.7:1H NMR spectra of five coordinate octyl complex50 in CD2Cl2 (bottom)
with serial additions of CD3OD. Four coordinate complex52 in CD2Cl2 with CD3OD
is shown at the top for comparison.

Characterisation by13C NMR of these CNC nickel complexes proved to be difficult,

with low concentration samples producing incomplete spectra. It is common that

nickel carbene complexes reported in literature do not include complete13C NMR

spectra, due to solubility problems or peak broadening, especially for the atoms adja-

cent to the metal.[148] To facilitate comparisons, the spectral characterisationof all the

synthesised nickel complexes in the same deuterated solvent was desired. This presen-

ted a problem, in particularly with the moderately insoluble methoxy functionalised

complexes2 and53. Some solvents (CDCl3 and CD2Cl2) did not dissolve the range

of complexes sufficiently for analysis, while others (d6-DMSO) produced broadened

spectra. It was found that the more soluble four coordinate complexes gave the best

results using CDCl3 with the addition of 20-30%d6-DMSO. Even using this mixture,

in excess of 10,000 scans were required for reasonable quality 13C spectra.
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Unsurprisingly, the octyl and butyl substituted complexes(52 and51) gave very sim-

ilar spectra, with the exception of the unsaturated alkyl chains. The aromatic region

show the same splitting as observed for the four coordinate complex52 (Figure 2.7)

and is generally unremarkable. The13C spectra of the two complexes (Figure 2.8)

show nearly identical chemical shifts for the aromatic carbon atoms, indicating no sig-

nificant change to the core of the ligand. The signals representing the carbene carbons,

although very weak, appear atca. 170 ppm (CDCl3 with d6-DMSO), compared to ~

140 ppm in the equivalent benzimidazolium ligand precursors. This downfield shift

reflects deshielding of the carbene, due to coordination with the nickel atom.

Figure 2.8:13C DEPT-Q NMR spectra of four coordinate octyl complex52 (top) and
butyl complex51 (bottom) in CDCl3 with 20%d6-DMSO.

The resonance for the carbene carbon of the methoxy functionalised complex53 in

CDCl3 with d6-DMSO appears at 165.6 ppm . This upfield C2 resonance compared to

the parent complex in the same solvent (51, 169.4 ppm) can be attributed to a shielding

of the carbene carbon in the methoxy functionalised complex, analogous to that found

in their respective benzimidazolium ligand precursors. When compared with previ-

ously reported values (Figure 2.9) this chemical shift is within the range expected for

a carbene bonded to a nickel atom.
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Figure 2.9:13C NMR chemical shift of the carbene carbon (C2) in imidazole derived
nickel complexes55[149], 56[150] and57[151]. The spectra for complexes51 and53
were taken in CDCl3 with d6-DMSO.

The five coordinate complexes posed a larger challenge. While a 1H spectrum for

the octyl functionalised complex50 could be obtained in CD2Cl2 (Figure 2.6), no

other five coordinate complex displayed a similar solubility. Trialling different solvents

concluded with CDCl3 with ca. 10%d4-methanol as the optimal solvent mixture.

Unfortunately, as shown in Figure 2.7 a solvent mixture of this polarity causes the equi-

librium to shift towards the four coordinate species. This was confirmed by the spectra

obtained with five coordinate species, which were essentially identical to those ob-

tained from the four coordinate compound. Given these complications, UV-Vis spec-

troscopy was utilised to probe this equilibrium further. A significant advantage is the

lower concentrations required for analysis, reducing the influence of solubility over

experimental design.

Preliminary absorbance spectra obtained of the complexes show they have a strong

absorption in the ultraviolet region, specifically in the range 250 - 310 nm. This is

attributed to the ligand ( Figure 2.1 on page 24). As a result,analysis of the spectra

focussed on the region 400 - 650 nm. The spectrum of theN-octyl four coordinate

complex52 in methanol and dichloromethane contains two main peaks with a molar

absorptivity ofca 1500 - 3000M−1cm−1, attributed tod-d transitions on the metal

centre (Figure 2.10). The yellow-orange colour of the solution can be rationalised from

the spectra, with the major absorption occurring in the region up to 450 nm (violet -

blue) in both solvents. The spectra of theN-butyl complex51 (not shown) is identical
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to the octyl complex.

The equivalent spectra of the four coordinate methoxy complex (53) is shown in Fig-

ure 2.11. In contrast to the previous spectra, only one peak is observed in the visible

region. This peak atca. 440 nm is similar to peaks occurring in the other four coordin-

ate complexes mentioned. More peaks are likely obscured by the red-shifted ligand,

however the spectra are otherwise featureless.
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Figure 2.10: UV-Vis spectra of the four coordinate complex,52 in methanol and di-
chloromethane atca 10−4 M.

0

0.1

0.2

0.

0.4

0.5

50 400 450 500 550 600 650

A
c

 m

2 2

N NN

N N
Ni

Bu Bu

MeO

MeO

OMe

OMe

Br

PF6
-

53

Figure 2.11: UV-Vis spectra of the four coordinate complex,53 in methanol and di-
chloromethane atca 10−4 M.

Five coordinate complex1 has two very different spectra, depending on the solvent
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used (Figure 2.12). The complex was freely soluble in methanol at 10−4 M, but was

nearing the solubility limit in dichloromethane. Three peaks are apparent in the less

polar solvent (dichloromethane) at 534, 450 and 400 nm. The solution also appears

a much darker brown colour, reflected by the increased absorption at 534 nm. With

methanol as a solvent, the spectra and the solution mirror the four coordinate com-

plexes and appears a bright yellow colour.
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Figure 2.12: UV-Vis spectra of the butyl functionalised fivecoordinate complex,1 in
methanol and dichloromethane.
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Figure 2.13: UV-Vis spectra of the octyl functionalised fivecoordinate complex,50 in
methanol and dichloromethane.

Solubility being a driving force for the complex to change inpolar solutions was dis-

38



counted after considering the spectra of theN-octyl complex50 (Figure 2.13). The

complex has much higher solubility in dichloromethane, yetstill displays very differ-

ent spectra for the two solvents. Again, the spectra for50 in methanol is very similar

to the four coordinate equivalent. Less polar solvents results in a peak atca. 530 nm

which were considered indicative of a five coordinate complex.

This solvent dependent phenomenon does not seem to occur with the methoxy func-

tionalised complex2 (shown in Figure 2.14). As expected, a solution of the complex in

methanol produces a spectrum similar to the four coordinatecomplex53. Interestingly,

in dichloromethane a very similar spectrum is observed again, with only a slightly in-

creased absorbance in the 500 to 550 nm range. All solutions made with complex2

resulted in a bright yellow colour irrespective of the solvent used. In contrast to the

parent complexes, all five coordinate complexes with methoxy functionalities dissolve

to form their four coordinate counterparts in both dichloromethane and methanol.

0

0.1

0.2

0.

0.4

0.5

50 400 450 500 550 600 650

A
c

 m

2 2

N NN

N N
Ni

Br BrBu Bu

MeO

MeO

OMe

OMe

2

Figure 2.14: UV-Vis spectra of the methoxy functionalised five coordinate complex,2
in methanol and dichloromethane.

To further investigate this equilibrium, sequential amounts of tetrabutylammonium

bromide were added to a solution of the four coordinate octylcomplex52, in dichloro-

methane (Figure 2.15). The initial dissolution of the complex in solvent shows a nom-

inally four coordinate species, with the absence of any peakat 540 nm and an intense

peak of 390 nm. With the subsequent addition of bromide, the 550 nm peak can be

seen developing with an isobestic point occurring at 415 nm.The peak at 400 nm
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almost completely disappears with the 10 equivalents of bromide, suggesting that its

presence is indicative of the four coordination state. The appearance of this peak in

the spectrum of five coordinate50 in dichloromethane (see Figure 2.13) may only be a

result of an appreciable amount of dissociation to the four coordination geometry. The

conclusion was drawn that the five coordinate complex in solution only has two peaks,

at ca. 540 and 460 nm.
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Figure 2.15: UV-Vis spectra of octyl complex52 in dichloromethane (10−4 M) with
subsequent additions of tetrabutylammonium bromide.

Combining the four coordinate methoxy functionalised complex 53 with increasing

amounts of tetrabutylammonium bromide did not show the sametrend as the complex

52 (Figure 2.16). Initial addition of bromide does lead to an increase in absorbance

for the region 500 - 600 nm, although no distinct absorbance peak is observed. No

further changes in the spectrum are observed with subsequent additions of bromide.

This result indicates that despite the original geometry orpolarity of the solvent, the

equilibrium of the methoxy functionalised complexes tendsto lie towards the four

coordinate geometry.
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Figure 2.16: UV-Vis spectra of methoxy functionalised complex 53 in dichlorometh-
ane (10−4 M) with subsequent additions of tetrabutylammonium bromide.

2.4 Conclusions

The absence of a definitive difference in the solid state structures of the parent and

methoxy functionalised complexes may misrepresent the real effect the methoxy groups

have on the complexes. As originally hypothesised, the addition of the methoxy groups

leads to a slightly more electron rich carbene, as measured by NMR spectroscopy. It

appears however, the solution state equilibrium between the four and five coordinate

complexes is significantly altered by the addition of the methoxy groups.

The preference for a four coordinate geometry in solution bymethoxy functionalised

complex2 seems to be consistent with increased electron density on the metal. The

increased density would reduce the nickel atoms tendency tobind to negatively charged

bromide ions. Other influences, such as effects derived fromthe lower solubility of the

methoxy functionalised complex may also play a role, but a more detailed investigation

of the equilibrium may be a useful method to assess the impactof structural variations

in these systems.
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Chapter 3

Understanding the behaviour of

CNC-Ni complexes in the Suzuki

reaction

3.1 Introduction

With complexes2, 1 and50 successfully synthesised, their catalytic activity in cross-

coupling reactions was explored. Of particular interest was the effect benzimidazoles,

as opposed to imidazoles, have on the activity of the complex. Previous work by In-

amotoet al.[121] (Scheme 3.1) showed that complex58was active in both the Kumada

and Suzuki coupling reactions.

B + Br OMe

NN

NN
Ni

Br

Br-

3 mol%

Dioxane, K3PO4

2 h, 120 °C

OMe
OH

OH
71%

58

Scheme 3.1: Activity of imidazole derived nickel complex58 in the Suzuki reac-
tion.[121]
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In 2010, the synthesis of a complex claimed as59along with its catalytic activity in the

Suzuki reaction was published by Tuet al.[135], using dioxane as a solvent and K3PO4

as a base (example in Scheme 3.2). Also noted was an addition of triphenylphosphine,

which was claimed to suppress homo-coupling of the boronic acid, however no com-

ment was made on a possible mechanism.[135]

10 mol% PPh3, K3PO4

Dioxane, 100 °C,  24 h

Br

O
B(OH)2 O

+

N NN

N N
Ni

Bu Bu
Br

Br-

60 61

59 (2 mol%)

62 (96%)

Scheme 3.2: Outline of the conditions of the Suzuki reactionused by Tuet al.[135]

Using the Suzuki reaction, the effect of the methoxy functionalities on catalytic ac-

tivity was determined. The complexes tested here were both the parent and methoxy

complexes in thier five (1 and2) coordinate state.

N NN

N N
Ni

Br BrBu Bu

MeO

MeO

OMe

OMe
N NN

N N
Ni

Br BrBu Bu

1 2

Figure 3.1: Complexes to be tested in catalytic reactions
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3.2 Reactivity testing

The catalytic activity of complex1 in the absence of triphenylphosphine has not been

reported in literature. A baseline was established by reacting phenylboronic acid with

p-bromoacetophenone and tripotassium phosphate as a base (Scheme 3.3). Reac-

tions using similar nickel complexes as catalysts have previously used dioxane as a

solvent.[121,135] In this work, THF was used for the Suzuki reactions for a few reas-

ons. Most importantly, the change of solvent results in a reaction temperature of 65 °C

instead of 100 °C at reflux. Using a solvent with a lower boiling point results in a

slower reaction, however it may allow for greater selectivity, an issue reported with

nickel pincer complexes. The toxicity of dioxane and the tendency to form perox-

ides is gradually encouraging industrial processes to utilise alternative solvents, such

as THF and 2-methyl-THF.[152] With access to distilled THF found in most labs, it

was chosen as the most appropriate solvent. Initial reactions using complex1 in THF

gave a 26% isolated yield of the cross-coupled product. The yield suggests that the

nickel complex is an effective pre-catalyst, and does produce the desired product in the

absence of any additives, however further optimisation wasrequired.

K3PO4

THF, 66 °C,  24 h

Br

OB(OH)2 O
+

60 61

1 (2 mol%)

62 (26%)

Scheme 3.3: Inital test of Suzuki reaction using complex1 as a catalyst (isolated yield).

The optimal catalyst loading, along with the need for triphenylphosphine, was next

assessed. Reactions were conducted on a Radleys Parallel 12place parallel synthesisor,

allowing for more consistent conditions. Each tube was charged with catalyst, K3PO4

and phenylboronic acid. Oxygen was displaced by removing air with a large bore

syringe three times, each time allowing the vessel to fill with nitrogen. A solution of

the arylhalide in THF was then added and the reaction was heated under reflux for 24

hours to be consistent with previously published results with the initial yields shown

in Table 3.1. Reasonable yields were obtained with 5 mol% triphenylphosphine and a
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0.5 mol% catalyst loading (entry 4 in Table 3.1). As expected, increased yields were

obtained from higher loadings and more triphenylphosphine. These conditions were

not used as more modest results allow for more accurate assessment of the selectivity

of the catalyst.

Previously reported work by Tuet al.[135] on the same reaction with complex59

presented an isolated yield of 97% (2 mol% catalyst with 10 mol% triphenylphosphine

in dioxane, 100 °C, 24 h). The imidazole analogue58 gave a yield of 76% with the

same substrates (1 mol% complex in dioxane, 120 °C, 4 h) but with no additives.[121]

Compared to the results obtained here with1, work by Tuet al.[135] can be replicated

with milder conditions, and a better catalytic activity is found than reported for the

imidazole complex58.[121]

Table 3.1: Suzuki reaction test conditions

Ni cat., K3PO4

THF, 66 °C,  24 h
Br

O
B(OH)2

O
+

61 60 62

Entry Catalyst Additive Conversiona

1 1 (1 mol%) - 57%

2 1 (2 mol%) - 62%

3 1 (5 mol%) - 55%

4 1 (0.5 mol%) PPh3 (5 mol%) 72%

5 1 (1 mol%) PPh3 (5 mol%) 91%

6 1 (1 mol%) PPh3 (10 mol%) 100%

7 Ni(OAc)2.4H2O (2 mol%) - 0%

8 Ni(OAc)2.4H2O (2 mol%) PPh3 (10 mol%) 62%

9 NiCl2.6H2O (1 mol%) - 6%

10 NiCl2.6H2O (1 mol%) PPh3 (5 mol%) 43%

11 NiCl2(PPh3)2 (1 mol%) - 36 %

aConditions: Aryl halide (0.5 mmol), PhB(OH)2 (1.0 mmol), K3PO4 (0.6 mmol) and catalyst in THF

(3 mL); 24 h, reflux under N2. Yield determined as conversion of starting material, measured by1H

NMR.

Comparisons between the catalytic activity of the synthesised complexes and simple

nickel salts were made. One concern was the possibility thata decomposition of the

complex may provide the active catalyst in the form of phosphine coordinated nickel
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salts (Scheme 3.4). Zhaoet al.[153] have shown that these nickel salts are active cata-

lysts in the Suzuki reaction. This result was confirmed here,however under the studied

reaction conditions, little activity was found with nickelsalts in the absence of triphen-

ylphosphine (entries 7 and 9 in Table 3.1). The addition of triphenylphosphine to the

nickel salts (entries 8 and 10) did show an increase in yields. The use of anhydrous

nickel triphenylphosphine salt (NiCl2(PPh3)2, entry 11) gave results similar to the equi-

valent nickel chloride and triphenylphosphine mixture (entry 10). The higher yields for

equivalent loadings of1 without any additives suggest the nickel carbene complex is

active as a catalyst as opposed to a simple nickel salt (entries 1 to 3). The combination

of triphenylphosphine and1 (entries 4 to 6) provide the highest conversions for this

series.

N NN

N N
Ni

Br BrBu Bu

NiX2 NiXn(PPh3)m

PPh3reaction conditions

1 63 64

Scheme 3.4: Possible decomposition of nickel complex to give catalytically active
nickel source.

Comparisons between the parent (1) and methoxy functionalised complexes (2) in the

Suzuki reaction are shown in Table 3.2. The preliminary study shows comparable

activity between the two complexes. As similar complexes have been well studied

in the Suzuki reaction, focus was placed instead on understanding the behaviour of

the complexes, rather than assessing the catalytic reactivity with a variety of different

substrates.

With the considerable effect of additives in these reactions, attempts were made to

grow crystals of the nickel carbene complexes in the presence of triphenylphosphine

and/or phenylboronic acid. The addition of triphenylphosphine to a solution of the four

coordinate parent complex51 in methanol resulted in a change of colour indicative of

the five coordinate complex. Crystallisation of the resulting solutions via slow evap-

oration or diffusion of non-polar solvent vapours producedonly mixtures of micro-

and non-crystalline powders. With no solid state evidence available, solution studies
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Table 3.2: Comparison of nickel complexes (1 and2) in Suzuki reaction

5 mol% PPh3, K3PO4

THF, 66 °C,  24 h

B(OH)2

Ni cat. (0.5 mol%)
X

R1 R1

+

60

ArX Catalyst Product Yield (%)
Br

1 71

Br

2 78

Br

MeO
1 OMe 100

Br

MeO
2 OMe 76

aConditions: Aryl halide (0.5 mmol), PhB(OH)2 (1.0 mmol), K3PO4 (0.6 mmol) and Ni complex (0.05

mol%) in THF (3 mL); 24 h, reflux under N2. Yield determined as conversion of starting material by
1H NMR.

were conducted using31P NMR spectroscopy. A solution of complex51 and triphen-

ylphosphine were dissolved ind6-DMSO with a spectrum recorded immediately, after

30 minutes at room temperature, and after 30 minutes of heating at 100 °C. No at-

tempts were made to exclude air from the reaction. From the spectra (Figure 3.2), no

coordination to the nickel is evident with the only peak present attributable to triphen-

ylphosphine. Over time a second resonance at 25.5 ppm appears, which was assigned

as triphenylphosphine oxide, based on31P NMR of a known sample. The presence

of triphenylphosphine oxide may be the result of reduction of the nickel, or oxidation

from other sources. A third peak at 42.3 ppm cannot be assigned but may be evidence

of coordination to the nickel.

Further testing established that yields in the Suzuki reaction were reduced when water

was present in the reaction. The nickel complex1 was known to be stable in water,

so the components of the reaction were mixed in series to determine the cause. From

Table 3.3, it can be seen that the complex was not soluble in dry THF, so remained

a suspension (entries 1 and 2). With the addition of triphenylphosphine and phenyl-

boronic acid (entry 3) a red homogeneous solution was produced, characteristic for

this complex in the Suzuki reaction. Aqueous THF in the presence of base (entries 4
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Figure 3.2:31P NMR spectra of complex51and triphenylphosphine ind6-DMSO. The
spectrum was acquired immediately after preparation (bottom), after 30 min at room
temperature (middle), and after heating at 100 °C for 30 min (top).

and 5) showed a solution with a characteristic [Ni(H2O)6]2+ green, while the complex

in aqueous THF presented only a yellow solution, indicativeof the four coordinate

species discussed previously. From initial inspection, itwas preliminarily determined

that base and water (presumably by the action of hydroxide) lead to the decomposition

of the complex.

Table 3.3: Nickel complex stability testing

Entry Solvent Additives Resulta

1 Dry THF K3PO4 Brown suspension

2 Dry THF K2CO3 Brown suspension

3 Dry THF
K3PO4, PPh3,

PhB(OH)2
Red solution

4 50% Aqueous THF K3PO4 Green solution

5 50% Aqueous THF K2CO3 Green solution

6 50% Aqueous THF none Yellow solution

aConditions: 5 mg of complex1 and additives (~ 20 mg) in solvent (ca. 2 mL) heated at reflux for 2 h

in air.

With the dissociation of the nickel atom from the complex, the fate of the ligand was

investigated by heating complex1 with potassium carbonate in aqueous THF for two

hours (Scheme 3.5). Cooling and extracting the reaction mixture with dichloromethane
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led to a series of compounds as observed by TLC. The major component was isolated

by flash chromatography using ethyl acetate as the mobile phase. The1H NMR spec-

trum obtained from the reaction suggested the formation of aurea-type compound,

with the number of signals on both the1H and13C NMR spectra suggesting a symmet-

rical molecule. The1H NMR spectrum indicated a shift upfield of the NCH2 resonance

to 3.98 ppm from 4.88 ppm in the complex1, and 4.92 ppm in the benzimidazolium

ligand precursor42. The H2 resonance, a singlet expected at 11 – 12 ppm in the ben-

zimidazolium ligand precursor was not found. The combination of the upfield NCH2

shift and the absent H2 signal could be explained by a loss of either aromaticity or the

cationic nature of the benzimidazolylidene. A highly shifted resonance at 153 ppm,

indicated a carbonyl adjacent to two nitrogen atoms. IR of the compound showed a

single absorbance at ca. 1710 cm−1, presumably due to C=O stretching. Based on

the available spectral data, it was hypothesised that the product of the decomposition

would be65, shown in scheme 1.4.

