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I 

Abstract 
 

This thesis describes the development of homogeneous catalysts containing receptor elements which 

are capable of participating in reversible bonding interactions with groups bearing complementary 

functionality. This approach is amenable to combinatorial chemistry, and could facilitate catalyst 

development processes which are conventionally expensive and time-intensive. To date, the 

implications of reversible supramolecular interactions in anthropogenic organometallic catalysis are 

not widely understood. 

 

Simplified pyridyl-borate ligands were prepared to simulate the behaviour of a larger target system 

composed of a 6,6‟-boronic acid-2,2‟-bipyridyl unit. Such a framework harnesses the power of 

reversible covalent bonding between boronic acids and diols. The reactivity of ortho and meta-pyridyl 

model ligands was investigated and knowledge gathered as to the hydrolytically unstable nature of 

the ortho-pyridyl borate moiety. 

 

A macrocyclic ligand (H4Len), formed via an aza-Michael ring-closing reaction between N
2
,N

6
-bis(6-

acrylamidopyridin-2-yl)pyridine-2,6-dicarboxamide (H4LacrA) and ethylenediamine was 

investigated as an appropriate framework for participation in supramolecular interactions. N
2
,N

6
-bis(6-

methylpyridin-2-yl)pyridine-2,6-dicarboxamide (H2LMe2) was implemented as a model ligand with 

which to assess the head group ligating properties of the macrocylic ring. Upon deprotonation of 

H2LMe2 two amidate nitrogens are made available for binding to a metal centre. A series of novel 

iridium(III) and rhodium(III) complexes of LMe2 were prepared and tested for activity in the transfer 

hydrogenation of acetophenone using isopropanol. Appreciable activity was observed for 

IrCl(py)2(LMe2) and IrCl3(LMe2{H}2) over the course of 24 hours, with 51 and 96% conversion of 

acetophenone into 1-phenylethanol respectively. By comparison, the macrocyclic complex, 

(H4Len)RuCl2(MeCN)(PPh3)2, mediated 38% conversion into 1-phenylethanol after 16.5 hours. 

 

In pursuit of a second macrocyclic system bearing a bisbenzimidazolium tail, a simplified model ligand 

of 1,1'-(pyridine-2,6-diylbis(methylene))bis(3-methyl-1H-benzo[d]imidazol-3-ium) 

trifluoromethanesulfonate ([dmp(bzim{Me})2][OTf]2) was prepared. Upon deprotonation with 

silver(I) oxide base a silver(I) NHC (N-heterocyclic carbene) was formed. This species was found to 

be an efficient intermediate by which palladium(II), rhodium(I) and iridium(I) dimethylpyridine 

bisbenzimidazol-2-ylidene complexes could be reached. Whilst providing a prelude to the target 

ligand, the rhodium(I) and iridium(I) NHCs were also found to be effective catalysts in the 

hydrosilylation of phenylacetylene using a range of silanes.  

 

With the information gleaned from the model complex studies, the target ligand 

[H4L(C2H4)2(bzim2{macro})][Br]2 was prepared via an aza-Michael ring-closing reaction between 



 

 
II 

H4LacrA and 2,6-bis((1H-benzo[d]imidazol-1-yl)methyl)pyridine (dmp(bzim)2)). Subsequent 

mercuration of the ligand afforded two rare mercury(II) NHC complexes 

[H4L(C2H4)2HgBr2((NHC)2{macro})]2 and [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4], the latter of which 

was characterised by an X-ray diffraction study. Both of these materials demonstrated transmetalation 

to produce the macrocyclic pincer complex [H4L(C2H4)2PdBr((NHC)2{macro})][PF6]. Preliminary 

investigations were made into the activity of the macrocyclic palladium pincer NHC in the Heck-

Mizoroki C-C coupling reaction between bromobenzene and styrene. While conversion into stilbenes 

after 24 hours was determined to be negligible with the macrocyclic complex alone, the inclusion of 

additives such as 2-amino-6-methyl pyridine dramatically increased substrate conversion to 84.2 (± 

3.0)%. Subsequent analysis provided insight with regard to the nature of the active catalyst. 

 

The novel ligand [H4L(C2H4)2(bzim2{macro})][Br]2 and its NHC metal derivatives represent an 

innovative approach to homogeneous catalyst design which operates in proximity to receptor 

elements present within the macrocyclic ring. 
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Chapter One 
 

Introduction 

1 Chapter One: Introduction 

 

Inorganic chemists face significant difficulties in the design and production of industrial catalysts with 

broad applicability. High-throughput experimentation and combinatorial chemistry have been set 

forward as promising avenues to expedite catalyst development processes.  

 

A strategy that uses supramolecular interactions to direct catalysis and which is amenable to 

combinatorial chemistry is surprisingly under-developed at this point in time. This concept is borrowed 

from the natural world, in which non-covalent interactions direct subtle but powerful forces towards the 

construction of architectures, such as the DNA helix. Pertinently, reversible interactions are the bread 

and butter of biological catalysis, finding particular use in cellular enzymatic processes.  