Extraction and isolation of the organic soluble material from the reaction of methoxy

complex2 produced a more complex spectrum when compared to the parentcomplex

1. No single compound could be isolated with column chromatography, although ana-

lysis by 1H NMR of the eluted fractions showed the same shift upfield of the NCH2

peak, suggesting a similar reaction had taken place.

N NN

N N
Ni

Br BrBu Bu

THF / H2O
K2CO3

2 h, 100 °C

N NN

N N
Bu Bu

O O

1 65

Scheme 3.5: Decomposition of nickel complex using aqueous base to a possible
product

Under the above conditions, it would be expected that hydrolysis of the benzimidazolyl

moiety is the predominant decomposition pathway,[154] which is initiated by the addi-

tion of hydroxide to the NCN bridge.[155] This hydrolysis creates a formamide, and has

been observed for both metal complexes and benzimidazoliumsalts.[137,156]A similar

reaction is the oxidation to a benzimidazolone, that has typically been performed using
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peroxides or strong oxidising agents.[157,158] Examples from literature of the two re-

actions starting with dibenzylbenzimidazolium chloride and their products is shown in

Scheme 3.6.[158,159]The13C NMR spectra of the two products show a downfield car-

bonyl resonance in the formamide66, compared to the urea67. It is the urea compound

which provides a closer match to the unknown compound65.

N

N
Bz

Bz
N

N
Bz

Bz

NH

N

Bz

Bz

O
O

oxidation hydrolysis

154.7 ppm

163.8 ppm

KOH, ethanol
78 °C,  2 h

NaOCl, THF
RT. 10 min

6867 66

Scheme 3.6: Contrast of the reported products obtained fromthe oxidation[158] and hy-
drolysis[159] of dibenzylbenzimidazolium chloride along with the13C chemical shifts

N NN

N N
Bu Bu

2Br-

R

R

R

R
N NN

N N
Bu Bu

R

R

R

R
O O

NaClO

THF, H2O
RT, 15 min

42 R=H
43 R=OMe

65 R=H, (48%)
69 R=OMe, (47%)

Scheme 3.7: Oxidation of benzimidazolium salts

To confirm the product, an independent biphasic synthesis from the benzimidazolium

salts was attempted. Initially, ligand precursor42 was treated with hydrogen perox-

ide using dichloromethane as the solvent in a biphasic reaction. Unfortunately no

organic soluble material could be extracted from the reaction mixture, suggesting over-

oxidation to a highly functionalised water soluble compound. In a milder synthesis,

(Scheme 3.7) a solution of42 in aqueous THF was treated with sodium hypochlorite

and stirred for 15 minutes. Extraction of the organic soluble material with dichloro-

methane and purification via flash chromatography provided apure sample of65. The

1H NMR spectra of both the unknown and synthesised and compounds were found to

be identical (Figure 3.3). The product was also found to havea infra-red C=O vibration

at 1709 cm−1, comparable to other benzimidazolones.[160,161]The1H NMR spectrum
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matched the spectrum obtained from the initial observed decomposition of complex

1. Final evidence for the structure of the oxidation product was obtained with single

crystal x-ray crystallography of a single crystal grown from the slow evaporation of a

solution of the compound in CDCl3 (Figure 3.4).

Figure 3.3:1H NMR spectra from the decomposition test of1 (top) and compound65
(bottom) . Residual ethyl acetate is shown by an asterisk.

This same procedure could be repeated on methoxybenzimidazolium salt43, to syn-

thesise69 in a 47% yield. Treating nickel complex1 with sodium hypochlorite in

aqueous THF produced compound65 as the only isolated product, albeit in a lower

yield. The consistent results of these oxidation reactionsshow that while this class of

complex is active as a catalyst in the Suzuki cross-couplingreaction, it does not read-

ily tolerate basic aqueous conditions. While the decomposition of nickel complexes by

oxygen has been noted elsewhere[46,162] and may be contributing to the decomposition

seen here. A secondary role played by oxygen in the reaction cannot be ruled out,

however, the use of an aqueous base has been found to be necessary to this observed

decomposition. The studied complexes show an otherwise significant resistance to

oxygen in the solution state, and have not shown any evidenceof decomposition un-

der atmospheric conditions in neutral or anhydrous solvents. The importance of small

amounts of water in the Suzuki reaction is known (discussed on page 6), however

the observed decomposition of the unreduced catalyst undersuch reaction conditions

limits the applications of this complex.
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Figure 3.4: Solid state structure of65.

3.3 Conclusion

Both the parent (1) and methoxy functionalised complexes (2) have shown moder-

ate activity in the Suzuki reaction. Unlike previously reported studies, no additional

ligands were required for an acceptable reaction to occur. An intolerance for water,

however, was found in all tested complexes and the dominant decomposition product

was identified.
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Chapter 4

Catalytic activity testing using the

Kumada reaction

4.1 Introduction

With the catalytic activity of complexes1 and2 established in the Suzuki reaction,

attention was turned to the Kumada reaction. Nickel has traditionally been the metal of

choice for the Kumada reaction however phosphine ligands have dominated the field.

Only one study on nickel CNC pincer complexes in the Kumada reaction has been

published, using imidazole derived compound29 which possessed moderate activity

as a catalyst (Scheme 4.1).[121] The catalyst aided in the reaction of Grignard reagents

with aryl bromides as well as deactivated aryl chlorides andaryl fluorides. Although

long reaction times were required for less reactive substrates (up to six days), good

yields were presented for the majority of products.[121]

MgCl + Cl R

NN

NN
Ni

Br

Br-

5 mol%

THF
17-24 h, RT

R

R=Me, 69%
R=OMe, 64%

29

Scheme 4.1: Kumada reactions using29as a catalyst.[121]
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Using a similar system, a tetradentate NCCN nickel complex70, has been reported as

an active catalyst in Kumada reactions (Scheme 4.2).[163] Initial screening of the nickel

complexes showed a slight increase in activity when imidazoles were used over benzi-

midazoles as the carbene precursor. Of note, complex70 allowed sterically hindered

ortho-substituted aryl chlorides to react in good yields (60-80%).[163]

ClMgBr
2 mol%

THF
12 hr, RT

+

N

N N

N

N N
Ni

2PF6
-

R=Me, 64%
R=CN, 73%

R R70

Scheme 4.2: Ni catalysed Kumada reactions with complex70.[163]

54



4.2 Optimisation and substrate tests

In order to establish a baseline of activity in the Kumada reaction, a test reaction

was conducted using Ni(dppp)Cl2 (8) a nickel complex known for high activity in

the Kumada reaction. This catalyst has been tested with a variety of conditions, only

producing a minor amount of homo-coupled product.[11] Initially, phenylmagnesium

bromide was reacted withp-chlorotoluene and 1 mol%8 (Scheme 4.3) at 30 °C for

six hours. At the conclusion of the reaction, it was quenchedwith water and extracted

with ethyl acetate. Determination of all reaction productswas conducted using GC-

FID, using diethylene glycol dibutyl ether as an internal standard. Retention times were

compared to either commercially available or synthesised standards. Methylbiphenyl

was produced almost exclusively, with biphenyl as the only major by-product.

THF
30 °C, 6 h

+Cl MgBr

Cl

Ni

P P

Cl Cl

71 (1.5 eq.) 72 (1 eq.)

8 (1 mol%)

73 (86%)

74 (4%)

72 (9%)

Scheme 4.3: Kumada reaction conducted using Ni(dppp)Cl2 as a catalyst. Yields ob-
tained via GC-FID as a percentage of final products by mass. Products accounting for
less than 1% of the total mass have been omitted.

The reaction ofp-chlorotoluene and phenylmagnesium bromide form an unsymmet-

rical product which can be easily distinguished from homo-coupled byproducts. Using

identical coupling partners to produce symmetrical products do not allow the ratio

of cross- and homo-coupling to be determined. A substrate with moderate reactivity

(ie, p-chlorotoluene) was deliberately chosen. While aryl bromides would potentially

give higher yields, the results between catalysts on reactive systems may not have

enough variation to draw meaningful conclusions. The reaction conditions used were

chosen to facilitate comparisons to previous work, notablythose published by Inamoto

et al.[121] THF was used as the solvent for both the synthesis of the Grignard reagent
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and the coupling reaction. The reactions were conducted at 30 °C to overcome nat-

ural temperature variations in the laboratory, ensuring different reactions were directly

comparable.

With suitable reaction conditions determined, the first reaction using1 was conduc-

ted. A 1 M solution of phenylmagnesium bromide in THF was added to a mixture

of nickel complex1 (2 mol%) andp-chlorotoluene. The addition of the Grignard

reagent to the catalyst immediately produces a characteristic deep red colour which

persists throughout the entirety of the reaction. The desired cross-coupled product,

4-methylbiphenyl (73) was found in a reasonable yield of 46%. Half of the start-

ing reagentp-chlorotoluene was recovered along with toluene (from dehalogenated

p-chlorotoluene) and homo-coupled products.

THF
30 °C, 21 h

+Cl MgBr

Cl

N NN

N N
Ni

Br BrBu Bu

71 (1.5 eq.) 72 (1 eq.)

1 (2 mol%) 75 (4%)

73 (46%)

74 (15%)

76 (6%)

72 (30%)

Scheme 4.4: Inital test of Kumada reaction. Yields obtainedvia GC-FID as a percent-
age of final products by mass.

The homo-coupled products ofp-chlorotoluene and phenylmagnesium bromide (namely

biphenyl and 4,4’-dimethylbiphenyl) were observed in a relatively high yield, which is

known as an issue for NHC pincer complexes.[120] 4,4’-Dimethylbiphenyl is formed

by the coupling of two molecules ofp-chlorotoluene. This competing pathway, where

the aryl halide adds to the zero valent nickel complex,[164,165] has been reported as

significant for other nickel pincer complexes.[166] The exact mechanism(s) of this re-

action has not been clarified, but has been shown to be ligand,substrate and solvent

dependent.[167]

Biphenyl is formed as a by-product from the initial reduction of the nickel catalyst.

This reduction is facilitated by two molecules of the Grignard reagent,[11,168]occurring
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stoichiometrically to the nickel catalyst. As a result, some homo-coupled products are

expected in all Kumada coupling reactions. With this considered, oxidation of the Ni0

complex back to Ni2+ by trace oxygen, then oxidation of phenylmagnesium bromideto

form biphenyl is a possible explanation for the observed homo-coupled product. Oxy-

gen in the reaction was rejected as a major contributor to theformation of byproducts

as reactions conducted using other nickel catalysts (Scheme 4.3) using the same pro-

tocols did not produce excessive quantities of homo-coupled products. In addition,

the presence of oxygen has also been noted to facilitate a reaction between THF and

phenylmagnesium bromide, leading to 1-phenyl-1,4,-butanediol.[169] This compound

was not detected in the initial studies of the Kumada reaction, further suggesting that

oxygen was not problematic in these reactions.

With evidence of the catalytic activity of complex1, the variability between reactions

was next tested. Six identical reactions were conducted in parallel initially, followed

by three more seven days later. The conditions used were the same as previously

described (Scheme 4.4). The yields of both the cross-coupled and (methylbiphenyl)

homo-coupled products (biphenyl) are shown in Table 4.1. The results show good

consistency, with an average over the nine results of 42%± 4% (at 95% confidence).

No significant difference was found between the reactions conducted at a later time. In

addition, biphenyl, the product of the homo-coupled the Grignard reagent was found in

all reactions in a similar, yet substantial yield. Conducting the reactions in the absence

of the nickel complexes gave no coupled products.

Table 4.1: Repetition testing for Kumada catalysis.

Entry Yield (%)
Ratio of methylbiphenyl (73) to

biphenyl (74)a

1 51 1 : 0.26
2 49 1 : 0.30
3 35 1 : 0.39
4 41 1 : 0.37
5 33 1 : 0.39
6 43 1 : 0.36
7b 53 1 : 0.42
8b 49 1 : 0.45
9b 47 1 : 0.42

a Calculated as a molar ratio of the desired product to biphenyl. bConducted seven days after
the initial reactions.
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With baseline activity determined, the scope of aryl substrates tolerated by complex

1 was assessed initially using aryl bromides (Table 4.2). Theyields presented for all

following catalysis are the average of three runs, determinedvia GC-FID as detailed

above. The amount of products are represented in mmol, to allow direct comparisons

between products. Reasonable yields were obtained frompara andmetasubstituted

bromotoluene (entries 1 and 2 in Table 4.2) althoughortho-bromotoluene showed a

significant reduction (entry 3). The more electron rich anisoles showed the same steric

trends as bromotoluene, but with slightly lower yields overall. The ratio of the desired

product to biphenyl was found to be highly variable for the reactions tested, observed

in molar ratios of 0.5 to 3 times the desired product.

The amount of Grignard reagent that can be attributed to either the desired or homo-

coupled products are shown graphically in Table 4.2. It can be seen that the sum of the

desired product and the byproduct (which consumes two molecules of the Grignard

reagent) equates to an average of 1.25 mmol, representing 83% of the added Grignard

reagent. While not confirmed, it is suspected that the remaining phenylmagnesium

bromide was protonated to form benzene under the reaction conditions or workup.

With the bulk of the Grignard reagent forming only two products, the reduced yields

of the desired compound may be a result of low selectivity of the catalyst, as opposed

to low activity.

Less reactive aryl chlorides were next used as substrates (Table 4.3). While a similar

yield was obtained forp-chlorotoluene asp-bromotoluene, a significant decrease is

found for the more sterically hindered substrates (entries2 and 4). Again, in all reac-

tions, a large amount of biphenyl was observed. Chloroanisole substrates (entries 3 and

4) showed a significant decrease in yields when compared to their equivalent chloro-

toluenes. Interestingly, the effect of the anisole functionality reduced yields here to a

greater extent than with aryl bromides. A low selectivity ofthe catalyst is suggested

again here, with the cross- and homo-coupled products representing an average of 73%

of the initial Grignard reagent.

Inamotoet al.[121] proposed that a less reactive Grignard suppressed the formation

of these byproducts, with a resultant increase in yields of the cross-coupled product.

With this in mind,p-tolylmagnesium chloride was utilised, as opposed to the previous

phenylmagnesium bromide. It can be seen (Table 4.4) that yields were slightly lower
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Table 4.2: Kumada coupling of aryl bromides catalyzed by complex 1 and graphical
representation of the products with respect to the Grignardreagent.

THF 
30 °C,  24 h

MgBr Br
R1 R1

+ +

1.5 mmol 1 mmol

1

74

Entry ArX Product Yield (mmol) Yield 74 (mmol)

1
Br

0.58 0.36

2

Br

0.53 0.41

3
Br

0.38 0.33

4
Br

MeO
OMe 0.51 0.39

5
Br

OMe

MeO

0.18 0.55

sired Product
Homocoupled Product
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*To account for reaction stoichiometry, the consumed Grignard reagent is calculated from the
mmol of the desired product and twice the mmol of the homo-coupled product.
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Table 4.3: Kumada coupling of aryl chlorides catalyzed by complex1.
Below: Graphical representation of the products with respect to the Grignard reagent.

THF 
30 °C,  24 h

MgBr Cl
R1 R1

+ +

1.5 mmol 1 mmol

1

74

Entry ArX Product Yield (mmol) Yield 74 (mmol)

1
Cl

0.53 0.36

2
Cl

0.27 0.51

3
Cl

MeO
OMe 0.27 0.34

4
Cl

OMe

MeO

0.06 0.42

Desired Product
Homocoupled Product
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*To account for reaction stoichiometry, the consumed Grignard reagent is calculated from the
mmol of the desired product and twice the mmol of the homo-coupled product.
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Table 4.4: Kumada coupling using aryl magnesium chlorides catalyzed by complex1
Below: Graphical representation of the products with respect to the Grignard reagent.

THF 
30 °C,  24h

MgCl X
R1 R1

+ +

1.5 mmol 1 mmol

1

76

Entry ArX Product Yield (mmol) Yield 76 (mmol)

1
Br

MeO
OMe 0.44 0.52

2
Br

OMe

MeO

0.06 0.46

3
Cl

MeO
OMe 0.20 0.38

4
Cl

OMe

MeO

0.02 0.45

Desired Product
Homocoupled Product

0.0
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0.4
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*To account for reaction stoichiometry, the consumed Grignard reagent is calculated from the
mmol of the desired product and twice the mmol of the homo-coupled product.
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than those with the more reactive Grignard reagent. Bothpara-haloanisoles showed

an approximately 10% drop in yields (entries 1 and 2) compared to the phenylmag-

nesium bromide. While variable, the amount of homo-coupledGrignard reagent pro-

duced here was approximately the same as in the equivalent reactions conducted with

phenylmagnesium bromide. An average of 70% of the initiallyadded Grignard reagent

was accounted for in a combination of the cross- and homo-coupled products.

Table 4.5: Kumada coupling reactions catalyzed by complex2.
Below: Graphical representation of the products with respect to the Grignard reagent.

THF 
30 °C,  24 h

MgBr X
R1 R1

+ +

N NN

N N
Ni

Br BrBu Bu

MeO

MeO

OMe

OMe

1.5 mmol 1 mmol

2

74

Entry ArX Product Yield (mmol) Yield 74 (mmol)

1
Br

0.54 0.34

2
Br

0.17 0.27

3
Cl

0.33 0.29

4
Br

MeO
OMe 0.33 0.32

Desired Product
Homocoupled Product
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*To account for reaction stoichiometry, the consumed Grignard reagent is calculated from the
mmol of the desired product and twice the mmol of the homo-coupled product.

Reactions conducted using the methoxy functionalised complex2are shown in Table 4.5.
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With the exception ofp-bromotoluene (entry 1), the observed yields are lower thanthe

parent complex1. The same intolerance for sterically hindered substrates is found

(entry 2). The amount of Grignard reagent that can be seen in the cross- and homo-

coupled products is reduced, when compared to the parent complex. Here, only an

average of 64% can be identified, with one third of the 1.5 mmolof phenylmagnesium

bromide not seen. With a reduced yield of both products observed, it can be suggested

that the addition of the methoxy functionalisations produces an overall less reactive

complex in the Kumada reaction.

4.3 Conclusion

It has been determined that the nickel carbene complexes1 and2 are active as cata-

lysts in the Kumada reaction. While moderate yields of the cross-coupled product

are obtained, a significant amount of byproducts were also present after the reaction.

The yields obtained through the use of methoxy functionalised complex2 were lower,

with more studies required to elucidate the effect of the moieties on the reactive metal

centre.
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Chapter 5

Electronic properties of methoxy

benzimidazol-2-ylidene

5.1 Introduction

Catalytic testing using synthesised nickel complexes2 and1 produced mixed results,

with no trends found from the introduction of methoxy functionalities. This is in con-

trast to work by Hadeiet al.[106], showing that electron rich benzimidazol-2-ylidene

ligands lead to increased yields in cross-coupling reactions. Solution studies, however,

confirmed that there is a substantial chemical difference inthe two complexes (see

2.3.3). Further work was therefore initiated to determine the impact of the methoxy

moieties on the properties of benzimidazole-based carbeneligands.

Recently Huynhet al.[170] have used a particular13C NMR chemical shift of a benzimidazol-

2-ylidene palladium complex to determine the donor strengths of various ligands.

Through the use of the carbene chemical shift of atransbenzimidazol-2-ylidene pal-

ladium complex (77), the electronic effects of an ancillary ligand can be determined

(Scheme 5.1). A growing library has been published (with some ligands shown in

Figure 5.1) which correlates well with the more common Tolman electronic parameter

(see 1.3.2).[83,170]
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Scheme 5.1: General synthesis of palladium complexes for NMR studies
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Figure 5.1: Carbene carbon chemical shift of /cmpdgeneral-label indicating donor abil-
ities of selected ligands, determined by Huynhet al.[170]
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5.2 Synthesis and characterisation of palladium com-

plexes

The alkylation of benzimidazoles was conducted by treatment of the parent compound

(38, 47) with isopropyl bromide in acetonitrile, using potassium carbonate as a base.

The initial alkylation to benzimidazoles79and80 took 24 hours to give an appreciable

yield of the pale yellow oils. The subsequent alkylation to form the diisopropylben-

zimidazolium salts81 and82 required a further two days of heating (Scheme 5.2). A

long reaction time was required as the base induced an elimination reaction of isopro-

pyl bromide, and the low boiling point of the reagent necessitated mild conditions. As

both the mono and di-alkylated products were desired on a large scale, it was found

that running the reaction for 48 hours and separating out thetwo products was the most

efficient method.

N

H
NR

R

Br

K2CO3

Acetonitrile
N

NR

R

Br

Acetonitrile N+

NR

R
Br-

38 R=H
47 R=OCH3

79 R=H (56%)
80 R=OCH3 (48%)

81 R=H (36%)
82 R=OCH3 (69%)

Scheme 5.2: Alkylation of benzimidazoles

Dipalladium complex77 was successfully synthesised following literature methods

(Scheme 5.3).[171] Diisopropylbenzimidazolium bromide, palladium acetate and so-

dium bromide were heated in DMSO at 90 °C, followed by removalof the solvent and

extraction of the residue in dichloromethane. The entiretyof the sample could then be

recrystallised via a diffusion of ether vapours into a saturated solution of the complex

in dichloromethane, to produce a final yield of 60%. The methoxy analogue,83, was

synthesised in a similar fashion with a 78% yield.