 

Bipyridyl diborate and pincer ligands composed of pyridine carboxamide and NHC functional groups 

are put forward as components of larger ligand systems, which demonstrate participation in reversible 

interactions. Coupled with transition metals, these frameworks present a novel avenue for the 

development of homogeneous catalysts. 
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1.1 Goals of the current work 

 

The aim of the current research is to investigate the synthesis of chemical architectures amenable to 

dynamic and reversible covalent bonding or supramolecular interactions. Metalation of these motifs 

was undertaken and the activity of the resultant complexes investigated in homogeneous catalysis. A 

number of reversible chemical concepts were investigated in pursuit of this goal and they include, 

self-associative covalent bond formation exhibited by boronic acids with respect to diols, and 

supramolecular interactions such as hydrogen bonding, coordinative and electrostatic interactions. 

Pyridyl borate systems satisfy the requirements of the first objective, while pyridine carboxamides and 

NHCs may be incorporated into larger macrocyclic systems, which are capable of participating in 

supramolecular interactions. A range of model and target complexes were prepared and their 

characteristics described. The results of preliminary catalytic trials with several of these novel 

materials are presented.  

 

The first chapter provides a literature overview of the three chemical classes of pyridyl borates, 

pyridine carboxamides and NHCs and demonstrates their applicability to catalyst design. Each motif 

is placed within the context of an architecture that contains functional groups amenable to the 

formation of dynamic, and reversible interactions.  

1.2 General Introduction 

 

A survey of highly active catalysts which demonstrate enantiocontrol across a broad range of 

substrates, dubbed „privileged‟, reveals that most are metal catalysts bearing chiral organic ligands. 

See Figure 1 on the following page for several examples. Many contain ligands with rigid structures in 

which donor atoms such as nitrogen, oxygen or phosphorus feature prominently, and allow for the 

formation of strong bonds to a metal centre.
1
 Furthermore, modularity of ligand design is a common 

theme amongst these materials, allowing adaptation of a catalyst in order to cope with related 

substrates of different sizes, and with varying functional groups. Most privileged catalysts are C2-

symmetric with a view towards simplifying the mechanistic analysis and rationalisation of any given 

catalytic reaction. A two-fold axis of symmetry represents a significant simplification of the overall 

chemical complexity in a catalyst system, starting with the number of metal isomers available, the 

number of available conformations that a catalyst and substrate can adopt, as well as the number of 

possible reaction pathways. 
2
  



 

 
3 

 

Figure 1: Examples of ‘privileged’ ligands in metal catalysis 

 

The synthetic community has embraced „privileged‟ catalysts, often using their frameworks as a 

starting point from which optimisation of both ligand and reaction conditions can improve productivity 

and enantiocontrol in a catalytic reaction. However, the features described above are not an entirely 

reliable platform from which to undertake the development of a new catalytic system. It remains 

difficult to predict the success of a theoretical concept in a laboratory or industrial setting reliably.  

Difficulties in catalyst design in the modern age 

 

Development of a catalyst from inception to commercialisation can take more than 10 years. Success 

rates are low, estimated at about a 10% effectuation of all the projects envisaged during a 

developmental study.
3
 Furthermore, the expense and resource requirements for such ventures are 

vast. In order to expedite this protracted process, development of organometallic catalysts has begun 

to utilise high-throughput experimentation techniques (HTE). Combinatorial chemistry is amenable to 

HTE as it involves the rapid synthesis of structurally related materials under identical reaction 

conditions. This branch of chemistry sprang to life in the 1990s, fuelled by the peptide and organic 

chemistry community who wished to speed up the rate of economically viable discoveries.
4
 Applied to 

homogeneous organometallic catalyst design the method promises to generate a vast array of active 

catalysts quickly which can be adapted to perform a variety of functions. 

 

The difference between a combinatorial versus a traditional iterative approach is not merely 

ideological (see Figure 2 for a diagrammatic depiction of the two methodologies). While the latter 

seeks to modify a catalyst step-wise until a specific productivity goal is reached, the former is goal 

oriented. In combinatorial chemistry an initial directive might be to carry out a given chemical 

transformation mediated by a catalyst (MLn) under a specific set of experimental conditions (such as 

temperature and pressure etc.). A screen test development phase is entered into whereby catalysts 

with known activity are applied to a set of substrates. In so doing a profile for a best, middling or worst 

case productivity is established. This phase would also require establishment of an appropriate 

screening method, which might involve mass spectrometry, colorimetric techniques or HPLC. In the 

case of screening of chiral libraries, an HPLC analysis coupled with a chiral column may be 

necessary. Screening often imposes the most significant bottle-necks on the HTE process. Once the 

parameters for the study have been determined, screening of novel organometallic species can begin. 
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A library of catalysts is analysed for activity in a particular chemical transformation, and the results are 

compared to the profile. Promising candidates are identified, the library down-sized and the next level 

of testing carried out. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: A comparison of combinatorial and iterative approaches to catalyst design 

 

It was with some trepidation that organometallic chemists initially considered testing of homogeneous 

and heterogeneous catalysts using a combinatorial methodology. The number of parameters affecting 

a catalyst‟s productivity are numerous, ranging from temperature to pressure to contact time and 

could even operate by subtly different mechanisms with differing induction and deactivation periods.
5
 

Conducted in one-pot there is the potential that catalysts or substrates might influence other 

processes occurring within the same reaction mixture. The control of such a complex set of factors is 

problematic indeed. Several different techniques have been adopted by researchers in order to 

answer these important considerations. 

 

First of all, development of any novel homogeneous catalyst using the combinatorial approach is 

necessarily a two stage process. As depicted in Figure 2, stage one involves the formation of catalyst 

libraries and the testing of their catalytic prowess against one given set of substrates (A & B). The 

second phase requires testing of one catalyst with an array of related substrates bearing different 

functionality (A1-x & B1-y). The micro-titer 96-well plate provides the means for simultaneous testing of 

a multitude of combinations and has been used successfully by a number of research groups.
6,7

 

 

The work in this thesis seeks to apply the principles of supramolecular self-assembly and 

combinatorial chemistry to homogeneous organometallic catalysis, with a view towards developing an 

efficient method for generating catalysts and the means to alter their electronic or steric properties. 
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The marriage of these concepts in the field of organometallic catalysis is novel and the majority of 

homogeneous catalysts which have been produced in a combinatorial fashion are held together by 

strong covalent interactions. However, there is enough precedent within nature (e.g. natural 

enzymatic processes) to suggest that there is promise in studying reversible reactions in the context 

of catalysis.   

1.3 Reversible Interactions: their application in nature and in synthesis 

 

Non-covalent interactions are implicit within supramolecular self-assembly and may include 

coordinative bonding, hydrogen bonding, electrostatic and charge transfer interactions, cation π-

interactions, π-stacking and van der Waals forces.
8
 Metal donor bonds are also useful in 

supramolecular self-assembly although they are officially classed as covalent in nature. 

 

Enzymes provide a powerful precedent that favours the utilisation of reversible supramolecular 

assembly in the mediation and amplification of natural catalytic events. They are able to operate 

dynamically, changing their conformation in order to favour the uptake of substrates and the release 

of products. It is believed that transition states operating in reactions catalysed by enzymes are likely 

to receive additional stabilisation from undetected phenomena, such as low barrier hydrogen bonds 

and electrostatic interactions. These may be used to stabilise protein structure or increase the binding 

energy of the enzyme with respect to substrate, product or inhibitor. For example, histidine (a 

common amino acid often present in the protein makeup of an enzyme) is capable of participating in 

both H-donor and H-acceptor roles (see Figure 3, (A)). 

 

 

Figure 3: Reversible interactions within 

histidine and cytochrome c-reductase 

A) H-bonding interactions, B) 

Electrostatic interactions 

 

Strong electrostatic interactions, such as those operational between cytochrome c reductase and its 

oxidase, are instrumental in the electron transfer cascade that reduces oxygen to water in 

mitochondria.
9
 Positively charged and protruding, the lysine residues at the surface of cytochrome c-

reductase crowd the open face of the central heme, assisting orientation towards the negative dipole 

of the redox partner. The oxidase surface is composed of seven or so complimentary carboxylic acid 

residues (see Figure 3, (B)). The focus of enzymes is to bring reactants together to an active site, 

through a type of in-house architecture which is held together by persistent supramolecular 

interactions. Implementation of this approach in man-made systems, where an introduced species 

containing complimentary functionality is able to influence a reaction through proximal and persistent 

supramolecular interactions, is intriguing.  
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A second, well known example of supramolecular self-assembly in nature is observed in DNA base 

pairing. Here, the purines and pyrimidines of adenine, guanine, cytosine and thymine are able to 

participate in persistent hydrogen bonding interactions with each other, leading to the formation of 

DNA helical chains (see Figure 4).  

 

A few anthropogenic systems make use of supramolecular self-assembly and these often draw on 

architectures from the natural world. An inspired study carried out by Breit et al.
10

 undertook to utilise 

the base-pairing self-assembly motif evident in DNA to design homogeneous catalysts. The 

complementary base pairing exhibited by 6-diphenylphosphinopyridone lends itself well towards the 

formation of bidentate ligands from monodentate components (see Figure 4). Moreover, the self-

assembling motif is applicable to both square planar and piano-stool coordination metal geometries. It 

was found that the introduction of rhodium substrates to these bidentate ligands produced a stable 

catalytic species efficient in the hydroformylation of terminal alkenes at room temperature and at 

atmospheric pressure. Furthermore, combinatorial libraries proved readily accessible simply by 

extending the base pairing rationale towards numerous other suitable candidates with complimentary 

donor and acceptor groups. In this way an 

outstanding catalyst in the hydroformylation 

reaction was identified with 96:4 regioselectvity 

and 8000 h
-1

 TOF. The study naturally 

progressed towards issues of stereocontrol and 

these were addressed by introducing chirality at 

phosphine or phosphonite sites. Of a 10 x 8 

chiral ligand library which was evaluated for 

asymmetric hydrogenation of itaconate and N-

acetacrylates, one catalyst was identified which 

yielded 99% ee. with substrate catalyst ratios as 

low as 1000:1.   