Using complex77, the linear C2 bound palladium complexes were synthesised using

methodology outlined by Huynhet al.[170] (Scheme 5.4).13C NMR spectroscopy
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Scheme 5.3: Synthesis of dipalladium complexes

of the methoxy functionalised complex,84, showed the resonance of the benzim-

idazol-2-ylidene carbene carbon at 180.1 ppm. As the complex contains two benzi-

midazolyl groups, fully assigning the13C NMR spectrum could only be achieved via

2-dimensional NMR experiments. Most useful was HMBC (2 and 3bond1H - 13C)

spectra (Figure 5.2). The most characteristic signal on methoxy benzimidazole, the

aromatic hydrogen (H4) appears as a singlet. This can be correlated to carbon C3a (as

indicated by the arrows), followed by the isopropyl H2 and finally the carbene carbon

on methoxybenzimidazole. The same process can be used to assign the carbene carbon

on benzimidazole, which appears downfield compared to methoxybenzimidazole.

Figure 5.2: Heteronuclear Multiple Bond Correlation correlation spectrum of com-
pound84.

The C2 resonance of84 can be compared to the equivalent chemical shift in the par-
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ent complex,85, with a 13C resonance at 179.9 ppm. While the signals represent a

slight difference, it is insufficient to draw conclusions about any influence the methoxy

groups have on the carbene-metal interaction.

N

N
Pd
Br

Br

N

N

179.9 ppm

N+

NMeO

MeO N

N
Pd
Br

Br
Br-

N

N OMe

OMe
N

N
Pd Br
Br Pd

Br

Br

N

N
Ag2O, DCM

RT, 2 h

180.1 ppm

+

82

84 (94%)
77

85

Scheme 5.4: Synthesis of C2 bound palladium complex84 and the corresponding
carbene chemical shifts.

With no significant differences from analysis of the13C NMR spectra of the com-

plexes, other options were considered to measure the electronic properties of the ben-

zimidazole. Electronic properties of the carbene carbon inNHCs have been closely

correlated with that of the adjacent nitrogen atoms.[76] Complexes containing theN-

bound benzimidazoles were then synthesised (Scheme 5.5). The mono-substituted

benzimidazoles and dimeric palladium complex77 were stirred in dichloromethane

for five minutes. Evaporation of all but 2 mL of the reaction solvent allowed pure

crystals of86 and87 to be grown via a diffusion of diethyl ether vapours in reason-

able yields. Analysis of the complexes via13C NMR showed identical benzimidazole

carbene resonances indicating again that any differences between benzimidazole and

methoxybenzimidazole do not influence the chemical shift ofthis resonance.

As no significant difference was found in the13C NMR spectra of either the carbene or

nitrogen coordinated complexes, comparisons of the solid state structures were made.

While there is not a definitive correlation between C–Pd bondlengths and electronic
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Scheme 5.5: Synthesis of N3 bound palladium complexes86 and86, with the corres-
ponding carbene chemical shifts.

properties of the ligand, it has been noted that a longer bondlength relates to increased

electron donation of the ligand.[170] All synthesised Pd complexes showed high crys-

tallinity, and x-ray quality single crystals could be grownreliably via a slow diffusion

of diethyl ether vapours into a dichloromethane solution.

Figure 5.3: ORTEP diagram of84. Ellipsoids are shown at 50% probability and hy-
drogens are omitted for clarity.

The solid state structure obtained for complex84 is shown as Figure 5.3. The struc-

ture shows the expected square planar geometry with the two benzimidazol-2-ylidene

ligands trans to each other. The solid state structure of thesymmetrical diisopropyl-

benzimidazol-2-ylidene palladium complex85 has been previously reported[172] and
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provides a good basis for comparison. The most telling result is the C12–Pd bond

length, found to be 2.015(3) Å in complex84, compared to 2.017(2) Å in complex

85. The bond lengths show no statistical difference, in agreement with the13C NMR

results.

Figure 5.4: ORTEP diagram of complexes86 (top) and87 (bottom). Ellipsoids are
shown at 50% probability and hydrogens are omitted for clarity.

The solid state structures of the nitrogen bound palladium complexes87 and86 are

shown the Figure 5.4. Two molecules of86 are found in the unit cell, with slightly

different bond angles and distances. Torsion around the palladium metal measured

between atoms N13-C12 and N21-C22 shows an angle of 43.8 and 48.4°, compared to

52.9° in complex87. The C12–Pd bond length in the parent complex86 is 1.933(4)

and 1.951(4) Å, compared to 1.949(3) Å in methoxy functionalised complex87. The

N21–Pd bond lengths were also found to be very similar, measuring 2.083(4) and

2.098(3) Å in complex86, and 2.085(3) Å in complex87. The data suggests that the
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bond lengths are more affected in the solid state by crystal packing than the addition

of methoxy groups.

Also synthesised was83, the methoxy functionalised analogue of77 (Scheme 5.3).

A comparison with the published structure of77[171] would allow comparisons to be

made without the influence of a stronglyσ donating ligand on the palladium, trans to

the benzimidazole. This difference may potentially uncover any effect of the methoxy

functionalities. The C2–Pd bond length was 1.945(2) Å for methoxy complex83 (Fig-

ure 5.5), and reported as 1.947(3) Å for the parent complex77.[171] These series of

results confirm that any difference in the coordination chemistry of benzimidazole and

5,6-dimethoxybenzimidazole derived complexes are not readily measured by compar-

ison of the13C NMR spectrum, or through examination of the solid state structures.

Figure 5.5: ORTEP diagram of complex83. Ellipsoids are shown at 50% probability
and hydrogens are omitted for clarity.
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5.3 Theoretical Insights into 5,6-dimethoxybenzimidazole

Computational studies were conducted on the free carbene compounds88 and89 by

Damien Carter at Curtin University. The charge on each atom was calculated, with

selected Bader charges shown in Figure 5.6 (complete list and computational details

are shown in appendix, Table A.5 on page 161). The results indicate that both carbene

carbons have a partial positive charge, with the nitrogen showing an approximately -1

charge. This result contrasts with the accepted resonance forms of NHCs (Figure 5.7),

where positively charged nitrogens and a negative carbene are expected. The results

obtained here match closely to similar studies conducted onN,N-dimethylimidazol-2-

ylidene where charges of 0.71 (carbene) and -1.25 (nitrogens) were found.[173] Bond

analysis determined the reason for this difference, namelythat while there is a slightπ

delocalisation around the C-N-C atoms, it is marginal compared to theσ withdrawal

of the individual nitrogen atoms.[173]

N
C:

N

N
C:

N MeO

MeO

0.54 ± 0.05 0.61  ± 0.05-0.96 ± 0.05

-1.00 ± 0.05

Figure 5.6: Calculated charges for benzimidazol2-ylidenefree carbene compounds and
88and89.

The results calculated here are within the tolerance associated with the technique (cal-

culated from the variation in values of equivalent carbon atoms). Unfortunately no con-

clusions can be made beyond saying that both compounds have similar partial charges.

It should be noted that the partial charge on the carbene doesnot indicate specific or-

bital donor/accepting properties, but it does give an indication of the electron density

on the carbon atom.

N

N

N

N N

N

Figure 5.7: Resonance forms for an imidazole derived NHC.

Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) analysis was conducted. The diagrams (Figure 5.8) indicate involvement of
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the methoxy groups in both the HOMO and LUMO levels, however there is very little

change to the molecular orbitals as a consequence of this. The HOMO orbitals show

the σ donation of the carbene, with conjugation extending to include the aromatic

ring, while theπ accepting nature of the carbene is indicated by the LUMO diagrams.

In these two compounds there is no obvious break in the conjugation between the

aromatic ring and the imidazole group. This conjugation indicates that the methoxy

group affects the carbene both through aσ withdrawal andπ donation, however the

magnitude of these effects cannot be determined through this method.

Figure 5.8: LUMO (above) and HOMO (below) plots of the free carbene compounds of
N,N-dimethylbenzimdiazol-2-ylidene andN,N-dimethyl-5,6-dimethoxybenzimidazol-
2-ylidene.
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5.4 Conclusion

In combination with the spectral data, the theoretical calculations show that while the

methoxy group has the potential to impact the electronic properties of the carbene,

any effect on the net electron density is within error. The same trend was found for

the collected experimental data. While these results can berationalised by a limited

conjugation in benzimidazole (page 13) or trade-offs between theδ accepting andπ

donating nature of oxygens, determining which, or the degree of each contribution, has

not been possible.
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Chapter 6

Further functionalisation of nickel

complexes

6.1 Introduction

Having shown the modest to good catalytic activity of nickelcomplexes1 and2, modi-

fication of the ligands was considered to further improve their reactivity. Two sites for

the introduction functionality were initially attempted,shown in Scheme 6.1. It was

anticipated that the alterations would effect catalytic activity in different ways. The

steric environment of the nickel atoms could be modified by alkylation of the benzi-

midazoles with bulky groups (shown as R1), which may improve the rate of reductive

elimination during the catalytic cycle. Electronic properties of the nickel atom could

be modified through substitution of R2, on the pyridyl ring. Its placementtrans to

the vacant site on the nickel should allow a more prominent effect in catalytic cycles

compared to alteration of the benzimidazoles.

N NN

N N
Ni

R1 R1
X

R2

Scheme 6.1: Possible sites for the functionalisation of bisbenzimidazolyl nickel com-
plexes
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While not predicted to be directly related to catalytic activity, alteration of the ancillary

ligand (shown as X in Scheme 6.1) would allow the potential for interesting coordin-

ation chemistry. As shown in Chapter 2, the lability of the bromide ion allows for

the interchange of other halides and psuedo-halides, potentially allowing for further

understanding of the chemistry of the nickel CNC complex.

6.2 Functionalisation of the pyridine core

Initially synthesis of an alkyl ether substituted dichloropyridine was attempted using

a modified literature procedure.[174] The pyridine was required to be first activated by

oxidation to theN-oxide to increase the reactivity in electrophilic substitution reac-

tions (for comparison, nitration proceeds 1022 times slower on pyridine compared to

benzene[175]). Treatment of 2,6-dichloropyridine with hydrogen peroxide in triflur-

oacetic acid produced the target (90) in 30 - 60% yield, and the remaining starting

material and the desired product were easily separable via column chromatography

(shown in Scheme 6.2). Any remaining starting material could be recycled in sub-

sequent reactions. Yields could be marginally increased through the use of freshly

distilled trifluroacetic acid and repeated additions of hydrogen peroxide. Evidence for

the oxidation of the pyridine could was obtainedvia IR spectroscopy, with a peak ap-

pearing at 1253 cm−1 in 90 indicative of an N-O stretch.[176] Through1H NMR spec-

troscopy, the resonance corresponding to H4 on the pyridyl ring can be seen at 7.11

ppm on theN-oxide90, showing an increase in shielding compared to the unoxidised

pyridine39 (7.62 ppm).

N ClCl
O

H2SO4, HNO3

90 °C, 4 h
N ClCl
O

NO2

N ClCl

O

O

N ClCl

H2O2

TFA, 
100 °C, 24 h

OH

Na, THF
0 °C, 10 min

39 90 91 (85%)

Scheme 6.2: Attempted synthesis ofp-butoxy substituted dichloropyridine
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Following oxidation, nitration of90 was achieved with a nitric acid and sulfuric acid

mixture, heated to 90 °C for four hours. This reaction has been previously reported to

produce 2,6-dichloro-4-nitropyridine, reducing the pyridine in-situ.[177,178] Here the

theN-oxide,91, was found to be the major product with the N oxide stretchingband

identified by IR spectroscopy at 1286 cm−1, in agreement with literature reports.[176]

The substitution of a butoxy functionality on theparaposition of the pyridine was next

attempted using sodium butoxide (generatedin situ) in THF at 0 °C. Disappointingly

the only isolatable product was93, determined to be from the substitution of a chlorine,

as opposed to thep-nitro functionality.[179] This substitution of the chlorine has been

reported in literature as a side product for this reaction, unfortunately no details were

presented on optimisation.[174]

N O

O

NO2

93

Figure 6.1:1H NMR and structure of the product obtained from the attempted substi-
tution ofp-nitropyridine.

Other options were considered to synthesise the targetp-alkoxypyridine. Utilising the

already synthesised 2,6-dichloro-4-nitropyridine-N-oxide, 91, reduction of both the

nitro (to an amine) andN-oxide groups in one step would allow the synthesis of 2,6-

dichloro-p-aminopyridine. Stirring compound91 and iron powder in acetic acid for

24 hours (Scheme 6.3) followed by extraction from aqueous potassium carbonate with

dichloromethane afforded94 in 61% yield. The identity of the product was confirmed

with 1H and13C NMR and IR spectra matching literature reports.[180]

Next, the Sandmeyer reaction[181–183] was utilised in order to convert the amine to a

better leaving group, N2. The diazonium salt95 (not isolated) was synthesised using
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NH2
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RT, 24 h
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0°C N ClCl

N

N ClCl

OMe
MeI, K2CO3

ACN, 100 °C, 24 h

N

H
N

N NN

N N

OMe

DMF, NaH

N ClCl

OH

N

H2O

100 °C, 10 min

9591 94 (61%) 96 (51%)

97 (85%) 98

Scheme 6.3: Synthesis of 2,6-dichloro-4-methoxypyridine

sodium nitrite in concentrated sulfuric acid. The subsequent addition of water allowed

the installation of the hydroxy moiety at theparaposition on the pyridine in a reason-

able yield. The extraction of the product,96, had to be conducted at a slightly basic pH,

to avoid protonation of the pyridine, or deprotonation of the alcohol. The1H spectra of

the compound showed a singlet at 6.69 ppm, with the alcohol proton not observed. The

synthesis of the methyl ether was completed using methyl iodide, potassium carbonate

and96, heated in acetonitrile at 60 °C for 24 h. The desired product, 97 was isolated

in 85% yield, with a successful reaction suggested by a singlet at 3.87 ppm in the1H

NMR spectra, corresponding to the OCH3 group.

The anticipated final reaction in the series, coupling the synthesised methoxypyridine

97 with benzimidazole in DMF did not produce any of the desired product, with only

starting material recovered. The failure to synthesise98 was thought to be due to

a lack of reactivity of the electron enriched aromatic ring,making the pyridine less

susceptible to nucleophilic aromatic substitution. With this result, focus was moved to

more promising targets.

6.3 Alternative benzimidazole substituents

Alteration of the groups on the benzimidazole nitrogen should allow the catalytic activ-

ity of the complex to be altered by the changing sterics around the nickel atom. Initially

allyl substituents were chosen. The rationale for the choice of this substituent is two

fold; firstly is the occupiedπ orbitals on the allyl groups, potentially allowing a transi-
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ent binding to vacant sites on the nickel, stabilising intermediates. This extra binding

may reduce the need for additive ligands such as triphenylphosphine in catalytic reac-

tions. Secondly, allyl halides are active electrophiles innucleophilic substitution and

should react readily with 2,6-bis(benzimidazole)pyridine.

The addition of allyl functionalities to bis(benzimidazole)pyridine was achieved in

DMF under relatively mild conditions in good yields (Scheme6.4). Analysis of the

13C NMR spectra showed that the allyl benzimidazolium salts,99 had a C2 resonance

of 143.2 ppm, showing a slight deshielding (from 142.5 ppm) when compared to the

butyl substituted equivalent,42. The N,N-diallyl-bis(benzimidazolium)pyridine salt

(99) was made to react with nickel acetate in DMF to form nickel complex 100. A

higher than usual yield was obtained for this reaction (93%)compared to other com-

plexation reactions (~60%), explained by the very insoluble nature of the resulting

purple / black solid. The lack of solubility prevented any meaningful1H or 13C NMR

spectra from being obtained, even in solvent mixtures. As a result, evidence of co-

ordination of the nickel to the ligand could only be obtainedfrom elemental analysis

and IR spectroscopy (see page 87).

N NN

N N
Ni

Br Br

N NN

N N2Br-

Ni(OAc)2.4H2O, 
DMF

120 °C, 10 min

N NN

N N
Ni
Br

PF6
-

KPF6, MeOH

65 °C, 5 min

N NN

N N  DMF, 70 °C, 48 h

Br

41
99 (63%)

100 (93%) 101

Scheme 6.4: Synthesis of allyl substituted ligand precursor

A four coordinate complex101with more amenable properties was synthesised through

treatment with potassium hexafluorophosphate in methanol.Analysis of the crude

product produced a broad1H NMR spectra with characteristic signals, however minor

impurities were noted. The crude product was recrystallised by the slow evaporation
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of a dichloromethane / methanol solution, producing a few small orange crystals. The

colour of the crystals suggested a four coordinate geometry, however X-ray analysis

presented a structure that was not expected (Figure 6.2). The structure showed the

coordination of a second ligand to a nickel atom, approximately forming a square pyr-

amidal geometry. While one ligand is unchanged, the second coordinated ligand shows

one of the benzimidazoles had hydrolysed to produce a secondary amine and the al-

dehyde, a process that has been previously reported.[137] The ancillary halides (Br−)

were not found in the structure, with the 2+ complex charge balanced by two PF6−

ions (not shown). Interestingly, decomposition of a nickelCNC complex leading to a

carbenetransto a pyridine has been noted before.[184]

Figure 6.2: Product of crystallisation attempt of four coordinate allyl complex101

Further attempts to synthesis the four coordinate101 produced only samples of the

starting ligand precursor,99. No reason for the inherent instability of the four coordin-

ate allyl functionalised complex have been found, especially considering no similar

properties were found for the five coordinate complex100.

With the allyl complex synthesised, synthesis of an additional N-substituted analogue
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was attempted (102). An isopropyl group was selected as it would increase the steric

bulk around the nickel centre, while not altering the electronic properties of the carbenes.

Initially attempts at direct alkylation of 2,6-bis(benzimidazole)pyridine (41) with isop-

ropyl bromide were conducted (Scheme 6.5). Unfortunately,only starting material was

isolated, presumably due to the low boiling point and lower electrophilicity compared

to the previously used alkylating agents.

N NN

N+ N+

2Br-

N NN

N N

Br

DMF, 60 °C

41 102

Scheme 6.5: Attempted alkylation of41 with isopropyl bromide

A second method, where the benzimidazole is first alkylated was investigated. Syn-

thesis of the target was then attempted by reacting the mono-substituted benzimidazole

with dihalopyridine, shown in Scheme 6.6. With sublimationof dichloropyridine from

the reaction mixture immediately proving to be an issue evenin sealed tubes, a solvent

was deemed necessary for following attempts. The refluxing action inside the reaction

vessel created a physical method to reintroduce the pyridine into the solvent, where it

would hopefully react.

N ClClN

N N NN

N+ N+

2Cl-

solvents

80 - 200 °C
+

79 102

Scheme 6.6: Attempted reaction of isopropyl benzimidazolewith 2,6-dichloropyridine

Initially DMF was used as a solvent, however only a very minortrace (detectable by

1H NMR spectroscopy, notably the highly shifted H2) of a mono-substitution product

was seen when the reaction was run (five days at 80 °C). Gradually increasing the
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Figure 6.3:1H NMR of isopropyl benzimidazolium salt102

reaction temperature (100 °C, 115 °C and finally to 140 °C) still did not lead to the de-

sired product. Additives both catalytic and stoichiometric (copper iodide, and copper

iodide with proline)[139,185,186]produced intractable mixtures which did not show the

desired characteristic signals when analysed by1H NMR spectroscopy. Mesitylene

was trialled as a solvent to access higher temperatures, with reactions conducted in

a sealed vessel at 200 °C, however only a protonated isopropylbenzimidazolium salt

was identifiable at the conclusion of the reaction. 2,6-Dibromopridines were also used

as the reagent (with the results shown in 83) with no reactionobserved under all the

attempted conditions. With a higher reactivity and less susceptibility to sublimation,

2,6-dihalo-pyridine-N-oxides were then used as a reagent for this reaction. The reac-

tion did, once, produce a small amount of the target compound. Only a small amount

was produced - enough for an NMR sample shown in Figure 6.3. Further attempts only

produced the desired product inconsistently and in very lowyields, and was abandoned

as unworkable.

6.4 Variation of the ancillary ligand

The lability of the ancillary bromide ions was noted previously (see 2.3.2 on page 27)

where it was found treatment of the complex with a coordinating anion allowed substi-

tution of a ligand to take place.[136] Using this methodology, complexes with a chloride
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Table 6.1: Trialled conditions to synthesise isopropyl benzimidazolium salt102

Y XX

N

N
N NN

N+ N+

2X-

+
conditions

79 102

X Y Solvent and conditions Result
Br N neat, 5 days at 60° No reaction

Br N DMF, 5 days at 115° No reaction

Br N DMF, 4 days at 140° No reaction

Br N DMF, 4 days at 140° w/ CuI No reaction

Br N DMF, 4 h at 135° w/ CuI, proline Intractable mixture

Br N mesitylene, 3 days at 200° Protonated benzimidazolium salt

Cl N mesitylene, 2 days at 200° No reaction

Cl N=O DMSO, 2 days at 200° See Chapter 7

Br N=O neat, 20 h at 160° Small amount desired product

Br N=O neat, 19 h at 170° 0 - 45%

and thiocyanate ancillary ligand were synthesised, as shown in Scheme 6.7. A suspen-

sion of five coordinate complex1 in methanol was stirred with an excess of sodium

thiocyanate or potassium chloride. Over the course of five minutes, a yellow solid,

presumably a four coordinate intermediate was produced. Addition of KPF6 and water

forced the precipitation of the complexes103or 104, which could then be isolated by

filtration. With the possibility of linkage isomerism for complex104, Raman spectro-

scopy was used to probe the binding mode. Vibrational frequencies of 2079, 829 and

480 cm−1 can be ascribed toυ(Ni-N), υ(C-S) andδ (NCS) respectively,[187] suggest-

ing as expected,[188] a nitrogen bound (isothiocyanate) ligand. Both of the synthesised

solids appeared to be visually similar to the four coordinate bromide complex51 (see

Scheme 2.7 on page 27). It was also noted that both complexes103and104had in-

creased solubility in polar solvents, compared to the four coordinate bromide complex

51.