 

 

Figure 4: Application of the DNA base-pair 

model to homogeneous catalyst design 

 

In building libraries capable of self-assembly, Breit et al. hoped to overcome one of the most serious 

difficulties hampering the use of combinatorial chemistry in homogeneous catalysis. Where bidentate 

ligands are required, large ligand libraries containing asymmetric components can be difficult to 

assemble due to the increased complexity of synthesis required.
11

 Several other researchers have 

similarly used self-assembly to address this problem. For example, Reetz et al. elucidated that van 

der Waals, π-stacking and dipole interactions were attributable to the sterically unfavourable cis-

conformation adopted by monodentate phosphonites when coordinated to platinum(II) dichloride. This 

arrangement was strongly reminiscent of coordination by a bidentate ligand. These findings were then 
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extended to the construction of libraries of binol functionalised phosphonites. In conjunction with 

rhodium(I), heterodimeric combinations of the monodentate phosphonites gave excellent 

enantioselectivity in the hydrogenation of N-acylenamines (see Figure 5). By comparison, 

homodimeric combinations were not as successful.
12

 

 

Figure 5: Asymmetric 

hydrogenation using self-

assembled phosphonite 

rhodium(I) catalysts 

 

Likewise, Reek and colleagues 

describe the implementation of 

coordinative bonding of diamines or 

pyridyls between zinc(II) porphyrins 

tethered to a central 

triphenylphosphite to create a 

bidentate environment.
13

 It was 

found that when the hydroformylation of 1-octene was carried out in the absence of the nitrogen donor 

group the catalyst demonstrated a reasonable TOF but with poor selectivity for the iso product. The 

addition of 1,4-diazabicyclo-[2.2.2]octane (DABCO) served to deactivate the catalyst overall but 

greatly improved product selectivity. 

1.3.1 Activators or additives which direct catalysis 

 

In several instances activators or additives containing chiral groups have been used to direct the 

formation of enantiopure products. Ding et al. describe activation of a diol zinc(II) library with chiral 

diamine or diimine activators to aid in the enantioselective alkylation of benzaldehyde using 

diethylzinc to produce (S)-1-phenyl-1-propanol. The production of enantiopure products was 

promoted with the use of materials that serve to encourage the formation of one enantiomer of a 

chiral catalyst racemate.
14

 This type of reaction is known to be promoted by an ethylzinc 

aminoalkoxide intermediate which rapidly dimerises to heterochiral and homochiral dimeric species. 

The longevity of the former diastereomer is so great as to shut down catalysis completely, whereas 

the homochiral diastereomer is able to return to the catalytic cycle by reversion into its monomeric 

components.
15

 Ding and co-workers attribute the high enantioselectivities obtained from specific 

combinations of ligand and activator, to promotion of the homochiral dimer. In comparison, when the 

formal addition of ethyl is attempted with the individual zinc(II)-ligand or zinc(II) diamine/diimine, the 

enantioselectivity and yield of the reaction was greatly reduced. Furthermore, the use of racemic 

libraries led to the formation of product racemates. The lead result, containing a diimine ligand, 

provided a platform for further derivatisation and generation of another library (depicted in Figure 6). 

The best combination elucidated from the second phase of the study was then tested under different 

reaction conditions to yield a catalytic system from which 100% ee. was obtained. Moreover, the 
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applicability of the diol, zinc(II) and 

diimine libraries constructed also 

extended to the hetero-Diels Alder 

reaction between benzaldehyde and 

Danishefsky‟s diene.      

 

 

Figure 6: Enantioselective alkylation 

of benzaldehyde using activators in 

conjunction with zinc(II) diols 

 

 

Sigman et al. report a Cl2Pd((-)-sparteine) complex entirely dependent upon the addition of excess 

(-)sparteine to mediate in the palladium-catalyzed aerobic oxidative kinetic resolution of secondary 

alcohols.
16

 In this case the additive carries out a dual role, acting as a base to aid in the formation of a 

palladium-alkoxide intermediate and as a ligand for the catalyst. Yields of 52 % with an ee of 82 % are 

obtained in the resolution of (S)-1-phenylethanol.    

 

 

 

Figure 7: Mediation of (-)sparteine in the 

palladium catalysed aerobic oxidative 

kinetic resolution of secondary alcohols 

 

 
 

Establishing a starting point for the investigation of such a diverse topic is a compelling task. A logical 

place from which to begin is with a set of chemical frameworks with known applications in 

organometallic catalysis. These structures should be readily accessible and must simultaneously 

demonstrate potential to engage in reversible interactions. Of the vast array of possibilities available, 

three basic architectures proved promising and these were: the bipyridyl motif, pyridine carboxamide 

based pincers and NHC pincers. All three ligand systems have demonstrated ready formation of 

metal complexes and indeed, of robust organometallic catalysts (vide infra). Furthermore, the three 

ligand systems allow modularity in design, even to the extent of reduction in size. Smaller model 

systems are easier to prepare and could provide valuable information regarding the properties of the 

target systems.  

 

A number of strategies were possible for the modular design of the target compounds. For the 

bipyridyl systems, functionalisation with borates or boronic acids was considered a likely route 

towards facile manipulation of the structural properties through simple ligand exchange with chiral 

alcohols such as inositols. The pyridine carboxamide and NHC frameworks were of interest in that 
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they made the construction of macrocycles possible, whilst also possessing a degree of modularity in 

the number and type of spacer and/or functional groups present. Macrocyclic rings are also well 

known for their ability to engage in supramolecular interactions, particularly as they pertain to host-

guest complexes and hydrogen bonding interactions.  