The same method using KCl and KPF6 could also be carried out on methoxy func-

tionalised complex2, to form complex105. Crystals were obtained from a diffusion
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N N
Ni

Bu Bu
X

PF6
-

NaSCN or KCl

MeOH, 5 -10 min

KPF6

1

104X=SCN, (62%)
103X=Cl, (96%)

Scheme 6.7: Synthesis of four coordinate complexes104and103

of ether vapours into an acetonitrile solution of the complex, with the x-ray crystal

structure shown in Figure 6.4.

Figure 6.4: Solid state structure of four coordinate complex 105. The PF6 anion and
solvent molecules are removed for clarity.

Using iodide as the ancillary ligand was also attempted. It was presumed (and later

confirmed) that the substitution of the bromides on1 using an iodide salt would not

be favourable. Instead through the synthesis of a five coordinate di-iodo complex

(106), abstraction of a single iodine by treatment with KPF6 was attempted . Firstly,

alkylation of dimethoxybis(benzimidazole)pyridine48 with iodobutane could be ac-

complished in good yield in 24 hours (Scheme 6.8). Heating the ligand precursor107

with nickel acetate in DMF produced a black solid, that was presumed to be106. Un-

fortunately the five coordinate complex was completely insoluble in all tested solvents,
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so no solution spectra could be obtained, or crystals suitable for x-ray crystallography

grown, therefore no conclusive identification can be made.

N NN

N N

N NN

N N
Bu Bu

2I-

IOMe

OMe

MeO

MeO OMe

OMeMeO

MeODMF
100 °C, 10 min

Ni(OAc)2·4H2O, 

DMF
100 °C, 5 min

N NN

N N
Ni

I IBu Bu

OMe

OMe

MeO

MeO

48 107 (86%)

106 (65%)

Scheme 6.8: Synthesis of nickel complex with iodide ancillary ligand

The insolubility of the material thought to be106also frustrated efforts to obtain a four

coordinate derivative (108), which was hoped would be more amenable to character-

sation. Refluxing106 in a methanol / water mixture in the presence of KPF6 allowed

for the dissolution of the black powder over an hour. Removalof the solvent (200 mL

was used for 20 mg of complex) under reduced pressure resulted in the precipitation

of an orange solid. The product was found to be very unstable in solution, leading

to colourless solutions on standing (such as attempts at crystallisation). A1H NMR

spectrum could be obtained of the sample in DMSO, however it did not produce the

expected signals (Figure 6.5). The exact cause of this broadening was not determined,

however one possibility is an increase in paramagnetism caused by the distorted square

planar geometry. A larger ancillary ligand may be forced outof the ideal square planar

position, forcing the nickel into a more tetrahedral geometry, with the accompanying

change in magnetic properties.

The 1H NMR spectra of the three modified parent complexes103, 104 and51 show

two interesting features (shown in Figure 6.6). Firstly, the chemical shift of the NCH2

protons decreases with decreasing ligand size. The most pronounced change occurs

between chloride and thiocyanate, which may be expected, swapping a halide to a

pseudo-halide.
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Figure 6.5:1H NMR spectra of iodide ligand precursor,107 (above) andand the ma-
terial isolated from the reaction of107and KPF6 in methanol.

Figure 6.6: Stacked1H NMR of four coordinate complexes with different ancillary
ligands (top to bottom) bromide (51), chloride (103) and isothiocyanate (104) at ca10
mg/mL in d6-DMSO.
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The second feature from the spectra is the decreasing broadness as the halide size de-

creases. As all samples were made to the same concentration,one possible explanation

is the low solubility of the bromide complex51, forcing aggregation of the individual

molecules. This could be observed on the macro scale too, as much of the complex

had precipitated from solution in a 12 hour period. The solidthat had precipitated was

dark purple / black, suggesting the five coordinate geometryof 1. The reason for this

remains unclear, however a disproportionation of the complex in solution must have

occurred for a five coordinate species to form. A1H NMR spectrum of the filtered

bromide complex taken 24 hours later presented a complex mixture, with no readily

identifiable resonances. This same precipitation was not seen with the other two com-

plexes,103or 104.

The IR of the discussed nickel complexes were not fully assigned, however one region

of the IR spectra was found to be characteristically useful.The benzimidazole aromatic

C=C and C=N stretches are typically from 1650 to 1500 cm−1, however the bands are

not trivially assigned.[144,189] This region was found to be sensitive to not just the

5,6-methoxy functionalities on benzimidazole, but also the coordination geometry of

the nickel. With a larger sample size, the parent complexes (those derived from five

coordinate complex1) proved the easiest to class.

N NN

N N
Ni

X XR R

N NN

N N
Ni

R RX

PF6
-

1 R=butyl,X=Br
109R=butyl,X=I
50 R=octyl,X=Br
110R=butyl,X=Cl

52 R=octyl,X=Br
51 R=butyl,X=Br
103R=butyl,X=Cl

104R=butyl,X=SCN

Figure 6.7: Complexes initially studied via IR.

Expansions of the IR spectra are shown for the four and five coordinate complexes in

Figure 6.8 and Figure 6.9. Once normalised, the relative intensities of the three peaks

shows two distinct patterns for the two different coordination geometries. While the

difference in these two spectra cannot be readily explained, it has proven useful as an

additional method to determine geometry in the solid state.While the methoxy func-

tionalised complexes show analogous changes reflecting coordination geometry, the

loss of fine structure in 5,6 substituted benzimidazoles[189] makes the patterns harder

87



to observe.
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Figure 6.8: IR of four coordinate complexes
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Figure 6.9: IR of five coordinate complexes
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6.5 Conclusions

This CNC class of complex shows an unexpected sensitivity tothe attempted structural

alterations. Relatively minor changes, such as changing theN-substituted allyl groups

resulted in complex100, that was reactive in a four coordinate geometry. Direct alkyla-

tion of the bis(benzimidazole)pyridyl core with less reactive alkylating agents proved

troublesome, but the required forcing conditions lead to some interesting observations

(followed on in Chapter 7). Coordinating smaller halides and psuedo-halides produced

subtle changes in the complex with only minor differences noted during characterisa-

tion. Larger halides (specifically iodide) afforded very insoluble complexes that had a

tendency to decompose upon dissolution.

The synthesis of pyridyl functionalised complexes was explored, with the Sandmeyer

reaction allowing the substitution of an aromatic amine with different nucleophiles.

The use of electron rich functionalities was desired, although they decrease reactivity

for the following steps. Through the use of protecting groups (such as acetate) a more

complete library of complexes could be synthesised and characterised using methods

outlined in this chapter.
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Chapter 7

Organocatalytic Decomposition of

DMSO

7.1 Introduction

The reaction of benzimidazoles with unreactive alkylatingagents has frequently been

a hurdle in the synthesis of benzimidazole derived ligands.Extended high temperat-

ure reactions (> 150 °C) have been used to overcome this issue. DMSO is commonly

used solvent for high temperature reactions and has a reputation for thermal stability.

Studies have found only a 3.7% decomposition of DMSO after heating under reflux

for three days.[190] Of the analysed decomposition material, paraformaldehydeac-

counted for 50%, with dimethylsulfide, dimethydisulfide, 2,4-dithiapentane and water

making up the balance.[190] Conversely, significant thermal decomposition has been

reported in sealed vessels.[191] No decomposition was found under a nitrogen atmo-

sphere, however in the presence of oxygen, or with the addition of acids or radical

initiators, complete decomposition of DMSO was observed (product ratios shown in

Scheme 7.1).[191] The mechanism for the thermal decomposition of DMSO has been

hypothesised to be either radical or acid catalysed.[191,192] In this context, it is inter-

esting to note that a number of researchers in this group[193] have noted substantial

decomposition of DMSO in the presence of benzimidazolium salts to give dimethyl-

sulfide and an unknown white crystalline material. The initial aim of this work was to

identify this product and to better understand the decomposition process.
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S HO O
H

n
+ + +

Sealed tube

180 °C, 68 h
111 (42%) 112 (31%) 113 (8%) 114

Scheme 7.1: Reported products from the thermal decomposition of DMSO.[191] Para-
formaldehyde was observed as it sublimed and redissolved inthe reaction.

7.2 Understanding the reaction

As a typical example of a synthesis where decomposition has been observed pre-

viously, dichloropyridine oxide90 and isopropylbenzimidazole79 in DMSO were

heated at 150 ˚C in a sealed tube (Scheme 7.2). Upon cooling the reaction, two im-

miscible layers were present, with the lower layer immediately boiling upon opening

the sealed tube, as expected for dimethylsulfide (the presence of which was confirmed

by the stench, and 1H NMR spectroscopy). The remaining residue was dissolved in

ethanol and precipitated with diethylether to produce white crystals with a mass 200%

of the theoretical yield of /cmpddiisopropylbenimidazoliumpyridinechloride. The1H

NMR spectrum of the crystalline product showed a mixture of the desired product115,

starting materials,90 and79, and an unknown material. Recrystallisation of the un-

known material from a solution of ethanol with diethyl etherproduced an analytically

pure sample of the compound. In addition to the crystals, a white insoluble powder was

also produced in the reaction, which was identified as paraformaldehyde by comparing

the IR spectrum with that of a commercial sample.

N ClCl
O N

N
N NN

N+ N+

2Cl-

+
Sealed tube

DMSO
150 °C, 48 h

+

white powder

S

HO O
H

n90 79 115

Scheme 7.2: Attempted synthesis of alkylated pincer compound

The unknown material was found to be very hygroscopic but didnot show any decom-

position over time. The1H and13C NMR spectra (Figure 7.1) each showed only two
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resonances. Concentrated samples were required in order toobserve the resonance at

38.5 ppm on the13C DEPT NMR, due to overlap with the DMSO signals. Analysis

of the HSQC spectrum showed a correlation of each13C resonance to individual1H

signals. Further analysis by HMBC and COSY NMR showed no other relationships.

Infra red spectroscopy suggested the presence of a S-CH3 functional group based on a

peak observed at 1033 cm−1 and sp3 hybridised C-H stretches at 3009 cm−1. A strong

signal at 1173 cm−1 also presented the possibility of a sulfone or sulfonate. Taking

into consideration the spectral data, it was determined that a combination of trimethyl-

sulfonium and a methylsulfonate was the most likely candidate (Structure and NMR

spectra given in Figure 7.1).

Conclusive evidence of the structure was obtained with single crystal x-ray diffrac-

tion. Based on the unit cell, the previously reported structure could be identified as

trimethylsulfonium methanesulfonate (116).[194] The presence of the sulfur atoms sug-

gests it is a product of the decomposition of the DMSO. The reaction and the observed

products are summarised as Scheme 7.3.

Figure 7.1: The13C DEPT (top) and1H (bottom) NMR spectra of the unknown white
crystals.

The synthesis of116has been noted as a minor product from the thermal decompos-

ition of DMSO,[194] however few studies on the chemistry or reactivity of the com-
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Scheme 7.3: Observed decomposition products of dimethylsulfoxide

pound could be located. The extent of the decomposition in the reaction shown in

Scheme 7.3, leads to the assumption that a compound in the reaction mixture is cata-

lysing the decomposition.

To ensure this reaction was not due to impurities present in the DMSO or the reaction

conditions, the solvent was heated under the same conditions with no additives, where

no reaction was observed. The reactants, namely 2,6-dichloropyridine oxide (90) or

isopropylbenzimidazole (79) were heated with DMSO on the Radleys Parallel reactor

at 130 °C for two days. No decomposition of DMSO, however, wasnoted over this

time (Entries one and two in Table 7.1). The ligand precursor115was then the next

obvious component to test. While synthesising115was difficult and thus not readily

at hand, the major functionality, a benzimidazolium salt could be obtained with the

simpler diisopropylbenzimidazolium bromide81. Upon heating this salt with DMSO,

bubbles (of dimethylsulfide) were seen forming in the reaction vessel, although the

presence of116was not observed by1H NMR in the residual material.

Table 7.1: Results of heating DMSO (130 °C, two days) with different compounds.

S
O

S S
O

O
O S+ + HO O

H

n

L1

130 °C, 48 h

Entry Catalyst (117) Result

1 none No reaction observed.

2 N ClCl
O

No reaction observed.

3
N

N No reaction observed.

4
N+

N
Br- Bubbling in reaction vessel.
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With the promise of benzimidazolium salts catalysing the decomposition of DMSO,

the initial reaction conditions (used in Scheme 7.2) were replicated using diisopropyl-

benzimidazolium bromide,81. The reaction, shown in Scheme 7.4, was conducted

by heating benzimidazolium salt81 with a large excess of DMSO at 130 °C for three

days in a sealed vial. Dissolving the residue in ethanol and filtering then allowed116

to be precipitated by the addition of diethyl ether. Most interesting was the relatively

large amount of product obtained, at an approximately ten times molar ratio to the

benzimidazolium salt. This suggests that the decomposition is catalytic with respect

to the benzimidazolium salt. Analysis of the1H NMR spectra from further reactions

showed evidence of unchanged benzimidazolium81 at the conclusion of the reaction,

further supporting the idea81acts as a catalyst. The by-production of dimethyl sulfide

(with a boiling point of 38 °C) caused concern with the use of sealed reaction vessels,

potentially presenting a pressure hazard. It was deemed important to evaluate the need

for sealed reaction vessels.

S
O

S
O

O
O S

N

N
Br-

140 °C, 72 h

S+ HO O
H

n
+

46 mmol 6.3 mmol

0.7 mmol

118

81

116 111

Scheme 7.4: The catalysed decomposition of DMSO. The activity of benzimidazolium
salt81 on DMSO is catalytic with respect to the desired product.

To test these ideas, DMSO and benzimidazolium salt81(at the same scale as Scheme 7.4)

was heated at 140 °C for 72 h in a round bottom flask fitted with a condenser (Scheme 7.4).

The reaction was conducted with no precautions to exclude air or moisture. It was no-

ticed that a white solid (paraformaldehyde) coated the entire length of the interior of

the condenser, but was equivalent to only a small proportionof the recovered material

from the reaction. While heating, continuous bubbles of dimethylsulfide could be seen

evolving from the solution. Once cooled, the reaction residue was dissolved in meth-

anol and precipitated with ethyl acetate, to produce white crystals. A total of 9.3 mmol
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of 116was obtained, showing that a sealed vessel is not required.

As the decomposition of DMSO was shown to be catalytic, calculating the yield of the

reaction proved problematic. If DMSO is considered the onlyreactant, and the major

products are116and dimethylsulfide, the simplest balanced equation can be represen-

ted as:

3(CH3)2SO→ (CH3)3S+CH3SO−3 + (CH3)2S

This reaction, which has not been reported, ignores the by-product of formadehyde

but otherwise accounts for the observations. A proposed mechanism is shown in

Scheme 7.5, where dimethylsulfide acts as an important intermediate as well as a fi-

nal product. The reaction is hypothesised to begin in a similar fashion to both the

Swern and Pfitzner-Moffatt oxidation reactions.[195,196] In these reactions, DMSO is

activated by reaction with an electrophile. Here, this electrophile is thought to be the

C2 carbon of the benzimidazolium salt. Two oxidations next occur sequentionally,

through the addition of DMSO followed by the ejection of dimethylsulfide. Methyl

methansulfonate is then eliminated from the benzimidazole, regenerating the catalyst,

diisopropylbenzimidazolium bromide. The final step, the transfer of a methyl group

from a methyl methanesulfonate to dimethylsulfide is a knownreaction, and reported

to occur very quickly under ambient conditions.[197]

The proposed mechanism accounts for both the stoichiometryof the reaction and the

evolution of dimethyl sulfide. One consideration of this mechanism is the role di-

methylsulfide plays, suggesting that the yield of the116 is dependent on the volatile

dimethylsulfide being continually re-introduced into the reaction mixture, requiring

efficient cooling of the vapour or a sealed system.

7.3 Epoxide formation

The synthesised116was noted to be structurally similar to reagents used in the Corey-

Chaykovsky epoxidation reaction (Scheme 7.6).[198] The two reagents typically used
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Scheme 7.5: Suggested mechanism for the synthesis of116.

are trimethyloxosulfonium iodide (119) and trimethylsulfonium iodide (120) , with the

latter considered the more reactive.[199]

S
R

O

R1 R R1

ONaH, DMSO

THF
I+

120

Scheme 7.6: General scheme for the Corey-Chaykovsky epoxidation

The synthesis of compound119 involves the reaction of methyl iodide with DMSO,

heated under reflux for 3 days. Compound120is synthesised by the reaction of methyl

iodide with dimethyl sulfide. While effective syntheses, these methods require the use

of methyl iodide, a known carcinogen as well as dimethyl sulfide (for compound120),

a noxious low boiling liquid. Reagents similar to synthesised compound116, namely

trimethylsulfonium methylsulfate have been shown to be active as epoxidation reagents

in both anhydrous and biphasic reactions, however the synthesis uses a combination of

dimethyl sulfide and highly toxic dimethyl sulfate.[200]

The reactivity of the synthesised compound116 in the Corey-Chaykovsky reaction

was assessed using acetophenone (Scheme 7.7). The reactionwas conducted first by
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deprotonation of trimethylfsulfonium with sodium hydride, with DMSO and THF as

solvents. After cooling to 0 °C, introduction of the carbonyl containing compound is

followed by allowing to warm to room temperature and the reaction stirred overnight.

Extraction with diethyl ether and purification via column chromatography produced

the desired epoxide in 68% yield.

S
O

O
O S

NaH, DMSO
THF

0 °C - RT, 24 h

O O

121 122

Scheme 7.7: General scheme for the Corey-Chaykovsky epoxidation

Further tests with different substrates were conducted, assummarised in Table 7.2. The

reagent proved to produce epoxides from conjugated and aliphatic ketones (entries 1, 3

and 4), as well as conjugated and aliphatic aldehydes (entries 2, 5 and 6) in equivalent

yields to trimethylsulfonium iodide.

7.4 Conclusions

It has been found that DMSO, while relatively inert under most conditions, can undergo

catalytic decomposition in the presence of a benzimidazolium salt. This possibility

should be considered in the synthetic procedures used to create new benzimidazole-

derived carbenes. The product of the decomposition, trimethylsulfonium methylsulfate,

proved to be a potentially useful and readily accessible reagent for the epoxidation of

carbonyl containing compounds.
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Table 7.2: Substrate testing for the Corey-Chaykovsky epoxidation with compound
116.

S
O

O
O S

NaH, DMSO
THF

0 °C - RT, 24 h

R

O

R1 R R1

O

123 124

Entry Substrate Epoxide Isolated Yield

1

O
O

(125)

68%

2

O
O

(126)

70%

3

O O
O O

(127)

81%

4
O

O

(128)

92%

5 O
O

(129)

75%
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Chapter 8

Experimental

8.1 General Methods

1-Bromo-4-phenoxybutane,[201,202] triphenylphosphine oxide, Ni(dppp)Cl2,[203] and

2-bromovinyl-p-anisole,[204] were all synthesised using literature techniques. All re-

actions were performed without precautions to exclude air or moisture unless otherwise

noted.

All reagents were purchased from commercial sources and used without further purifi-

cation unless otherwise mentioned. The analysis for total nitrogen, carbon, hydrogen

and sulfur was determined by Dr Thomas Rodemann, Universityof Tasmania, using

a Thermo Finnigan EA 1112 Series Flash Elemental Analyser orby Robert Herman,

Curtin University, using a Perkin Elmer 2400 CHNS/O Analyser.

Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker AV400N

(400.13 MHz for1H, 100.61 MHz for13C) spectrometer at 300 K.1H and13C chemical

shifts were referenced to the residual solvent resonances.All couping constants are

quoted in Hz. Infrared spectra were recorded using an attenuated total reflectance

Perkin Elmer Spectrum 100 FT-IR with a diamond stage.

Coupling reactions were analysed using an HP 5890A gas chromatograph with a flame

ionization detector (FID). UV-vis spectra were collected using Perkin– Elmer Lambda

35 spectrophotometer. Quoted peak maxima are for the range 350–700 nm.

Single crystal X-ray analysis was conducted by Professor Brian Skelton at the Uni-

versity of Western Australia. Crystallographic data for all structures is presented in
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the appendix. Crystallographic data for the structures were collected at 150(2) K on

an Oxford Diffraction Xcalibur diffractometer fitted with Mo Kα radiation. Follow-

ing analytical absorption corrections and solution by direct methods, the structure was

refined against F2 with full-matrix least-squares using theprogram SHELXL-97.[205]

Anisotropic displacement parameters were employed for thenon-hydrogen atoms. All

H-atoms were added at calculated positions and refined by useof a riding model with

isotropic displacement parameters based on those of the parent atom.