 

The remainder of this introductory chapter seeks to briefly describe characteristics of these three 

chemical classes, with particular focus on their applicability as ligands for organometallic 

homogeneous catalysts or as frameworks for participation in reversible interactions.  

1.4 Applications for pyridyl borates 

1.4.1 Suzuki C-C coupling reactions 

 

Aryl and vinyl boronic acids are best recognised as reactants in Suzuki cross-coupling reactions 

where a transmetalation step between palladium(II) and boronate results in expulsion of a 

tetrahydroxyborate anion and the formation of an organopalladium species. Subsequent reductive 

elimination of palladium(0) then results in formation of the C-C coupled product. The use of pyridyl 

boronic acids in this field is somewhat less common and generally limited to stable meta or para 

boronic acid substituted pyridyl rings, such as those displayed in Figure 8 below.
17,18

  

 

 

 

 

 

 

 

Figure 8: Examples of o and m-pyridyl boronic acids used in Suzuki cross-coupling 

reactions 

 

While 3 and 4-pyridinyl boronic acids are commercially available ($NZD 150 and 109 per gramme 

respectively) and can be synthesised relatively easily within a laboratory,
19-22

 2-pyridyl boronic acids 

have remained inaccessible due to their instability and are only reported in Suzuki coupling reactions 

in the context of a hydrolytically unstable dimethyl 2-pyridylboronate. This product was utilised without 

purification immediately after generation.
23

 Using Pd(PPh3)4, KOH and a phase transfer catalyst, 3,5-

dimethyl-2-bromopyridine was coupled with dimethyl 2-pyridylboronate, generating 3,5-dimethyl-2,2‟-

bipyridine in a 60% yield (see Figure 9 on the following page). 
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Figure 9: Suzuki coupling reaction between 2-pyridinylboronate and 3,5-dimethyl-2-bromo-

pyridine 

1.4.2 1,2 and 1,3-diol receptors 

 

Boronic acids have received much attention when used as sugar sensors – a field which is based on 

covalent bond recognition and represents a distinct branch of molecular recognition chemistry, which 

typically depends heavily on hydrogen bonding interactions. Boronic acid undergoes self-associative 

covalent bond formation with diol groups, demonstrating particular selectivity for 1,2 or 1,3 diols due 

to the spatial separation of these groups. The hydroxy functional groups within saccharides are 

precisely arranged for bond formation with boronic acid. It is possible to tune the sugar selectivity of a 

given receptor by altering the spatial organisation of the boronic acid 

groups upon it. Chiral recognition of sugars is made possible in this 

way. For example, different isomers of a binaphthyl substituted 

diboronic acid were found to selectively discriminate between the R 

and S isomers of D-Fructose (in favour of the S isomer) creating a 

large fluorescence increase.
24

 The selectivity of the receptor is 

derived from the combined steric and electronic components of the 

sensor. 

 

Figure 10: A chiral receptor for D-Fructose 

 

In covalent bonding associations of diols with boronic acids the boronic acid moiety and its boron-diol 

complex exists in a pH sensitive equilibrium with their respective borate anions. Both borate species 

are susceptible to reversible coordination with a diol.
25

 These equilibria are summarised in Figure 11. 

Sugar binding is indicated by a decrease in the pKa value of the reaction mixture, due to the increased 

acidity of the boronic-diol complexes relative to the boronic acid itself.
26

 

 

Figure 11: Schematic for the covalent bonding 

association of diols with boronic acid and boronate 

 

Linkage of the boronic acid functional group to a fluorescent 

molecule provides a convenient method for detection of diol 

binding by fluorescence spectroscopy. However, in some 

instances the electronic differences between boronic acids and 

esters are too subtle, and their expression is easily suppressed in fluorescence spectroscopy by 

photo-induced electron transfer (PET) mechanisms.
27

 PET sensors coupled with boronic acids were 
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developed in order to restrict fluorescence quenching. For example, a PET sensor composed of 

anthracene and an intramolecular tertiary amine was demonstrated to promote fluorescence upon 

saccharide binding to boronic acid. The effect was derived from the stabilisation of the electron 

deficient boronate by the internal nitrogen donor atom. Refer to Figure 12 for a visual depiction of the 

discussion. 

 

 

Figure 12: A PET 

boronic acid sensors 

for diol bindings 

 

 

 

Within the literature there are several isolated examples in which a transition metal is coupled with a 

ligand bearing boronic acid receptor groups. For example, a heterocyclic ruthenium(II) 5,6-dihydroxy-

1,10-phenanthroline)][PF6]2 complex can be ionised at pH 8 to produce its alkoxide conjugate base. 

The resultant species is receptive to boronic acids, coordination of which manifests as a fluorescence 

change.
28

 The ruthenium complex behaves as an indicator of the receptivity of a boronic acid towards 

sugars. A 5-fold increase is observed in the luminescence of the indicator when coordinated to 

2-methoxyphenylboronic acid. However, in the presence of 40 mM of glucose a competitive reaction 

involving covalent bond formation between the borate anion and the sugar occurs, resulting in an 11% 

reduction in the fluorescence of the solution.  

 

Figure 13: Ru(II) 5,6-dihydroxy-1,10-phenanthroline)][PF6]2 as an indicator for reversible 

binding of glucose by a boronic acid 

 

Simplified pyridyl boronic acids as diol receptors are rarely reported, although some research has 

been conducted in this field with regard to N-alkylation of 3-pyridylborates as a means of adjusting the 

lipophilicity of these species. An example of this includes the use of N-alkylated pyridyl borates to 

shuttle ribonucleosides, such as adenosine, across the phase barrier. Czarnik et al. observed that at 

pH 7 the pyridinium form of 3-pyridylborate is most prominent and that the pKa of the pyridinium form 

is lower than that for its conjugate base.
29
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Figure 14: N-alkylation of 3-pyridylborate 

ribonucleoside receptors 

 

A comprehensive study by Shinkai et al. reveals that 4,4‟-

diboronic-2,2‟-bipyridine exhibits pH dependent absorption 

spectral changes, three independent species of which are 

observed via phototitration experiments and are depicted in 

Figure 15 below.
30

 Stable mono ((A) of Figure 15) and 

disaccharide complexes were accessible within pH profiles 

where the borate anions were predominant. The distance 

between boronic acid moieties proved to be only marginally 

shorter than the standard distance between hydroxy groups of 

a 1,2-cis diol group. The mono-saccharide complex proved to be CD active by virtue of the imposed 

clockwise chiral twist of the pyridyl rings, whereas the latter unrestrained species was CD silent. 

Subsequent metalation of (A) with cobalt(II) produced Δ and Λ racemates of [Co
II
(bpy)3]

2+
. However, a 

substitution inactive cobalt(III) adduct could be reached by air oxidation, to produce the [Co
III
(bpy)3]

3+
 

species and selective separation of D-saccharides. In this way the authors were able to utilise boronic 

acid-saccharide interactions to chiroselectively synthesise the Δ-[Co
III
(bpy)3]

3+
 enantiomer.  

 

 

Figure 15: 4,4’-diboronic-2,2’-bipyridine sugar receptors coupled with cobalt for 

chiroselective synthesis of Δ-[Co
III
(bpy)3]

3+
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1.5 Pincer Ligands with an NCN and NN’N binding motif 

 

The primary objective of this dissertation was to develop chemical themes amenable to the formation 

of non-permanent architectures and to then test metal complexes of these motifs in a variety of 

catalytic roles. A pincer motif provided a convenient framework upon which more elaborate structures 

could be built. Pincers are composed of ligand motifs with two or more points of contact through which 

a metal may be chelated. They are well disposed towards meridional or distorted meridional 

coordination of transition metals, depending upon the flexibility of the ligand and the ionic radius of the 

metal in question. As such, pincer ligands are known to support a range of coordination geometries 

including, octahedral, trigonal bipyramidal, square pyramidal and square planar geometry. The rigidity 

of this ligand class infers certain spatial restrictions upon the metal chelation sphere, limiting access 

and thereby controlling the reactivity of the metal centre. The bulk of pincer ligands reported in the 

literature are C2 symmetric, a feature which greatly simplifies the number of pathways available during 

enantioselective synthesis.
31

  

 

The following discussion focuses on nitrogen and carbon donor atoms within the context of a pincer 

ligand. The narrative will adopt a confluent approach which describes the evolution of several classes 

of pincer ligand, converging with terdentate pincers bearing distal pyridine carboxamide and finally 

tridentate systems with NHC functional groups. 

 

1.5.1 M(ECE) pincers 

 

The classic ECE ligand architecture typically refers to a six electron donor (signified by the letter E) 

consisting of two mutually trans neutral donors such as phosphorus, sulphur or nitrogen which flank a 

monoanionic carbon. PCP pincers have been studied extensively over the past 40 years and have 

found use in a range of catalytic applications. For example, these pincers act as excellent catalysts in 

C-C Heck-Mizoroki coupling reactions.
32,33

 The ECE ligand class is extremely adaptive and can be 

functionalised with ease. As described in Figure 16 upon the following page, useful features include: 

(A) functionalisation of the phenyl ring to allow electronic tuning or immobilisation, (B) introduction of 

chiral groups at the methylene bridges, (C) an entire hemisphere available for the incorporation of 

ancillary ligands, (D) flanking donor groups which may be electronically tuned to favour hard or soft 

donor interactions or sterically tuned as necessary.  

 

Transition metal pincer complexes bearing ECE ligand motifs are conventionally formed via one of 

four methods (see Figure 17 on the following page). Direct cyclometalation may occur upon C-R 

activation of the phenyl ipso substituent (R=H/CR3/SiR3). Complexes of rhodium, iridium, palladium, 

platinum and ruthenium have been attained in this way in conjunction with PCP pincer ligands. 

However, the technique is far less favourable for NCN type ligands (where N is an amine) as a result 

of the comparative weakness of dative N-M bonds compared to P-M bonds. The use of Npyridyl groups 
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reactivates cyclometalation pathways towards the formation of ortho, ortho-biscyclometalated 

products. Other techniques for metalation include the oxidative addition of a phenyl C-X bond across 

a transition metal and substitution methods such as; transmetalation from a lithiated N(CLi)N 

intermediate or transcyclometalation of two weakly bound CE donor sets for a stable ECE pincer. 