2,6-Di(benzimidazol-1-yl)pyridine (41)

N NN

N N
N
H

N

NCl Cl
+

NaH, DMF

80 °C, 12 h 
140 °C, 72 h 41

To a stirred suspension of sodium hydride (3.90 g, 162 mmol) in anhydrous DMF (100

mL), a solution of benzimidazole (18.2 g, 154 mmol) in anhydrous DMF (50 mL) was

added dropwise over 30 min at 0°C under nitrogen. The reaction was stirred for 1 h

at room temperature. 2,6-Dichloropyridine (2.23 g, 15 mmol) was then added in one

portion, and the reaction stirred at 60 °C for 12 h, then at 140°C for 72 h. The re-

action was then allowed to cool and poured into H2O (200 mL). The resulting light

brown solid, was collected by vaccuum filtration and recrystalised from isopropanol

(200 mL) to yield41 as a white powder (16.4 g, 85%).1H NMR (CDCl3): δ 7.41 (m,

4H, benzimidazole H5 and H6), 7.57 (d, 2H,J = 8, pyridyl H2), 7.90 (m, 2H, ben-

zimidazolyl H7), 8.10-8.13 (m, 3H, benzimidazolyl H3 and pyridyl H3), 8.66 (s, 2H,

benzimidazolyl H2).13C NMR (CDCl3): δ 111.3 (CH, pyridyl C3/C5), 113.1 (CH,

benzimidazolyl C4), 121.1 (CH, benzimidazolyl C7), 123.9 (CH, benzimidazolyl C5

or C6), 124.9 (CH, benzimidazolyl C6 or C5), 132.1 (C, benzimidazolyl C7a or C3a),

141.2 (CH, benzimidazolyl C2), 142.1 (CH, pyridyl C4), 145.0 (C, benzimidazolyl

C3a or C7a), 149.6 (C, pyridyl C2/C6). Characterisation data are consistent with the

previously reported compound.[136]
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2,6-Bis(3-butylbenzimidazol-1-ium)pyridine dibromide(42)

N NN

N N

N NN

N N
BuBu

2Br-

Bromobutane, DMF

100 °C, 24 h

41
42

A suspension of41 (4.0 g, 16 mmol) and butyl bromide (13.3 g, 124 mmol) in anhyd-

rous DMF (25 mL) was heated to 100 °C in a sealed flask for 24 h andallowed to cool

to room temperature. Diethyl ether (5 mL) was added to the reaction and the resulting

precipitate was collected by vaccuum filtration. The residue was washed with diethyl

ether (2× 10 mL) to yield42as a white powder (6.6 g, 79%).1H NMR (d6 DMSO):δ

1.01 (t,J = 5.6, 6H, 2× CH3), 1.53 (m, 4H, 2× CH2), 2.16 (m, 4H, 2× CH2), 4.92 (t,

J = 7.6, 4H, 2× NCH2), 7.73 - 7.88 (m, 4H, 2× benzimidazolyl H5 and H6), 7.87 (d,

J = 7.6, 2H, 2× benzimidazolyl H4 or H7), 8.59 (d, J = 7.6, 2H, 2× benzimidazolyl

H7 or H4) 8.64 (t, J = 8.0, 1H, pyridyl H4), 8.78 (d, J = 7.6, 2H, pyridyl H3), 10.93

(s, 2H, 2× benzimidazolyl H2).13C NMR (d6 DMSO): δ 13.6 (CH3), 19.9 (CH2),

31.4 (CH2), 48.3 (NCH2), 113.5 (CH, benzimidazolyl C4 or C7), 116.2 (CH, benzi-

midazolyl C7 or C4), 118.5 (CH, pyridyl C3/C5), 128.2 (CH, benzimidazolyl C5 or

C6), 129.3 (CH, benzimidazolyl C6 or C5), 129.4 (C, benzimidazolyl C7a), 131.8 (C,

benzimidazolyl C3a), 142.5 (CH, benzimidazolyl C2), 146.1(CH, pyridyl C4), 146.3

(C, pyridyl C2/C6). Characterisation data are consistent with the previously reported

compound.[136]

Dibromido[1,1’-(2,6-pyridyl)bis(3-n-butylbenzimidazolin-2-ylidene)]

nickel(II) (1)

N NN

N N
BuBu

2Br-

N NN

N N
Ni

Br BrBu Bu

Ni(OAc)2.4H2O, DMF

100 °C, 5 min

42 1

A solution of42 (1.0 g, 1.7 mmol) and nickel acetate tetrahydrate (680 mg, 2.7 mmol)

was heated to 100 °C in DMF (5 mL), the temperature held for 5 min and allowed to

cool. The resulting black precipitate was collected by vacuum filtration. The residue

was washed with dichloromethane (2× 5 mL) and methanol (2× 5 mL) to yield 1
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as a fine black powder (760 mg, 69%).1H NMR (CDCl3) δ 0.99 (t, J = 7.2, 6H,

CH3), 1.52 (m, 4H, 2× CH2), 1.92 (m, 4H, 2× CH2), 4.88 (t,J = 7.6, 4H, NCH2),

7.53 - 7.64 (m, 6H, 2× benzimidazolyl H5 and H6, benzimidazolyl H4 or H7), 7.91

(d, J = 8.4, 2H, pyridyl H3), 8.07 (d,J = 8, 2H, 2× benzimidazolyl H4 or H7), 8.57

(t, J = 8, 1H, pyridyl H4). 13C NMR (90 % CDCl3, 10% CD3OD) δ 13.5 (CH3),

19.9 (CH2), 32.3 (CH2), 46.6 (NCH2), 108.2 (CH, benzimidazolyl C4 or C7), 112.5

(CH, benzimidazolyl C7 or C4), 126.2 (CH, benzimidazolyl C6or C5), 127.2 (CH,

benzimidazolyl C6 or C5), 128.7 (C, benzimidazolyl C7a), 135.7 (C, benzimidazolyl

C3a), 147.2 (CH, pyridyl C4), 151.4 (C, 2× pyridyl C2), 169.4 (C, benzimidazolyl

C2). Characterisation data are consistent with the previously reported compound.[136]

Bromido[1,1’-(2,6-pyridyl)bis(3-n-butylbenzimidazolin-2-ylidene)]

nickel(II) hexafluorophosphate (51)

N NN

N N
Ni

Br BrBu Bu

N NN

N N

Bu Bu

Ni
Br

PF6
-

KPF6, MeOH

65 °C, 5 min

1 51

A solution of1 (175 mg, 0.27 mmol) and potassium hexafluorophosphate (300 mg, 1.6

mmol) in methanol (15 mL) was heated and allowed to reflux for 5min. The reaction

was allowed to cool and water (20 mL) was added. The precipitate was collected

and washed with methanol (10 mL) and diethyl ether (2× 10 mL). The material was

purified by recrystallisation from a solution of dichloromethanevia diffusion of diethyl

ether vapours to yield51 as orange crystals (116 mg, 60%).1H NMR (90% CDCl3,

10%d6 DMSO)δ 0.99 (t,J = 7.2, 6H, 2× CH3), 1.52 (m, 4H, 2× CH2), 1.92 (m, 4H,

2 × CH2), 4.88 (t,J = 7.6, 4H, NCH2), 7.53 - 7.64 (m, 6H, 2× benzimidazolyl H5 and

H6, benzimidazolyl H4 or H7), 7.91 (d,J = 8.4, 2H, pyridyl H3), 8.07 (d,J = 8, 2H, 2

× benzimidazolyl H4 or H7), 8.57 (t,J = 8, 1H, pyridyl H4).13C NMR (90% CDCl3,

10% d6 DMSO) δ 13.0 (CH3), 19.0 (CH2), 31.5 (CH2), 46.4 (NCH2), 107.6 (CH, 2

× pyridyl C3), 111.8 (CH, benzimidazolyl C4 or C7), 112.0 (CH,benzimidazolyl C7

or C4), 125.7 (CH, benzimidazolyl C5 or C6), 126.4 (CH, benzimidazolyl C6 or C5),

127.8 (C, benzimidazolyl C7a), 134.9 (C, benzimidazolyl C3a), 146.2 (CH, pyridyl

C4), 150.4 (C, 2× pyridyl C2), 169.2 (C, benzimidazolyl C2). Characterisation data
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are consistent with the previously reported compound.[136]

1,2-Dinitro-5,6-dimethoxybenzene (130)[142]

MeO

MeO

HNO3, H2O MeO

MeO

NO2

NO2

44 130

1,2-dimethoxybenzene (9 mL, 0.07 mol) was added to a ice coldsolution of conc

nitric acid (60 mL) and water (10 mL). The reaction was heatedto 70 °C for 2 h

and allowed to cool. The reaction was added to water (100 mL) and the resulting

yellow precipitate was collected by vacuum filtration. The solid was washed with

sat. bicarbonate solution (50 mL) and water (50 mL). Recrystallisation from ethanol

(250 mL) gave130 as yellow needles (12.0 g, 74.5%).1H NMR (CDCl3): δ 4.02

(s, 6H, OCH3), 7.34 (s, 2H, ArH). Spectra are consistent with previouslypublished

compound.[142,206]

5,6-Dimethoxybenzimidazole (47)

MeO

MeO

NO2

NO2
N
H

NMeO

MeO

i. N2H2.xH2O, 10% Pd/C
   EtOH

ii. Formic acid
130 47

Hydrazine hydrate (30% in H2O, 10 mL) was added dropwise to a suspension of

dinitrodimethoxybenzene (2.60 g, 11 mmol) and palladium oncarbon (10%, 100 mg)

in ethanol (50 mL) and then heated to reflux for 2 h under nitrogen. The reaction was

then cooled, filtered though celite and the solvent removedin vacuo. The residue was

then heated to reflux with formic acid (90%, 10 mL) for 2 h, whenit was allowed to

cool. Addition of potasssium carbonate (5 g) neutralised the reaction mixture. The

precipitate was collected and washed with water (2× 5 mL) to yield a gold coloured

powder (0.74 g, 36%).1H NMR (CDCl3): δ 3.90 (s, 6H, OCH3), 7.12 (s, 2H, 2 ×

benzimidazolyl H3/4), 7.96 (s, 1H, benzimidazolyl H2).13C NMR (CDCl3): δ 56.3

(OCH3), 97.8 () 131.2 139.0 147.3. Spectra are consistent with previously published

compound.[142,143]
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1,3-Bis(5,6-dimethoxybenzimidazol-1-yl)pyridine (48)

N NN

N N
N
H

N

NCl Cl
+

NaH, DMF

70 °C, 24 h 
140 °C, 24 h

MeO

MeO MeO

OMe

OMe

MeO

47 48

A solution of 5,6-dimethoxybenzimidazole (47) (2.0 g, 11 mmol) in dimethylformam-

ide (10 mL) was added dropwise to a cooled (ice-bath) suspension of sodium hydride

(60% dispersion in oil, 0.50 g, 12 mmol) in DMF (10 mL) under a nitrogen atmo-

sphere. The reaction mixture was warmed to room temperatureand stirred for 1 h and

then 2,6-dichloropyridine (0.68 g, 4.6 mmol) was added. Theresulting mixture was

then heated at 70 °C for 24 h, and then at 140 °C for a further 24 h. The mixture was

cooled and then diluted with water (20 mL). The resulting precipitate was collected,

washed with diethyl ether (2 × 10 mL) and recrystallised fromtoluene (~50 mL) to

produce a light pink powder (1.62 g, 65%).1H NMR (CDCl3): δ 3.77 (s, 6H, 2 ×

OCH3), 3.98 (s, 6H, 2 × OCH3), 7.35 (s, 2H, 2 × benzimidazolyl CH), 7.52 (d,J = 8.0,

2H, 2 × pyridyl H3 and H5), 7.81 (s, 2H, 2 × benzimidazolyl CH) 8.11 (t,J = 8.0, 1H,

pyridyl H4), 8.47 (s, 2H, 2 × benzimidazolyl CH).13C NMR (CDCl3) δ 56.3 (OCH3),

56.3 (OCH3), 96.7 (CH, benzimidazolyl C4 or C7), 102.4 (CH, benzimidazolyl C7 or

C4), 110.3 (CH, pyridyl C3/C5), 125.7 (C, benzimidazolyl C7a or C3a), 138.27 (C,

benzimidazolyl C3a or C7a), 139.1 (CH, benzimidazole C2), 141.9 (CH, pyridyl C4),

147.6 (C, benzimidazolyl C5 or C6), 148.2 (C, benzimidazolyl C6 or C5), 149.7 (C,

pyridyl C2/C6). Calc. for C23H21N5O4: C 64.03, H 4.91, N 16.23. Found C 63.99, H

4.78, N 16.08.

1,1’-(2,6-Pyridyl)bis(3-n-butyl-5,6-dimethoxybenzimidazolium)

dibromide (43)

N NN

N N
MeO

OMe

OMe

MeO
N NN

N N
MeO

OMe

OMe

MeO

Bu Bu
2Br-

Bromobutane, 
DMF

100 °C, 48 h

48 43

A mixture of 1-bromobutane (5.0 mL, 29 mmol) and48(0.84 g, 1.9 mmol) in DMF (10

mL) was sealed in a screw-capped flask and then heated at 100 °Cfor 48 h. The mixture
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was cooled and a precipitate was collected. The filtrate was diluted with diethyl ether

(50 mL) and the resulting precipitate collected. The solidswere combined, and then

recrystallised from 1-propanol (~10 mL) to afford a colourless powder (0.79 g, 57%).

1H NMR (CDCl3): δ 1.04 (t,J = 7.36 Hz, 6H, 2 × CH3), 1.56 (m, 4H, 2 × CH2), 2.14

(m, 4H, 2 × CH2), 4.03 (s, 6 H, OCH3), 4.10 (s, 6 H, OCH3), 4.86 (t,J = 7.34, 4H, 2

× NCH2), 7.17 (s, 2H, 2 × benzimidazolyl H4 or H7), 7.93 (s, 2H, 2 × benzimidazolyl

H7 or H4), 8.45 (t,J = 8.10, 1H, pyridyl H4), 8.66 (d,J = 8.12, 2H, 2 × pyridyl H3 and

H5), 11.88 (s, 2H, NCHN).13C NMR (CDCl3) δ 13.6 (CH3), 19.9 (CH2), 31.4 (CH2),

48.1 (NCH2), 57.0 (OCH3), 57.9 (OCH3), 94.6 (CH, benzimidazolyl C4 or C7), 97.3,

(CH, benzimidazolyl C7 or C4), 117.7 (CH, pyridyl C3/C5), 123.5 (C, benzimidazolyl

C7a), 125.7 (C, benzimidazolyl C3a), 139.7 (CH, benzimidazolyl C2), 146.1 (CH,

pyridyl C4), 146.4 (C, pyridyl C2/C6), 151.0 (C, benzimidazolyl C6 or C5), 151.6 (C,

benzimidazolyl C5 or C6). Calc. for C31H39Br2N5O4·0.5 CH3CH2CH2OH·1.5 H2O:

C 51.52, H 6.36, N 8.84. Found C 51.44, H 5.92, N 8.99.

Dibromido[1,1’-(2,6-pyridyl)bis(3-n-butyl-5,6-dimethoxy

benzimidazolin-2-ylidene)]nickel(II) (2)

N NN

N N
MeO

OMe

OMe

MeO

Bu Bu
2Br-

N NN

N N
Ni

Br BrBu Bu

Ni(OAc)2.4H2O, 
DMF

110 °C, 5 min

MeO

MeO

OMe

OMe

43 2

A mixture of nickel acetate tetrahydrate (0.52 g, 2.1 mmol) and 43 (1.0 g, 1.4 mmol)

in DMF (4 mL) was heated from room temperature to 110 °C over the course of ca.

10 min and then immediately allowed to cool. The resulting precipitate was collec-

ted, washed with diethyl ether (10 mL) and recrystallised from nitromethane (ca. 150

mL) to yield a purple fine crystalline solid (0.58 g, 54%).λ max/nm (ε/M−1cm−1)

[CH2Cl2] 462 (3332); [CH3OH] 455 (3597).1H NMR (90 % CDCl3, 10% CD3OD)

δ 0.99 (t,J = 7.2, 6H, 1H, pyridyl H4) CH3), 1.50 (m, 4H, 2 × CH2), 1.86 (m, 4H,

2 × CH2), 3.94 (s, 6H, OCH3), 4.14 (s, 6H, OCH3), 4.83 (t,J = 7.6, 4H, 2 × NCH2),

7.01 (s, 2H, benzimidazolyl H4 or H7), 7.68 (s, 2H, benzimidazolyl H7 or H4), 8.25

(d, J = 8.4, 2H, 2 × pyridyl H3 and H5), 8.74 (t,J = 8.4, 1H, pyridyl H4).13C NMR

(90 % CDCl3, 10% CD3OD) δ 13.8 (CH3), 19.9 (CH2), 32.4 (CH2), 47.0 (NCH2),
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57.4 (OCH3), 57.8 (OCH3), 95.0 (CH, benzimidazolyl C4 or C7), 95.9 (CH, benzim-

idazolyl C7 or C4), 108.9 (CH, pyridyl C3/C5), 122.4 (C, benzimidazolyl C7a), 129.2

(C, benzimidazolyl C3a), 147.7 (CH, pyridyl C4), 149.2 (C, benzimidazolyl C5 or C6)

149.7 (C, benzimidazolyl C6 or C5), 150.4 (C, pyridyl C2/C6)166.4 (C, C-Ni). Calc.

for C31H37Br2N5NiO4·H2O: C 47.72, H 5.04, N 8.98. Found C 47.63, H 5.12, N, 8.99.

Bromido[1,1’-(2,6-pyridyl)bis(3-n-butyl-5,6-dimethoxy

benzimidazolin-2-ylidene)]nickel(II) hexafluorophosphate (53)

N NN

N N
Ni

Br BrBu Bu

MeO

MeO

OMe

OMe
N NN

N N

Bu Bu

Ni
Br

PF6
-KPF6, MeOH

65 °C, 5 min

OMe

OMe

MeO

MeO

2 53

A mixture 2 (0.11 g, 0.17 mmol) and potassium hexafluorophosphate (60 mg, 0.33

mmol) in methanol (20 mL) was warmed for 5 min until an orange precipitate de-

veloped. The solid was collected, washed with water (5 mL) and diethyl ether (2 × 10

mL), and dried to afford an orange powder (0.10 g, 85%).λ max/nm (ε/M−1cm−1)

[CH2Cl2] 464 (3184).1H NMR (90% CDCl3, 10%d6 DMSO)δ 0.95 (t, J 7.2, 6H, 2 ×

CH3), 1.45 (m, 4H, 2 × CH2), 1.81 (m, 4H, 2 × CH2), 3.92 (s, 6H, OCH3), 3.97 (s, 6H,

OCH3), 4.76 (m, 4H, 2 × NCH2), 7.04 (s, 2H, 2 × benzimidazolyl H4 or H7), 7.42 (s,

2H, 2 × benzimidazolyl H7 or H4), 7.97 (d,J = 9.6, 2H, 2 × pyridyl H3 and H5), 8.40

(t, J = 8.4, 1H, pyridyl H4).13C NMR (90% CDCl3, 10%d6 DMSO) δ 13.0 (CH3),

18.8 (CH2), 31.5 (CH2), 45.9 (CH2), 55.8 (OCH3), 56.2 (OCH3), 94.2 (CH, benzim-

idazolyl C4 or C7), 94.6, (CH, benzimidazolyl C7 or C4), 107.3 (CH, pyridyl C3/C5),

121.5 (C, benzimidazolyl C7a or C3a), 128.6 (C, benzimidazolyl C3a or C7a), 146.0

(CH, pyridyl C4), 148.4 (C, benzimidazolyl C5 or C6), 148.8 (C, benzimidazolyl C6 or

C5), 150.1 (C, pyridyl C2/C6), 165.6 (C, C-Ni). Calc. for C31H37BrN5NiO4PF6·H2O:

C 44.05, H 4.65, N 8.29. Found C 44.04, H 4.61, N 8.26.
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Bromido[1,1’-(2,6-pyridyl)bis(3-n-butyl-5,6-dimethoxy

benzimidazolin-2-ylidene)]nickel(II) tetraphenylborate (54)

N NN

N N
Ni

Br BrBu Bu

MeO

MeO

OMe

OMe
N NN

N N

Bu Bu

Ni
Br

BPh4
-NaBPh4, MeOH

65 °C, 5 min

OMe

OMe

MeO

MeO

2 54

A mixture of2 (0.15 g, 0.19 mmol) and sodium tetraphenylborate (0.14 g, 0.40 mmol)

in methanol (10 mL) was warmed for 5 min. The mixture was then diluted with water

(10 mL) and the resulting precipitate was collected. The solid was washed with water

(10 mL) and methanol (10 mL) to afford an orange solid. The solid was recrystallised

by the diffusion of vapours between diethyl ether and a solution of the salt in dichloro-

methane to afford orange crystals (0.14 g, 71%).λ max/nm (ε/M−1cm−1) [CH3OH]

456 (3044).1H NMR (90% CDCl3, 10%d6 DMSO) δ 0.90 (t, 6H,J = 7.2, 2 × CH3),

1.41 (m, 4H, CH2), 1.79 (m, 4H, CH2), 3.82 (s, 6H, OCH3), 3.86 (s, 6H, OCH3), 4.72

(t, J = 7.6, 4H, NCH2), 6.66 (t, 4H,J = 7.0, 4 × BPh4 p-ArH), 6.79-6.85 (m, 10H, 8

× BPh4 m-ArH, 2 × benzimidazolyl C4 or C7), 7.08 (s, 2H, 2 × benzimidazolyl C4 or