Refer to Figure 17 for a visual representation of these techniques. 

 

 

 

 

 

 

 

 

 

 

Figure 16: Attributes of the ECE ligand system 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Techniques for metalation of ECE pincer systems 
 

The NCN pincer ligand can be used to accentuate certain electronic features of a coordinated metal. 

The unique combination of a monoanionic σ-donor sourced from an aryl ring which is nearly coplanar 

with respect to the metal, can act to increase the Lewis basicity of a coordinated metal such as 

platinum(II). N-substitution in favour of bulky groups can further amplify this effect whilst 

simultaneously shielding the activated metal centre from the approach of a Lewis acid. This technique 

is exercised to good advantage in gas sensor technology whereby a robust Pt(NCN) system may 

reversibly bind SO2, changing colour from colourless to orange upon introduction of the gas.
34

 The 

sensor is switched off entirely when the length of the N-methyl substituents is increased by one 

carbon unit. Refer to Figure 18 for a visual description of the discussion. 
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Self-assembly of M(ECE) units can be accomplished with the appropriate functionalisation of the aryl 

ring in the para position. Pd(SCS) components can be linked to one another via the attachment of 

donor groups which form non-permanent interactions with a metal bound acceptor. In this way the 

construction of dendrimers is possible. An adaptation of this technology uses the metalloreceptor 

properties of palladium(II) thiacyclophanes to selectively bind either purines or pyrimidines (see 

Figure 18). In a study by Loeb, simultaneous first and second sphere coordination was induced within 

a macrocyclic thiacyclophane functionalised with ether and aryl groups.
35,36

 Direct metalation of the 

SC(H)S macrocyclic pincer was accomplished by refluxing the ligand with [Pd(MeCN)4][BF4]2 in 

acetonitrile. X-ray crystallography and 
1
H NMR studies were used in tandem, to verify the role of the 

three bonding interactions active within the metalloreceptors. Nucleobases were found to engage in a 

σ-bond with palladium(II), π-stacking interactions with the flanking aryl groups and hydrogen bonding 

with the ether functional groups in the tail of the macrocycle. Furthermore, it was determined that the 

selectivity of the thiacyclophane could be tuned for a particular nucleobase by adjusting the number of 

ether and aryl groups present within the tail. A contracted ring possessing three ether groups and 

lacking flanking aryl arms demonstrated a 56% preference for cytosine over all other nucleobases 

(acetonitrile solvent system). By comparison, an expanded ring containing four ether groups and 

flanking aryl rings was found to extract purines in acetone solvent.  

 

Figure 18: Functionalisation of ECE pincers towards practical applications 
 

In a catalytic context ECE systems have found widespread use as a result of their design modularity. 

For example, van Koten et al. reported the application of Ru(II)(NCN)Cl(PPh3) and 

Ru(II)(PCP)X(PPh3) (X=OTf or Cl) complexes in transfer hydrogenation reactions with KOH, 

isopropanol and prochiral ketones (see Figure 19 on the following page).
37

 The former species was 

shown to attain 70% conversion of acetophenone after 44 hours at reflux. By comparison, a PCP 

analogue with a triflate substituent reached 90% conversion of the same substrate after just half an 

hour. A ruthenium hydride signal was identified in the 
1
H NMR spectrum of the Ru(PCP) complex after 

the addition of isopropanol-base and before the inclusion of ketone, thereby giving support for the 

activity of a metal hydride in the hydrogenation pathway. 
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Figure 19: Transfer hydrogenation with a 

Ru(ECE) pincer 

 

 

 

1.5.2 Phebox (M(NCN)) and Pybox (M(NNN)) pincers 

 

Phebox, or bis(oxazoline) ligands bridged by a phenyl group, are a natural progression from the ECE 

pincers described in Section 1.5.1. Whilst the basic ligand structure is still adaptive with respect to the 

incorporation of chiral groups or para substituents, the flanking donor groups are specifically dative 

nitrogen atoms. This ligand class was developed with the intention of widening the N-M-N bite angle 

of metalated complexes, in so doing bringing the oxazoline groups within close proximity of the 

coordinated metal to increase crowding within the coordination sphere. When the carbon atom at 

position 4 is made chiral the environment near the metal is itself rendered chiral (see Figure 20).
38

 

Ligands of this type have been implemented in asymmetric transformations such as the transfer 

hydrogenation of 2-naphthalones. Nishiyama and colleagues report high enantioselectivity for the 

S-alcohol product when chiral Ru(Phebox) is implemented as a catalyst.
39

 Two catalysts were 

designed bearing chiral substituents in the 4-position of the oxazoline rings. Phenyl substitution at this 

position yielded 95% conversion with an enantiomeric excess greater than 80%, whereas isopropyl 

substituents dramatically decreased both the yield and ee to 78 and 15% respectively.  