C7), 7.13 (d,J = 8.3, 2H, pyridyl H3 and H5), 7.23 (br s, 8H, 8 × BPh4 o-ArH), 7.36

(t, J = 8.2, 1H, pyridyl H4).13C NMR (90% CDCl3, 10%d6 DMSO) δ 13.6 (CH3),

19.9 (CH2), 32.2 (CH2), 46.7 (CH2), 56.5 (OCH3), 56.9 (OCH3), 94.6 (CH, benzim-

idazolyl C4 or C7), 95.1 (CH, benzimidazolyl C7 or C4), 107.1(CH, pyridyl C3/C5),

121.5 (CH, BPh4 C4), 122.3 (C, benzimidazolyl C7a), 125.4 (CH, BPh4 C3/C5), 129.3

(C, benzimidazolyl Ca), 135.8 (CH, BPh4 C2/C6), 146.6 (CH, pyridyl C4), 149.2 (C,

benzimidazolyl C5 or C6), 149.6 (benzimidazolyl C6 or C5), 150.6 (C, pyridyl C2/C6),

163.8 (C, q,J = 49, BPh4 ipso-Ar) 166.6 (C, C-Ni). Calc. for C55H57BBrN5NiO4; C,

65.96; H, 5.74; N, 6.99. Found C, 66.26; H, 5.72; N, 6.89. Crystals suitable for X-ray

studies were grown by the diffusion of vapours between a solution diethyl ether and a

solution of the salt in dichloromethane.
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Dibromido[1,1’-(2,6-pyridyl)bis(3-n-octyllbenzimidazolin-2-ylidene)]

nickel(II) (50)

N NN

N N
OctOct

2Br-

N NN

N N
Ni

Br BrOct Oct

Ni(OAc)2.4H2O, DMF

100 °C, 10 min

49 50

A mixture of nickel acetate tetrahydrate (0.54 g, 2.2 mmol) and 49 (0.75 g, 1.1 mmol)

in DMF (6 mL) was heated from room temperature to 100 °C over the course of ca. 10

min and then immediately allowed to cool. Diethyl ether (10 mL) was added and the

reaction stirred for five minutes before the black precipitate was collected by vacuum

filtration. The residue was washed with diethyl ether (10 mL)to yield (50) as a fine

black powder (455 mg, 56%).λ max/nm (ε/M−1cm−1) [CH2Cl2] 538 (1600), 453

(3700); (CH3OH) 434 (2100), 392 (3500).1H NMR (90% CDCl3, 10% CD3OD) δ

0.90 (m, 6H, 2 × CH3), 1.25–1.37 (m, 16H, 8 × CH2), 1.61 (m, 4H, 2 × CH2), 2.10 (m,

4H, 2 × CH2), 4.82 (m, 4H, 2 × NCH2), 7.47–7.52 (m, 4H, benzimidazolyl H5 and H6),

7.53 (m, 2H, benzimidazolyl H7), 7.87 (d, J 8.4, 2H, pyridyl H3 and H5), 8.02 (m, 2H,

ben- zimidazolyl H4), 8.40 (t, J 8.4, 1H, pyridyl H4).13C NMR (90 % CDCl3, 10%

CD3OD) δ 13.9 (CH3), 22.5 (CH2), 26.5 (CH2), 29.1 (CH2), 29.1 (CH2), 30.0 (CH2),

31.7 (CH2), 47.8 (NCH2), 108.0 (CH, pyridyl C3/C5), 112.2 (CH, benzimidazolyl

C4 or C7), 112.5 (CH, benzimidazolyl C7 or C4), 125.9 (CH, benzimidazolyl C5 or

C6), 126.7 (CH, benzimidazolyl C6 or C5), 128.8 (C, bezimidazolyl C7a), 135.6 (C,

benzimidazolyl C3a), 145.8 (CH, pyridyl C4), 150.6 (C, pyridyl C2/C6), 171.9 (C,

C–Ni). Calc. for C35H47Br2N5: C 60.26, H 6.79, N 10.04. Found: C 59.97, H 6.77, N

9.81.

Bromido[1,1’-(2,6-pyridyl)bis(3-n-octylbenzimidazolin-2-ylidene)]

nickel(II) hexafluorophosphate (52)

N NN

N N
Ni

Br BrOct Oct

N NN

N N

Oct Oct

Ni
Br

PF6
-KPF6, MeOH

65 °C, 5 min

50 52
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A mixture of 50 (0.21 g, 0.27 mmol) and potassium hexafluorophosphate (0.60g, 3.2

mmol) in methanol (20 mL) was heated at reflux for 10 min. Water(60 mL) was added

and the mixture was heated for a further 5 min. The reaction was allowed to cooled

to room temperature. The resulting precipitate was collected by vacuum filtration and

washed with water (5 mL) then methanol (5 mL). Recrystallisation by the diffusion

of vapours between diethyl ether and a solution of the complex in dichloromethane

yielded (52) as orange needles (135 mg, 70%).λ max/nm (ε/M−1cm−1) [CH2Cl2]

432 (1714), 387 (2910); [CH3OH] 440 (1437), 394 (2391).1H NMR (90% CDCl3,

10% d6 DMSO) δ 0.57 (m, 6H, 2 × CH3), 1.0-1.21 (m, 20H, 10 x CH2), 1.65 (m,

4H, 2 × CH2), 4.60 (m, 4H, 2 × NCH2), 7.26-7.34 (m, 4H, benzimidazolyl H5 and

H6), 7.38 (d,J = 7.2, 2H, benzimidazolyl H4 or H7), 7.73 (d,J = 8.0, 2H, 2 × pyridyl

H3 and H5) 7.85 (d,J = 7.6, 2H, H7 or H4), 8.20 (t,J = 8.4, 1H, pyridyl H4).13C

NMR (90% CDCl3, 10% d6 DMSO) δ 13.4 (CH3), 21.7 (CH2), 25.8 (CH2), 27.4

(CH2), 28.3 (CH2), 29.6 (CH2), 30.8 (CH2), 46.7 (NCH2), 107.6 (CH, pyridyl C3/C5),

111.8 (CH, benzimidazolyl C4 or C7), 111.9 (CH, benzimidazolyl C7 or C4), 125.7

(CH, benzimidazolyl C5 or C6), 126.3 (CH, benzimidazolyl C6or C5), 128.0 (C,

benzimidazolyl C7a), 135.0 (C, benzimidazolyl C3a), 145.9(CH, pyridyl C4), 150.4

(C, pyridyl C2/C6), 169.8 (C, C-Ni). Calc. for C35H45BrN5NiPF6: C 47.72, H 5.04,

N 8.98. Found: C 51.31, H 5.54, N 8.55. Found: C 51.55, H 5.36, N, 8.42.

2,6-Bis(3-butyl-1,3-benzodiazol-2-one)pyridine (65)

N NN

N N
Bu Bu

2Br-

N NN

N N
Bu Bu

O O

NaOCl, NaOH

THF, RT, 10 min

42 65

Sodium hypochlorite (10 mL, 4% solution with 0.4% NaOH) was added to a suspen-

sion of benzimidazolium salt42 (100 mg, 0.17 mmol) in tetrahydrofuran and stirred

for 10 min. The reaction was then diluted with saturated sodium chloride solution (20

mL) and extracted with dichloromethane (2× 20 mL), dried on CaCl2 and the solvent

removed under reduced pressure. The residue was then purified via column chromatog-

raphy (ethyl acetate/pet spirits) to produce a white crystaline material (37 mg, 48%). IR
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(ATR, cm−1) ν̄max 1709 (CO).1H NMR (CDCl3): δ 1.01 (t,J = 7.6 Hz, 6H, 2 × CH3),

1.48 (m, 4H, 2 × CH2), 1.83 (m, 4H, 2 × CH2), 3.98 (t,J = 8.8 Hz, 4H, 2 × NCH2),

7.02 - 7.17 (m, 6H, 2 × benzimidazolyl H5 and H6, pyridyl H3/5), 8.03 - 8.13 (m, 5H,

2 × benzimidazolyl H4 and H7, pyridyl H4).13C NMR (CDCl3): δ 13.9 (CH3), 20.3

(CH2), 30.4 (CH2), 41.1 (NCH2), 107.7 (CH, pyridyl C3/C5), 113.8 (CH, benzimida-

zole C4 or C7), 114.3 (CH, benzimidazole C7 or C4), 121.9 (CH,benzimidazole C5

or C6), 122.8 (CH, benzimidazole C6 or C5), 125.6 (C, benzimidazole C7a), 129.8

(C, benzimidazole C3a), 140.4 (CH, pyridyl C4), 148.7 (C, pyridyl C2/C6), 153.1 (C,

C=O). Calc. for C27H29N5O2·0.5H2O: C 69.80, H 6.51, N 15.08. Found C 69.65, H

6.65, N 14.73.

2,6-Bis(3-butyl-5,6-dimethoxy-1,3-benzodiazol-2-one)pyridine (69)

N NN

N N
MeO

OMe

OMe

MeO

Bu Bu
2Br-

N NN

N N
Bu Bu

MeO

MeO

OMe

OMe
O O

NaOCl, NaOH

THF, RT, 10 min

43 69

Sodium hypochlorite (10 mL, 4% solution with 0.4% NaOH) and water (20 mL) was

added to a suspension of benzimidazolium salt43 (100 mg, 0.15 mmol) in tetrahydro-

furan (10 mL) and stirred for 15 min. The organic layer was removed under reduced

pressure and the residue was then diluted with saturated sodium chloride solution (20

mL) and extracted with dichloromethane (2× 20 mL). The organic layer was then dried

on CaCl2, the solvent removed under reduced pressure and the remaining solid puri-

fied via column chromatography (ethyl acetate/pet spirits)to produce a white crystaline

material (42 mg, 48%). IR (ATR, cm−1) ν̄max1700 (CO).1H NMR (CDCl3): δ 1.00 (t,

J = 7.2 Hz, 6H, 2 × CH3), 1.45 (m, 4H, 2 × CH2), 1.80 (m, 4H, 2 × CH2), 3.50 (s, 6H,

2 × OCH3), 3.91 (m, 10H, (s, 2 × OCH3, 2 × NCH2), 6.65 (s, 2H, 2 × benzimidazolyl

H7), 7.82 (s, 2H, 2 × benzimidazolyl H4), 8.00 (t, J = 8.0 Hz, 1H, pyridyl H4), 8.11

(d, J = 8.0 Hz, 2H, pyridyl H3/5).13C NMR (CDCl3): δ 13.9 (CH3), 20.3 (CH2), 30.5

(CH2), 41.2 (NCH2), 56.5 (OCH3), 57.2 (OCH3), 94.2 CH, (benzimidazole C7), 100.4

(CH, benzimidazole C4), 113.6 (CH, pyridyl C3), 120.6 (C, benzimidazole C7a), 123.1

(C, benzimidazole C3a), 140.6 (CH, pyridyl C4), 145.0 (C, benzimidazole C5 or C6),

146.0 (C, benzimidazole C6 or C5), 148.7 (C, pyridyl C2/6), 153.2 (C, C=O).
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Kumada coupling typical procedure

Grignard reagent (1.5 mL, 1 M in tetrahydrofuran) was added to a mixture of aryl

halide (1 mmol), nickel complex (5 mol%, 0.05 mmol) and bis(ethyleneglycol) dibutyl

ether (45 mg) in an argon purged tube. The reaction was heatedat 30 °C for 24 h in

a Radleys parallel synthesizer. After cooling the reactionmixtures was quenched with

HCl (2 mL, 1 M) and extracted with ethyl acetate (2 × 5 mL) and dried with CaCl2.

Product yields were determined by GC.

Suzuki coupling typical procedure

A combination of nickel catalyst (0.05 mmol), potassium phosphate (127 mg, 0.6

mmol), triphenylphosphine (26 mg, 0.01 mmol) and phenylboronic acid (122 mg, 1

mmol) were weighed into a tube and purged with nitrogen. THF (2 mL, freshly dis-

tilled from sodium and benzophenone in a nitrogen atmosphere) and the aryl halide

(0.5 mmol) were added, and the reaction was heated at reflux for 24 h in a Radleys par-

allel synthesizer under a nitrogen atmosphere. The reaction was then cooled, quenched

with sodium carbonate solution (2 mL, 1 M) and extracted withpetroleum spirits (3×

2 mL). The solvent was dried over CaCl2 and removed under reduced pressure.

1-Isopropylbenzimidazole (79)

N

H
N

Br

K2CO3, Acetonitrile
82 °C, 24 h

N

N

79

A solution of benzimidazole (2.6 g, 22 mmol), potassium carbonate (6.6 g, 48 mmol)

and isopropylbromide (3.1 g, 25 mmol) in acetonitrile (20 mL) was heated to reflux

for 24 h. The reaction was then cooled, the solvent removed invacuo and the residue

extracted with dichloromethane (25 mL). The solvent was once again removed to pro-

duce a dark oil which was purified by flash chromatography (ethyl acetate) to yield a

light yellow oil (2.0 g, 56%).1H NMR (CDCl3): δ 1.59 (d,J = 4.8, 6H, 2× CH3),

4.60 (sept.,J = 6.5, 1H, CH(CH3)2), 7.26 (m, 2H, benzimidazolyl H5 and H6), 7.39

(m, 1H, benzimidazolyl H4 or H7), 7.79 (m, 1H, benzimidazolyl H7 or H4), 7.96 (s,
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1H, benzimidazolyl H2).13C NMR (CDCl3): δ 22.6 (CH3), 47.7 (CH), 110.1 (CH,

benzimidazolyl C4 or C7), 120.5 (CH, benzimidazolyl C4 or C7), 122.0 (CH, benz-

imidazolyl C5 or C6), 122.6 (CH, benzimidazolyl C6 or C5), 133.3 (C, benzimida-

zolyl C7a), 140.2 (CH, benzimidazolyl C2), 144.1 (C, benzimidazolyl C3a). Spectra

matches previously published compound.[207]

1,3-Diisopropylbenzimidazolium bromide (81)

N+

N
Br-

N

H
N

Br

K2CO3, Acetonitrile
60 - 75 °C, 1 week

81

A solution of acetonitrile (20 mL) containing benzimidazole (5.0 g, 42 mmol), potas-

sium carbonate (6.4 g, 46 mmol) and isopropyl bromide (7.6 g,62 mmol) was heated

at 60 °C for 6 days followed by 75 °C for one day. The reaction was cooled and

the solvent removed in vacuo and the residue dissolved in ethanol (150 mL) and fil-

tered. Evaporation of the solvent and trituration with ethyl acetate (150 mL) afforded a

white hygroscopic powder (4.31 g, 36%) that was collected byfiltration. 1H NMR (d6

DMSO): δ 1.65 (d, J = 6.8, 12H, 4 × CH3), 5.08 (sept, J = 6.8, 2H, 2 × CH(CH3)2),

7.68 (m, 2H, 2 × benzimidazolium H4), 7.39 (m, 2H, 2 × benzimidazolium H5), 9.88

(s, 1H, benzimidazolium H2).13C NMR (d6 DMSO): δ 21.6 (CH3, 4 × CH(CH3)2),

50.8 (CH, 2 × CH(CH3)2), 114.1 (CH, 2 × benzimidazolium C4 or C5), 126.5 (CH, 2

× benzimidazolium C5 or C4), 130.6 (C, 2 × benzimidazolium C7a), 139.1 (CH, 2 ×

benzimidazolium C2). Spectra are comparable to previouslypublished compound.[171]

1-Isopropyl-5,6-dimethoxybenzimidazole (80)

N

H
N

Br

K2CO3, Acetonitrile
82 °C,48 h

N

NMeO

MeO

MeO

MeO
47 80

Dimethoxybenzimidazole (47) (2.0 g, 11 mmol) and potassium carbonate (1.7 g, 12

mmol) were stirred in acetonitrile (10 mL) for 1 h, when isopropyl bromide (2.8 g,

22 mmol) was added. The reaction was then heated to reflux for 2days. The solvent
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was removed in vacuo and the residue was extracted with dichloromethane (50 mL).

Evaporation of the solvent and purification by flash chromatography (ethyl acetate)

produced a colourless oil (1.2 g, 48%).1H NMR (CDCl3): δ 1.58 (d, J = 6.8, 6H, 2

× CH3), 3.91 (s, 3H, OCH3), 3.92 (s, 3H, OCH3), 4.53 (sept, J = 6.8, 1H, CH(CH3)2),

6.83 (s, 1H, benzimidazolyl H4), 7.26 (s, 1H, benzimidazolyl H7), 7.82 (s, 1H, ben-

zimidazolyl H2). 13C NMR (CDCl3): δ 22.7 (CH3), 47.6 (CH), 56.3 (OCH3), 56.5

(OCH3), 93.0 (CH, benzimidazolyl C4), 102.3 (CH, benzimidazolylC7), 127.0 (C,

benzimidazolyl C7a) 137.7 (C, benzimidazolyl C3a), 138.5 (CH, benzimidazolyl C2),

146.8 (C, benzimidazolyl C5 or C6), 147.3 (C, benzimidazolyl C6 or C5). Calc. for

C12H16N2O2: C 65.43, H 7.32, N 12.72. Found C 65.24, H 7.15, N 12.56.

1,3-Diisopropyl-5,6-dimethoxybenzimidazolium bromide(82)

Br

DMF
70 °C, 96 h

N

NMeO

MeO N+

N
Br-

MeO

MeO
80

82

A solution of 1-isopropyl-5,6-dimethoxybenzimidazole80 (100 mg, 4.5 mmol) and

isopropyl bromide (0.77 g, 6.2 mmol) was heated to 70 °C for 4 days in dimethylfor-

mamide (2 mL). The solution was then cooled and triturated with ethyl acetate (5 mL)

and sonicated for 5 minutes. The resulting powder was filtered off and stirred for 30

min in ethanol (20 mL) containing potassium carbonate (20 mg). Upon filtration of the

solution and evaporation of the solvent a white hygroscopicpowder was obtained (108

mg, 69%).1HNMR (d6 DMSO): δ 1.61 (d, J = 6.4, 12H, 4 × CH3), 3.92 (s, 6H, 2 ×

OCH3), 5.05 (sept, J = 6.8, 2H, 4 × CH(CH3)2), 7.62 (s, 2H, 2 × benzimidazolyl H4),

9.64 (s, 1H, benzimidazolyl H2).13CNMR (d6 DMSO): δ 21.8 (CH3), 56.6 (OCH3),

95.7 (CH, benzimidazolyl C4), 124.5 (C, benzimidazolyl 2 × C7a), 135.7 (CH, benz-

imidazolyl C2), 149.6 (C, benzimidazolyl 2 × C5). Calc. for C15H23BrN2O2: C 52.48

H 6.75, N 8.16. Found C 51.97, H 6.96, N 8.26.
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Di-µ-bromobis(1,3-diisopropylbenzimidazolin-2-ylidene)

di-bromodipalladium(II) (77)

N

N
Pd Br
Br Pd

Br

Br

N

N
N+

N
Br-

Pd(OAc)2

NaBr

DMSO
70 °C, 96 h

81
77

Diisopropylbenzimidazolium bromide (170 mg, 0.60 mmol), palladium acetate (134

mg, 0.60 mmol) and sodium bromide (250 mg, 2.4 mmol) was addedto dimethyl-

sulfoxide (5 mL) in a screw top vial and heated to 90 °C for 24 h.The solvent

was then removed under reduced pressure, the residue extracted with dichloromethane

(20 mL), washed with water (3 x 10 mL) and dried with calcium chloride. The sol-

vent was then evaporated and the residue was purified via diffusion recrystalisation

(dichloromethane:ether) to produce orange crystals (170 mg, 60%).1H NMR (CDCl3):

δ 1.82 (d, J = 7.2, 24H, 8 × CH(CH3)2)), 6.54 (sept, J = 6.8, 4H, 4 × CH(CH3)2), 7.26

(m, 4H, 4 × benzimidazolyl H4), 7.59 (m, 4H, 4 × benzimidazolyl H5). 13C NMR

(CDCl3): δ 20.9 (CH3), 21.6 (CH3), 55.0 (CH), 113.0 (CH, 4 × benzimidazolyl C4 or

C5), 123.0 (CH, 4 × benzimidazolyl C5 or C4), 133.5 (C, 4 × benzimidazolyl C7a),

156.6 (C, 2 × benzimidazolyl C2). Spectra match previously published compound.[171]

trans-Dibromo(1,3-diisopropylbenzimidazolin-2-ylidene)

(5,6-dimethoxy-diisopropylbenzimidazolin-2-ylidene)palladium(II)

(84)

N+

NMeO

MeO
N

N
Pd
Br

Br

Br-

N

N OMe

OMe
N

N
Pd Br
Br Pd

Br

Br

N

N
Ag2O, DCM

RT, 2 h
+

77
82

84

Complex77 (80 mg, 0.085 mmol), 1,3-diisopropyl-5,6-dimethoxybenzimidazolium

bromide82 (56 mg, 0.16 mmol) and silver oxide (25 mg, 0.11 mmol) was stirred in

dichloromethane (10 mL) in absence of light for 24 h. The reaction was filtered through

celite, and concentrated to 2 mL under reduced pressure and triturated with diethyl
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ether (5 mL) to produce an orange powder (94 mg, 79%).1H NMR (CDCl3): δ 1.84

(m, 24H, 8 × CH3), 3.94 (s, 6H, 2 × OCH3), 6.16 (sept, J = 7.2, 2H, 2 × methoxybenz-

imidazolyl CHCH3), 6.25 (sept, J = 7.2, 2H, 2 × benzimidazolyl CHCH3), 7.04 (s, 2H,

2 × methoxybenzimidazolyl H4), 7.22 (m, 2H, 2 × benzimidazolyl H4), 7.56 (m, 2H, 2

× benzimidazolyl H5).13C NMR (CDCl3): δ 21.3 (CH3, 2 × CHCH3), 21.4 (CH3, 2 ×

CHCH3), 53.7 (CH, 2 × CHCH3), 54.0 (CH, 2 × CHCH3), 56.9 (CH3, 2 × OCH3), 96.5

(CH, methoxybenzimidazolyl C4), 112.7 (CH, 2 × benzimidazolyl C5), 122.1 (CH, 2

× benzimidazolyl C4), 127.6 (C, 2 × methoxybenzimidazolyl C7a), 133.8 (C, 2 × ben-

zimidazolyl C7a), 146.2 (C, 2 × methoxybenzimidazolyl C5),176.6 (C, methoxybenz-

imidazolyl C2), 180.1 (C, benzimidazolyl C2). Calc. for C28H40Br2N4O2Pd: C 46.01,

H 5.52, N 7.67. Found C 45.81, H 5.60, N 7.57. Crystals suitable for X-ray diffraction

were grown from a diffusion of vapours between diethyl etherand dichloromethane.

trans-Dibromo(1,3-diisopropylbenzimidazolin-2-ylidene)

(1-isopropylbenzimidazole)palladium(II) (86)

N

N

N

N
Pd
Br

Br
N

NDCM

RT, 2 h
+ N

N
Pd Br
Br Pd

Br

Br

N

N

79
77 86

A solution of isopropylbenzimidazole (17 mg, 0.11 mmol) in dichloromethane (5 mL)

was added to a solution of complex77 (50 mg, 0.053 mmol) in dichloromethane (5

mL) and stirred for 2 h. The reaction was then concentrated to2 mL under reduced

pressure and precipitated via vapour diffusion of ether to yield yellow crystals (42

mg, 63%).1H NMR (CDCl3): δ 1.65 (d, J = 6.8, 6H, 2 × benzimidazole CH3), 1.84

(d, J = 7.2, 6H, 2 × benzimidazolyl CH3), 4.65 (sept, J = 6.8, 1H, benzimidazole

CH(CH3)2), 6.50 (sept, J = 7.2, 2H, 2 × benzimidazolyl CH(CH3)2), 7.21 (m, 2H, 2 ×

benzimidazolyl H4), 7.39 (m, 3H, 3 × benzimidazole H4, H5 andH6), 7.59 (m, 2H,

2 × benzimidazolyl H5), 8.48 (s, 1H, benzimidazole H2), 8.54(m, 1H, benzimidazole

H7). 13C NMR (CDCl3): δ 20.8 (CH3, 4 × benzimidazolyl CH3), 22.6 (CH3, 2 × ben-

zimidazole CH3), 48.8 (CH, benzimidazole CH(CH3)2), 54.6 (CH, 2 × benzimidazolyl

CH(CH3)2), 110.5 (CH, benzimidazole C5), 112.7 (CH, 2 × benzimidazolyl C5), 121.9
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(CH, benzimidazole C6), 122.3 (CH, 2 × benzimidazolyl C4), 123.2 (CH, benzimida-

zole C4), 123.9 (CH, benzimidazole C7), 132.6 (C, benzimidazole C7a), 133.7 (C, 2 ×

benzimidazolyl C7a), 141.3 (C, benzimidazole C3a), 142.5 (CH, benzimidazole C2),

162.0 (C, benzimidazolyl C2). Calc. for C23H30Br2N4Pd·C4H10O: C 45.10, H 5.74, N

7.97. Found C 44.91, H 5.21, N 7.74.

trans-Dibromo(1,3-diisopropylbenzimidazolin-2-ylidene)

(1-isopropyl-5,6-dimethoxybenzimidazole)palladium(II) (87)

N

N

N

N
Pd
Br

Br
N

N
DCM

RT, 2 h
+ N

N
Pd Br
Br Pd

Br

Br

N

N
MeO

MeO

MeO
OMe80

77
87

A solution of isopropyldimethoxybenzimidazole (23 mg, 0.10 mmol) in dichloromethane

(5 mL) was added to a solution of complex77(50 mg, 0.053 mmol) in dichloromethane

(5 mL) and stirred for 2 h. The reaction was then concentratedto 2 mL under re-

duced pressure and precipitated via vapour diffusion of ether to yield yellow crystals

(47 mg, 65%). 1H NMR (CDCl3): δ 1.62 (d, J = 6.8, 6H, 2 × methoxybenzimi-

dazole CH(CH3)2), 1.83 (d, J = 7.2, 12H, 4 × benzimidazolyl CH(CH3)2), 3.94 (s,

3H, methoxybenzimidazole OCH3), 4.00 (s, 3H, methoxybenzimidazole OCH3), 4.55

(sept, J = 6.8, 1H, methoxybenzimidazole CH(CH3)2), 6.49 (sept, J = 7.2, 2H, 2 ×

benzimidazolyl CH(CH3)2), 6.78 (s, 1H, methoxybenzimidazole H4), 7.21 (m, 2H, 2

× benzimidazolyl H4), 7.59 (m, 2H, 2 × benzimidazolyl H5), 8.14 (s, 1H, methoxy-

benzimidazole H7), 8.34 (s, 1H, methoxybenzimidazole H2).13C NMR (CDCl3):

δ 20.8 (CH3, 2 × benzimidazolyl CH(CH3)2), 22.6 (CH3, methoxybenzimidazole

CH(CH3)2), 48.6 (CH, methoxybenzimidazole CH(CH3)2), 54.5 (CH, 2 × benzimi-

dazolyl CH(CH3)2), 56.4 (CH3, methoxybenzimidazole OCH3), 56.6 (CH3, methoxy-

benzimidazole OCH3), 92.8 (CH, methoxybenzimidazole C4), 102.2 (CH, methoxy-

benzimidazole C7), 112.7 (CH, 2 × benzmidazolyl C5), 122.3 (CH, 2 × benzimidazolyl

C4), 126.3 (C, methoxybenzimidazole C7a or C3a), 133.7 (C, 2× benzimidazolyl

C7a), 135.3 (C, methoxybenzimidazole C3a or C7a), 140.8 (CH, methoxybenzimida-

zole C2), 147.1 (C, methoxybenzimidazole C5 or C6), 148.1 (C, methoxybenzimida-
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zole C6 or C5), 162.0 (C, benzimidazolyl C2). Calc. for C25H34Br2N4O2Pd·H2O: C

41.42, H 5.28, N 7.73. Found C 41.18, H 5.29, N 7.33.

Di-µ-bromobis(1,3-diisopropyl-5,6-dimethoxybenzimidazolin-2-

ylidene)di-bromodipalladium(II) (83)

N

N
Pd Br
Br Pd

Br

Br

N

N OMe

OMe

MeO

MeON+

NMeO

MeO
Br-

Pd(OAc)2

NaBr

DMSO
90 °C, 24 h

82 83

Diisopropyldimethoxybenzimdazolium bromide82(50 mg, 0.14 mmol), palladium ac-

etate (33 mg, 0.14 mmol) and sodium bromide (60 mg, 0.58 mmol)were suspended in

dimethylsulfoxide (2 mL) and heated in a sealed vessel at 90 °C for 24 h. The reaction

was then cooled and the solvent removed under reduced pressure. The residue was then

extracted into dichloromethane (30 mL), washed with water (4 × 10 mL) and dried with

calcium chloride. Purification via diffusion recrystalisation (dichloromethane:ether)

yielded fine orange crystals (60 mg, 78%).1H NMR (CDCl3): δ 1.80 (d, J = 6.8, 24H,

4 × CH(CH3)2), 3.94 (s, 12H, OCH3), 6.47 (sept, J = 6.8, 4H, 4 × CH(CH3)2), 7.00 (s,

4H, 4 × benzimidazolyl H4).13C NMR (CDCl3): δ 20.9 (CH3, 2 × CH(CH3)2), 12.3

(CH3, 2 × CH(CH3)2), 54.6 (CH, 4 × CHCH3), 56.9 (CH3, 4 × OCH3), 96.4 (CH, 4 ×

benzimidazolyl C4), 127.5 (C, 4 × benzimidazolyl C7a), 146.8 (C, 4 × benzimidazolyl

C5), 151.7 (C, 2 × benzimidazolyl C2). Calc. for C30H44Br4N4O4Pd2·CHCl3: C 32.5,

H 3.49, N 4.55. Found C 32.50, H 3.49, N 4.55. Crystals suitable for X-ray diffraction

were grown from a diffusion of vapours between diethyl etherand chloroform.

2,6 Dichloropyridine-N-oxide (90)

N ClCl
O

N ClCl

H2O2

TFAA, 
100 °C, 24 h

90

Synthesised following literature procedure by Wanget al.[208] Hydrogen peroxide (20

mL, 30% in H2O) was added slowly to a solution of 2,6-dichloropyridine (3.0 g, 20

mmol) in trifluroacetic acid (20 mL) and heated at reflux for 24hr. The reaction was
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then cooled, concentrated under reduced pressure to 5 mL andpartitioned between sat-

urated sodium carbonate solution (40 mL) and dichloromethane (20 mL). The organic

phase was then washed with sodium carbonate solution (20 mL), dried with CaCl2

and the solvent removed under reduced pressure. The crude product was purifiedvia

column chromatography (ethyl acetate/pet spirits) to yield a white crystalline material

(1.08 g, 32%).1H NMR (CDCl3): δ 7.11 (t, J = 8 Hz, 1H, H4), 7.45 (d, J = 8 Hz, 2H,

H3/5). 13C NMR (CDCl3): δ 123.0 (CH), 124.6 (CH), 143.8 (CCl).

2,6 Dibromopyridine-N-oxide (131)

N BrBr

O
N BrBr

H2O2

TFAA, 
100 °C, 24 h

131

Synthesised following literature procedure by Evanset al.[209] Hydrogen peroxide (3

mL, 30% in H2O) was added slowly to a solution of 2,6 dibromopyridine (1.5g, 6.3

mmol) in trifluroacetic acid (20 mL) and heated at reflux for 24hr. The reaction was

then cooled, concentrated under reduced pressure to 5 mL andpartitioned between sat-

urated sodium carbonate solution (40 mL) and dichloromethane (20 mL). The organic

phase was then washed with sodium carbonate solution (20 mL), dried with CaCl2

and the solvent removed under reduced pressure. The crude product was purifiedvia

column chromatography (ethyl acetate/pet spirits) to yield a white crystalline material

(0.75 g, 46%).1H NMR (CDCl3): δ 6.92 (t, J = 8 Hz, 1H, H4), 7.64 (d, J = 8 Hz, 2H,

H3/5). 13C NMR (CDCl3): δ 125.0 (CH), 129.7 (CH), 133.7 (CBr).

2,6 Dichloro-4-nitropyridine (91)

H2SO4, HNO3

90 °C, 4 h
N ClCl
O

NO2

N ClCl
O

90 91

Synthesised following literature procedure by Heemstra and Moore[177] To a stirred

solution of 2,6-dichloropyridine-N-oxide,90 (870 mg, 5.3 mmol) in sulfuric acid (10

mL), nitric acid (8 mL) dissolved in sulfuric acid (10 mL) wasadded dropwise. The

reaction was then heated at 90 °C for 4 h, cooled and poured onto H2O (100 mL).
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The resulting solid was collected and wasted with H2O (2 × 10 mL) and purified via

column chromatography (ethyl acetate/pet spirits) to yield a yellow crystalline material

(416 mg, 37%).1H NMR (CDCl3): δ 8.32 (s, 2H, H3/5).

2,6 Dichloro-4-aminopyridine (132)

N ClCl

NH2

Fe, AcOH
 

RT, 24 hN ClCl
O

NO2

91 132

Iron powder (2.2 g, 39 mmol) was added portionwise to nitro pyridine, 91 (2.33 g,

11.2 mmol) dissolved in acetic acid (20 mL) and left to stir for 24 h. The reaction was

poured onto water (20 mL), made basic with saturated Na2CO3 solution and extracted

with dichloromethane (3 × 20 mL). The organic phase was washed with water (20

mL), dried over CaCl2 and the solvent removed under reduced pressure to yield a light

orange powder (1.11 g, 61%).1H NMR (CDCl3): δ 6.50 (s, 2H, ArH), 6.75 (s, 2H,

NH2). 13C NMR (CDCl3): δ 106.5 (CH), 149.2 (C, CCl), 158.6 (C, CNH2). Spectra

are consistent with previously published compound.[180]

2,6 Dichloro-4-pyridinol (133)

N ClCl

NH2
NaNO2, H2SO4

H2O, 100 °C, 10 min
N ClCl

OH

132 133

Amino pyridine,132(250 mg, 1.5 mmol) was dissolved in aqueous sulfuric acid (50%,

20 mL) and cooled on ice. Sodium nitrite (150 mg, 2.2 mmol) dissolved in water (5

mL) was added portionwise over 10 min, after which sulfuric acid (98%, 10 mL) was

added and the reaction heated at 100 °C for 10 min. The reaction was then made

slightly basic with saturated Na2CO3 solution and extracted with dichloromethane (2

× 20 mL). The organic phase was dried over CaCl2 and the solvent removed under

reduced pressure to yield an orange powder (128 mg, 51%).1H NMR (CDCl3): δ 6.69

(s, 2H, ArH) (OH not present).13C NMR (CDCl3): δ 110.8 (CH, CH), 149.9 (C, CCl),

167.9 (C, COH). Spectra are consistent with previously published compound.[210]
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2,6 Dichloro-4-methoxypyridine (97)

N ClCl

OH

N ClCl

OMe
MeI, K2CO3

ACN, 100 °C, 24 h

133 97

Methyl iodide (0.85 g, 6 mmol) was added to a suspension of hydroxy pyridine,133

(115 mg, 0.6 mmol) and sodium carbonate (0.63 g, 6 mmol) in acetonitrile (20 mL)

and heated at 60 °C for 24 h. The reaction mixture was then evaporated under reduced

pressure, the residue taken up in dichloromethane and filtered. An orange powder (105

mg 85%) was yielded upon removal of the solid under reduced pressure.1H NMR

(CDCl3): δ 3.87 (s, 3H, OCH3), 6.79 (s, 2H, ArCH).13C NMR (CDCl3): δ 56.3

(CH3), 109.3 (CH), 151.5 (C, CCl), 168.7 (C, COCH3). Spectra are consistent with

previously published compound.[211]

2,6-Bis(3-allylbenzimidazol-1-ium)pyridine dibromide(99)

N NN

N N

N NN

N N2Br-
 DMF

70°C, 48 h

Br

41
99

A solution of 2,6-di(benzimidazol-1-yl)pyridine (41) (1.0 g, 3.2 mmol) and allyl brom-

ide (5 mL, 30 mmol) in DMF (20 mL) was heated at 70 °C for 2 days. The reaction

was cooled, and triturated with diethyl ether (20 mL). The produced solid was filtered

off and washed with diethyl ether (2 × 10 mL) to yield a white powder (1.10 g, 63%).

1H NMR (d6 DMSO): δ 5.41 (d, J = 5.9 Hz, 4H, 2 × NCH2), 5.50 (dd, J = 10.3, 1.1

Hz, 2H, cis-C=CH2), 5.63 (dd, J = 17.2, 1.2 Hz, 2H,trans-C=CH2), 6.24 (ddt, J =

16.2, 10.3, 5.9 Hz, 2H, CH=CH2), 7.70 – 7.86 (m, 4H, 4× benzimidazolyl H5 and

H6), 8.18 (d, J = 8.0 Hz, 2H, 2× benzimidazolyl H4 or H7), 8.40 (d, J = 8.1 Hz, 2H, 2

× pyridyl H3), 8.48 (d, J = 8.1 Hz, 2H, 2× benzimidazolyl H7 or H4), 8.77 (t, J = 8.1

Hz, 1H, pyridyl H4), 10.88 (s, 2H, 2× benzimidazolyl H2).13C NMR (d6 DMSO):

δ 49.5 (CH2, allyl C3), 114.5 (CH, benzimidazolyl C4 or C7), 115.8 (CH, benzim-

idazolyl C7 or C4), 118.0 (CH, pyridyl C3/C5), 121.2 (CH, allyl C2), 127.4 (CH,

benzimidazolyl C5 or C6), 127.9 (CH, benzimidazolyl C5 or C6), 129.6 (CH, benzi-

midazolyl C6 or C5), 130.5 (C, benzimidazolyl C7a), 131.4 (C, benzimidazolyl C3a),
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143.1 (CH, benzimidazolyl C2), 144.5 (CH, pyridyl C4), 146.3 (C, pyridyl C2/C6).

Calc. for C25H23Br2N2: C 54.27, H 4.19, N 12.66. Found C 54.01, H 4.02, N 12.59.

Dibromido[1,1’-(2,6-pyridyl)bis(3-n-allylbenzimidazolin-2-ylidene)]

nickel(II) (100)

N NN

N N
Ni

Br Br

N NN

N N2Br-

Ni(OAc)2.4H2O, DMF

120 °C, 10 min

99 100

A mixture of nickel acetate tetrahydrate (120 mg, 0.48 mmol)and99 (150 mg, 0.27

mmol) in DMF (4 mL) was heated from room temperature to 120 °C over the course

of ca. 10 min and then immediately allowed to cool. The precipitate was collectedvia

vaccuum filtration and washed with water (2× 5 mL) and THF (2× 5 mL) to afford

a black powder (157 mg, 93%). Calc. for C25H21Br2N5Ni⋅H2O: C 47.81, H 3.69, N

11.15. Found C 47.84, H 3.78, N 11.06.

1,1’-(2,6-Pyridyl)bis(3-n-butylbenzimidazolium) diiodide (134)

N NN

N N

N NN

N N
BuBu

2Br-

Iodobutane, DMF

100 °C, 24 h

41
134

A sealed flask containing iodobutane (3.50 g, 19 mmol) and41 (1.00 g, 3.2 mmol) in

DMF (5 mL) was heated to 100 °C for 24 h. Upon cooling the resulting solid collected

and washed with diethyl ether (2× 10 mL) to yield a white powder (1.90 g, 87%).1H

NMR (d6 DMSO)δ 1.01 (t,J = 7.4 Hz, 6H, 2 × CH3), 1.49 (m, 4H, 2 × CH2), 2.05 (m,

4H, 2 × CH2), 4.68 (t,J = 7.4, 4H, 2 × NCH2), 7.76 - 7.84 (m, 4H, 2× benzimidazolyl

H5 and H6), 8.29 (d,J = 8.4, 2H, 2× benzimidazolyl H4 or H7), 8.34 (d,J = 8.0, 2H,

2 × pyridyl H3), 8.46 (d,J = 8.4, 2H, 2× benzimidazolyl H7 or H4), 10.68 (s, 2H,

benzimidazolyl H2).13C NMR (d6 DMSO) δ 13.5 (CH3), 19.1 (CH2), 30.4 (CH2),

47.3 (NCH2), 114.3 (CH, benzimidazolyl C4 or C7), 115.8 (CH, benzimidazolyl C7

or C4), 117.9 (CH, pyridyl C3/C5), 127.4 (CH, benzimidazolyl C5 or C6), 127.9 (CH,
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benzimidazolyl C6 or C5), 129.6 (C, benzimidazolyl C8), 131.6 (C, benzimidazolyl

C9), 142.8 (CH, (CH, benzimidazolyl C2), 144.4 (CH, pyridylC4), 146.4 (C, pyridyl

C2/C6). Spectra are consistent with previously published compound.[136]

1,1’-(2,6-Pyridyl)bis(3-n-butyl-5,6-dimethoxybenzimidazolium) dii-

odide (134)

N NN

N N
MeO

OMe

OMe

MeO
N NN

N N
MeO

OMe

OMe

MeO

Bu Bu
2Br-

Iodobutane, DMF

100 °C, 24 h

48
134

A sealed flask containing iodobutane (420 mg, 2.3 mmol) and48 (100 mg, 0.23 mmol)

in DMF (3 mL) was heated to 100 °C for 24 h. Upon cooling, diethyl ether (10 mL)

was added and the resulting solid collected and washed with diethyl ether (2× 10

mL) to yield a white powder (160 mg, 86%).1H NMR (d6 DMSO): δ 1.00 (t, J =

7.4 Hz, 6H, 2 × CH3), 1.39-1.55 (m, 4H, 2 × CH2), 1.95-211 (m, 4H, 2 × CH2),

3.66 (s, 6 H, OCH3), 3.98 (s, 6 H, OCH3), 4.62 (t,J = 7.32, 4H, 2 × NCH2), 7.80

(s, 2H, 2 × benzimidazolyl H4 or H7), 7.96 (s, 2H, 2 × benzimidazolyl H7 or H4),

8.35 (t, J = 8.10, 1H, pyridyl H4), 8.74 (d,J = 8.12, 2H, 2 × pyridyl H3 and H5),

10.48 (s, 2H, NCHN).13C NMR d6 DMSO) δ 13.5 (CH3), 19.1 (CH2), 30.5 (CH2),

47.1 (NCH2), 56.1 (OCH3), 56.7 (OCH3), 96.0 (CH, benzimidazolyl C4 or C7), 98.0,

(CH, benzimidazolyl C7 or C4), 116.8 (CH, pyridyl C3/C5), 123.2 (C, benzimidazolyl

C7a), 125.8 (C, benzimidazolyl C3a), 139.7 (CH, benzimidazolyl C2), 144.4 (CH,

pyridyl C4), 146.5 (C, pyridyl C2/C6), 149.9 (C, benzimidazolyl C6 or C5), 150.0 (C,

benzimidazolyl C5 or C6).

Thiocyanato[1,1’-(2,6-pyridyl)bis(3-n-butyl-benzimidazolin-2-

ylidene)]nickel(II) hexafluorophosphate (104)

N NN

N N
Ni

Br BrBu Bu

N NN

N N

Bu Bu

Ni

NCS

PF6
-

NaSCN, MeOH

KPF6, H2O
65 °C, 5 min

1 104
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A suspension of1 (373 mg, 0.6 mmol) and sodium thiocyanate (230 mg, 3.0 mmol)

in methanol (50 mL) was stirred for 5 min, before potassium hexaflurophosphate (500

mg, 3.0 mmol) was added. The reaction was heated to boiling and immediately cooled.

The solid was collected and washed with water (2× 10 mL) and diethyl ether (2× 10

mL), and recrystallised by the diffusion of vapours of diethyl ether into a solution of

the complex in dichloromethane, to afford orange crystals (249 mg, 62%). IR (ATR,

cm−1) ν̄max 2098 (SCN).1H NMR (d6 DMSO): δ 0.98 (t, J = 7.3 Hz, 6H, 2× CH3),

1.58 (dq, J = 14.9, 7.5 Hz, 4H, 2× CH2), 1.80 – 2.00 (m, 4H, 2× CH2), 4.61 (t, J =

7.5 Hz, 4H, 2× NCH2), 7.59 – 7.76 (m, 4H, 2× benzimidazolyl H5 and H6), 8.07 (dd,

J = 6.5, 2.7 Hz, 2H, benzimidazolyl H4 or H7), 8.24 (d, J = 8.3 Hz, 2H, 2× pyridyl

H3), 8.44 (dd, J = 6.5, 2.5 Hz, 2H, 2× benzimidazolyl H4 or H7), 8.53 (t, J = 8.3

Hz, 1H, pyridyl H4). 13C NMR (d6 DMSO): δ 13.8 (CH3), 19.5 (CH2), 32.4 (CH2),

46.2 (CH2), 108.6 (CH, 2× pyridyl C3), 112.9 (CH, benzimidazolyl C4 or C7), 113.4

(CH, benzimidazolyl C7 or C4), 126.1 (CH, benzimidazolyl C5or C6), 126.7 (CH,

benzimidazolyl C6 or C5), 128.4 (C, benzimidazolyl C7a), 134.7 (C, benzimidazolyl

C3a), 147.3 (CH, pyridyl C4), 151.1 (C, 2× pyridyl C2), 169.0 (C, benzimidazolyl C2)

Calc. for C28H29F6N6NiPS; C, 49.07; H, 4.27; N, 12.26;. Found C, 49.11; H, 3.98; N,

12.13.

Chloro[1,1’-(2,6-pyridyl)bis(3-n-butyl-benzimidazolin-2-ylidene)]

nickel(II) hexafluorophosphate (103)[136]

N NN

N N
Ni

Br BrBu Bu

N NN

N N

Bu Bu

Ni

Cl

PF6
-

KCl, MeOH

KPF6, H2O
65 °C, 20 min

51 103

A solution of five coordinate nickel complex (51) (200 mg, 0.31 mmol) and potasssium

chloride (1.50 g, 20 mmol) in methanol (40 mL) was heated to boiling for 20 min. Po-

tassium hexaflurophosphate (1.0g, 5.4 mmol) was added, and the reaction stirred for

five minutes and then cooled. Water (40 mL) was added and the reaction cooled. The

residue was collectedvia vaccuum filtration and washed with water (2× 10 mL) and di-

ethyl ether (2× 10 mL) to afford a yellow solid (197 mg, 96%).1H NMR (d6 DMSO):

δ 0.95 (t, J = 7.4 Hz, 6H, 2× CH3), 1.35 – 1.51 (m, 4H, 2× CH2), 1.75 – 1.90 (m, 4H,
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2 × CH2), 4.72 – 4.90 (m, 4H, 2× NCH2), 7.56 – 7.69 (m, 4H, 2× benzimidazolyl

H5 and H6), 7.92 – 8.03 (m, 2H, benzimidazolyl H4 or H7), 8.20 (d, J = 8.3 Hz, 2H,

2 × pyridyl H3), 8.34 – 8.42 (m, 2H, 2× benzimidazolyl H4 or H7), 8.47 (t, J = 8.3

Hz, 1H, pyridyl H4). 13C NMR (d6 DMSO): δ 13.1 (CH3), 19.2 (CH2), 31.6 (CH2),

45.5 (CH2), 107.7 (CH, 2× pyridyl C3), 111.9 (CH, benzimidazolyl C4 or C7), 112.0

(CH, benzimidazolyl C7 or C4), 125.8 (CH, benzimidazolyl C5or C6), 126.4 (CH,

benzimidazolyl C6 or C5), 127.9 (C, benzimidazolyl C7a), 135.0 (C, benzimidazolyl

C3a), 146.5 (CH, pyridyl C4), 150.7 (C, 2× pyridyl C2), 168.2 (C, benzimidazolyl

C2)

Trimethylsulphonium methanesulphonate (135)

S
O

S
O

O
O S

N

N
Br-

130 °C, 72 h

81

135

Dimethylsulfoxide (4 mL, 46 mmol) and diisopropylbenzimidazolium bromide,81

(200 mg, 0.7 mmol) was heated in air at 130 °C for 3 days. The reaction was cooled

and the residue dissolved in a minimal of ethanol with heating. Once cooled, diethyl

ether (100 mL) was added and the solid collected by filtrationand dried in a dessi-

cator to produce a white powder (1.61 g, 56%).1H NMR (D2O): δ 2.84 (s, 3H,

CH3SO3
−), 2.94 (s, 9H, 3× CH3S). 13C NMR (D2O): δ 26.6 (CH3, 3 × CH3S), 38.5

(CH3, CH3SO3
−). 1H NMR (DMSO d6): δ 2.33 (s, 3H, CH3SO3

−), 2.88 (s, 9H, 3×

CH3S).13C NMR (DMSOd6): δ 26.0 (CH3, 3× CH3S), 39.8 (CH3, CH3SO3
−). Calc.

for C4H12O3S2: C 27.89, H 7.07. Found C 27.68, H 7.35.
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Styrene oxide (126)

S
O

O
O S

NaH, DMSO, THF
RT, 10 min

O O

136 126

Trimethylsulphonium methanesulphonate (135, 344 mg, 2 mmol) and NaH (160 mg,

4 mmol) was added to a mixture of DMSO (4 mL) and THF (2 mL). The reaction was

stirred for ten minutes and then cooled on ice. Benzaldehyde(136,100 mg, 1 mmol)

was added and the mixture was stirred at zero degrees for 30 minutes, warmed and at

room temperature and stirred for a further 30 minutes. Water(30 mL) was added, and

the reaction was extracted with diethyl ether (2× 10 mL). The organic phase was dried

with calcium chloride, the solvent removed under reduced pressure and the residue was

purified via column chromatography (1% triethylamine in petroleum spirits) to yield a

colourless oil (83 mg, 70%).1H NMR (CDCl3): δ 2.83 (dd, J = 5.2, 2.8 Hz, 1H, CH2),

3.17 (dd, J = 5.6, 4.0 Hz, 1H, CH2), 3.89 (dd, J = 4.0, 2.8 Hz, 1H, CH), 7.28 - 7.38 (m,

5H, 5× ArH). Spectra are consistent with previously reported compound.[212]

2-Methyl-2-phenyloxirane (125)

S
O

O
O S

NaH, DMSO, THF
RT, 10 min

O O

121 125

Trimethylsulphonium methanesulphonate (135, 344 mg, 2 mmol) and NaH (160 mg,

4 mmol) was added to a mixture of DMSO (4 mL) and THF (2 mL). The reaction was

stirred for ten minutes and then cooled on ice. Acetophenone(121, 120 mg, 1 mmol)

was added and the mixture was stirred at zero degrees for 20 minutes, warmed and at

room temperature and stirred for a further 2 hours. Water (20mL) was added, and the

reaction was extracted with diethyl ether (2× 10 mL). The organic phase was dried with

calcium chloride, the solvent removed under reduced pressure to yield a colourless oil

(90 mg, 68%).1H NMR (CDCl3): δ 1.75 (s, 3H, CH3), 2.83 (d, J = 5.2 Hz, 1H, CH2),

2.99 (d, J = 5.6 Hz, 1H, CH2), 7.20 - 7.31 (m, 5H, 5× ArH). Spectra are consistent

with previously reported compound.[213]
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Bis(2-phenyloxiran-2-yl)methane (127)

S
O

O
O S

NaH, DMSO, THF
RT, 10 min

O O O O

137 127

Trimethylsulphonium methanesulphonate (135, 344 mg, 2 mmol) and NaH (160 mg,

4 mmol) was added to a mixture of DMSO (4 mL) and THF (2 mL). The reaction

was stirred for ten minutes and then cooled on ice. Benzil (137, 52 mg, 0.5 mmol)

was added and the mixture was stirred at zero degrees for 20 minutes, warmed and at

room temperature and stirred for a further 2 hours. Water (20mL) was added, and the

reaction was extracted with diethyl ether (2× 10 mL). The organic phase was dried with

calcium chloride, the solvent removed under reduced pressure to yield a colourless oil

(48 mg, 81%).1H NMR (CDCl3): δ . 1H NMR (400 MHz, CDCl3)δ 7.51 – 7.01 (m,

10 H, ArH), 3.33 (d, J = 5.7 Hz, 2H, OCH2), 3.26 (d, J = 5.4 Hz, 1H, CCH2C), 3.02

(d, J = 5.7 Hz, 2H, OCH2), 2.95 (d, J = 5.3 Hz, 1H, CCH2C).
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Appendix

Table A.1: Selected crystallographic data for complexes53and54.

Identification code 53 54

Empirical formula C34H44BrCl3F6N5NiO5PS C59H67BBrN5NiO5

Formula weight 1024.74 1075.61

Temperature 100(2) K 100(2) K

Wavelength 0.71073 Å 0.71073 Å

Crystal system Triclinic Triclinic

Space group P̄1 P1̄

Unit cell dimensions a = 10.7691(6) Å

b = 12.9402(9) Å

c = 16.5342(10) Å

α= 75.183(6)°

β= 75.532(5)°

γ = 71.329(6)°

a = 13.3548(4) Å

b = 13.9625(4) Å

c = 17.3927(5) Å

α = 91.903(2)°

β = 110.563(3)°

γ = 117.055(3)°

Volume 2074.5(2) Å3 2630.82(18) Å3

Z 2 2

Density (calculated) 1.641 Mg/m3 1.358 Mg/m3

µ 1.787 mm−1 1.183 mm−1

Crystal size 0.23 x 0.14 x 0.08 mm3 0.52 x 0.15 x 0.12 mm3

θ range for data collection 2.81 to 29.00° 3.59 to 34.95°

Index ranges -14<=h<=13, -16<=k<=17,

-17<=l<=22

-21<=h<=21, -21<=k<=22,

-27<=l<=27

Reflections collected 20711 63735

Independent reflections 11027 [R(int) = 0.0420] 21593 [R(int) = 0.0451]

Completeness 99.9 % (θ = 28.50 °) 99.8 (θ = 33.00 °)

Absorption correction Analytical Analytical

Max. and min. transmission 0.893 and 0.782 0.475 and 0.124

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data / restraints / parameters 11027 / 6 / 554 21593 / 0 / 657

Goodness-of-fit on F2 1.019 0.903

Final R indices [I>2σ (I)] R1 = 0.0555, wR2 = 0.1086 R1 = 0.0414, wR2 = 0.0970

R indices (all data) R1 = 0.0829, wR2 = 0.1200 R1 = 0.0806, wR2 =0.1019

Largest diff. peak and hole 0.863 and -0.432 e.Å−3 2.019 and -0.842 e.Å−3
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Table A.2: Selected crystallographic data for complexes83and84.

Identification code 83 84

Empirical formula C31H45Br4Cl3N4O4Pd2 C28H40Br2N4O2Pd

Formula weight 1176.50 730.86

Temperature 100(2) K 100(2) K

Wavelength 0.71073 Å 0.71073 Å

Crystal system Monoclinic Orthorhombic

Space group C2/c Pbca

Unit cell dimensions a = 31.8911(9) Å

b = 9.1803(2) Å

c = 16.3647(4) Å

γ = 118.642(4)°

a = 9.56340(10) Å

b = 17.4027(3) Å

c = 39.0995(5) Å

Volume 4204.81(18) Å3 6507.29(16) Å3

Z 4 8

Density (calculated) 1.858 Mg/m3 1.492 Mg/m3

µ 4.885 mm−1 3.055 mm−1

Crystal size 0.40 x 0.26 x 0.07 mm3 0.53 x 0.37 x 0.19 mm3

θ range for data collection 3.44 to 37.00° 3.50 to 31.00°

Index ranges -53<=h<=53, -15<=k<=15,

-27<=l<=27

-13<=h<=13, -24<=k<=15,

-55<=l<=56

Reflections collected 67865 66273

Independent reflections 10636 [R(int) = 0.0475] 10290 [R(int) = 0.0515]

Completeness 99.4 % (θ = 37.00 °) 99.28 % (θ = 31.00 °)

Absorption correction Analytical Analytical

Max. and min. transmission 0.713 and 0.230 0.642 and 0.256

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data / restraints / parameters 10636 / 18 / 235 10290 / 0 / 363

Goodness-of-fit on F2 1.035 1.109

Final R indices [I>2σ (I)] R1 = 0.0382, wR2 = 0.0855 R1 = 0.0503, wR2 = 0.0995

R indices (all data) R1 = 0.0542, wR2 = 0.0907 R1 = 0.0682, wR2 =0.1050

Largest diff. peak and hole 2.171 and -2.236 e.Å−3 1.437 and -1.193 e.Å−3
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Table A.3: Selected crystallographic data for complexes86and87.

Identification code 86 87

Empirical formula C27H40Br2N4OPd C29H44Br2N4O3Pd

Formula weight 702.85 762.90

Temperature 100(2) K 100(2) K

Wavelength 0.71073 Å 0.71073 Å

Crystal system Monoclinic Orthorhombic

Space group P21/c P212121

Unit cell dimensions a = 19.1763(6) Å

b = 8.7978(2) Å

c = 36.3300(10) Å

γ = 105.274(3)°

a = 8.9682(9) Å

b = 9.9213(8) Å

c = 35.4236(10) Å

Volume 5912.7(3) Å3 3151.9(4) Å3

Z 8 4

Density (calculated) 1.579 Mg/m3 1.608 Mg/m3

µ 3.356 mm−1 3.160 mm−1

Crystal size 0.24 x 0.21 x 0.10 mm3 0.55 x 0.44 x 0.34 mm3

θ range for data collection 3.49 to 30.00° 3.51 to 33.00°

Index ranges -26<=h<=26, -12<=k<=12,

-49<=l<=51

-13<=h<=13, -15<=k<=15,

-54<=l<=54

Reflections collected 57389 41405

Independent reflections 17666 [R(int) = 0.0613] 11771 [R(int) = 0.0429]

Completeness 99.8 % (θ = 29.50 °) 99.8 % (θ = 33.00 °)

Absorption correction Analytical Analytical

Max. and min. transmission 0.761 and 0.552 0.471 and 0.289

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data / restraints / parameters 17666 / 12 / 651 11771 / 49 / 363

Goodness-of-fit on F2 1.029 1.035

Final R indices [I>2σ (I)] R1 = 0.0465, wR2 = 0.0919 R1 = 0.0453, wR2 = 0.1037

R indices (all data) R1 = 0.0619, wR2 = 0.0982 R1 = 0.0587, wR2 =0.1092

Largest diff. peak and hole 1.185 and -1.661 e.Å−3 1.690 and -0.800 e.Å−3
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Table A.4: Selected crystallographic data for complexes65 and101

Identification code 65 101

Empirical formula C27H29N5O2 C51H48F12N10NiO2P2

Formula weight 455.55 1181.64

Temperature 200(2) K 100(2) K

Wavelength 0.71073 Å 0.71073 Å

Crystal system Monoclinic Monoclinic

Space group C2/c P21/c

Unit cell dimensions a = 21.969(2) Å

b = 9.6209(2) Å

c = 13.8448(13) Å

β = 126.333(14)°

a = 20.4022(8) Å

b = 17.7204(12) Å

c = 15.6851(8) Å

β = 104.463(4)°

Volume 2357.4(3) Å3 5491.0(5) Å3

Z 4 4

Density (calculated) 1.284 Mg/m3 1.429 Mg/m3

µ 0.083 mm−1 0.502 mm−1

Crystal size 0.33 x 0.20 x 0.12 mm3 0.30 x 0.17 x 0.12 mm3

θ range for data collection 2.95 to 25.00° 3.49 to 26.00°

Index ranges -26<=h<=26, -11<=k<=11,

-16<=l<=16

-25<=h<=25, -21<=k<=21,

-19<=l<=13

Reflections collected 22613 30115

Independent reflections 2076 [R(int) = 0.035] 10764 [R(int)= 0.0562]

Completeness 99.9 % (θ = 25.00 °) 99.7 % (θ = 26.00 °)

Absorption correction Semi-empirical from equivalents Analytical

Max. and min. transmission 1.00 and 0.95 0.954 and 0.891

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data / restraints / parameters 2076 / 0 / 167 10764 / 196 / 806

Goodness-of-fit on F2 1.795 1.069

Final R indices [I>2σ (I)] R1 = 0.1211, wR2 = 0.3984 R1 = 0.0806, wR2 = 0.2200

R indices (all data) R1 = 0.1303, wR2 = 0.4110 R1 = 0.1221, wR2 =0.2489

Largest diff. peak and hole 1.568 and -0.407 e.Å−3 1.200 and -0.526 e.Å−3
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Figure A.1: 1H NMR spectrum for complex52 using a solvent of 90% CDCl3, 10%
d6 DMSO.
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Figure A.2:13C NMR spectrum for complex52 using a solvent of 90% CDCl3, 10%
d6 DMSO.
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Figure A.3: 1H NMR spectrum for complex50 using a solvent of 90 % CDCl3, 10%
CD3OD.
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Figure A.4:13C NMR spectrum for complex50 using a solvent of 90 % CDCl3, 10%
CD3OD.
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Figure A.5: 1H NMR spectrum for complex53 using a solvent of 90% CDCl3, 10%
d6 DMSO.
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Figure A.6:13C NMR spectrum for complex53 using a solvent of 90% CDCl3, 10%
d6 DMSO.
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Figure A.7: 1H NMR spectrum for complex2 using a solvent of 90 % CDCl3, 10%
CD3OD.
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Figure A.8: 13C NMR spectrum for complex2 using a solvent of 90 % CDCl3, 10%
CD3OD.
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Figure A.9: 1H NMR spectrum for complex51 using a solvent of 90% CDCl3, 10%
d6 DMSO.
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Figure A.10:13C NMR spectrum for complex51using a solvent of 90% CDCl3, 10%
d6 DMSO.
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Figure A.11:1H NMR spectrum for complex65 in CDCl3.
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Figure A.12:13C NMR spectrum for complex65 in CDCl3.
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Figure A.13:1H NMR spectrum for complex86 in CDCl3.
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Figure A.14:13C NMR spectrum for complex86 in CDCl3.
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Figure A.15:1H NMR spectrum for complex87 in CDCl3.
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Figure A.16:13C NMR spectrum for complex87 in CDCl3.
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Figure A.17:1H NMR spectrum for complex84 in CDCl3.
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Figure A.18:13C NMR spectrum for complex84 in CDCl3.
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Computational details

Theoretical calculations were conducted by Damien Carter at Curtin University. Den-

sity functional theory (DFT) calculations were carried outusing the SIESTA code.[214]

Effective Martins pseudopotentials,[215] and exchange-correlation effects were treated

using the vdWDF(revPBE) functional.[216] The electronic wavefunctions were ex-

panded in a basis set of localised numerical atomic orbitals, using an optimised triple-

zeta-plus-polarisation (TZP-L) basis as described by Carter and Rohl[217]. The elec-

tron density was represented on a real-space mesh with a defined kinetic energy cutoff

of 300 Ry. The atomic coordinates of the molecules were fullyoptimised using a

conjugate gradients method and relaxed to a tolerance of 0.01 eV/Å.

Table A.5: Calculated charges for free carbene compounds

Atom Charge A Charge B
C2 0.54 0.61
C3a 0.29 0.32
C4 -0.09 -0.00

C6

C5
C4

C3a

C7a

C7

N3

C2

N1

C8

C9

O1

O2

C10

C11

C6

C5
C4

C3a

C7a

C7

N3

C2

N1

C8

C9

A

B

C5 -0.01 0.45
C6 -0.04 0.37
C7 -0.05 -0.09
C7a 0.27 0.27
C8 0.33 0.31
C9 0.38 0.35
C10 - 0.36
C11 - 0.37
O1 - -0.89
O2 - -0.90
N1 -0.96 -1.01
N3 -0.97 -1.00
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Figure A.19: Ortep diagram of complex54 showing the tetraphenylborate counter
anion. Ellipsoids are shown at 50% probablility. Solvent molecules and hydrohgen
atoms are omitted for clarity.
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