 

 

 

Figure 20: Transfer hydrogenation 

mediated by a terdentate Ru(II) Phebox 

complex 

 

 

 

 

Nishiyama extended the phebox design to pybox ligands by replacing the bridging aryl group with a 

pyridyl group. The resultant ligand is instantly terdentate without C-H activation and can undergo 

cyclometalation with substrates such as [Ru(p-cymene)Cl2]2 at room temperature or with metal salts 

when refluxed in ethanol. A standard approach towards the construction of pybox ligands was 

developed which involves acid condensation of pyridine-2,6-dicarbonyl dichloride with two equivalents 

of a chiral amino alcohol to form a bishydroxyamide. Subsequent reactivity with thionyl chloride yields 
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a bischloramide which can undergo ring closure of its two pendant arms under basic conditions (See 

Figure 21).
40

  

 

Figure 21: Typical procedure for the synthesis of pybox ligands 
 

As a result of the lability of the dative pyridyl bond, metal complexes of pybox ligands typically do not 

survive high temperatures. In some catalytic scenarios, such as the hydrosilylation of acetophenone 

using Rh(III)Cl3 pybox, excess free ligand was necessary for the stabilisation of catalytic intermediates 

as a result of the pyridyl group lability. However, the catalyst system displayed excellent face 

recognition of acetophenone to produce a yield of 91% 1-phenylethanol with an ee of 99% in favour of 

the S-configuration after just two hours at 0°C (see Figure 22). 

 

Figure 22: Hydrosilylation mediated by a terdentate 

Rh(II) pybox complex 

 

A comparison of similar Rh(III)(phebox) and Rh(III)(pybox) 

systems gives an indication of the different coordination 

environments provided by the subtly different ligand 

systems. A summary of these differences is provided in 

Figure 23. The bond distance from the phenyl carbon and 

pyridyl nitrogen to rhodium is the same in each case. The 

averaged Rh-Noxazoline bond distances is statistically longer for the pybox species than for the 

Rh(III)(phebox) (2.076(18) vs 2.029(3) Å) and this difference translates into a smaller N-Rh-N bite 

angle for the pybox complex, which leads to a slight projection of the metal out of the pincer pocket 

formed by atoms N2, N3 and N1. In a 

catalytic context, while the pybox system 

increases the available spatial access to 

the metal the phebox system exerts the 

reverse influence.  

 

Figure 23: The influence of phebox 

and pybox ligand systems on the 

rhodium coordination sphere 

  



 

 
18 

1.5.3 M(N’NN’) Pyridine Carboxamide pincers 

 

The arrangement of pertinent donor atoms within pybox ligands is mirrored in the 2,6-pyridine 

carboxamide motif, with one important deviation. Upon deprotonation, the 2,6-pyridine carboxamide 

framework demonstrates broad suitability as a 2- ligand donor for a range of metal centres, further 

stabilised by a neutral two electron donor in the form of the nitrogen of the pyridine head group. As 

described for the ECE or box pincers, the ligand is planar, rigid and effectively shields three sectors 

about the metal from external attack. Due to the strong covalent bonds formed between the amide 

nitrogen and an introduced metal we might expect that pincer complexes of this type will be even 

more robust than the other pincer classes introduced thus far.  

 

Amide functional groups possess versatile chemistry. In their neutral form they are weakly 

amphoteric. Comparatively, deprotonated amides are strong bases capable of stabilising metals in 

high oxidation states by virtue of a strong σ-donor interaction. The ligand can satisfy a range of 

coordination geometries and binding modes. A metal may be bound via coordinate interactions with 

an amide nitrogen (refer to A of Figure 24) or with the carbonyl oxygen (B). In its deprotonated state 

the amide can bind covalently to the metal (C) or in a related resonance form, to the oxygen atom of 

an imidoester (D). 

Figure 24: The binding modes of carboxamides and pyridinamides 
 

Functionalisation of amides with pyridine is possible via condensation reactions between amines and 

substituted picolinic acids.
41

 The pyridinamides generated in this way similarly support a range of 

metal binding modes and may coordinate a metal in a multidentate fashion via neutral or 

deprotonated amide atoms (See E and F of Figure 24 for two examples of these binding 

conformations). An ortho-substituted pyridine carboxamide ligand system can greatly improve the 

redox stability of metal complexes to which it is coordinated, and it does so through σ–donor bonding 

contributions from Namidate, which work in tandem with the π–acceptor attributes of the Npy atom.  
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When additional pyridinamides are included within the metal ligating system described (G and H of 

Figure 24) they may endow the resultant metal complex with a special resistance to oxidation as a 

result of electronic stabilisation from the ligand. The diversity of the binding modes of pyridinamide 

ligands is aptly demonstrated by Trost‟s molybdenum catalyst for asymmetric allylic alkylation, which 

upon initial displacement of a propionitrile ligand from (EtCN)3Mo(CO)3, leads to bidentate 

coordination between a carbonyl group and pyridyl substituent (I of Figure 25). The subsequent π–

allyl intermediate (J) involved in the catalytic C-C bond forming mechanism between an allyl substrate 

and a nucleophile has been crystallographically verified as tridentate. J requires deprotonation of one 

of the amide nitrogens and an inversion of the ligand coordination sphere.
42,43

   

 

 

 

Figure 25: Binding modes of 

a pyridinamide ligand within 

the Trost allylic alkylation 

reaction 

 

 

Pyridinamides may also provide complimentary functionality to a potential ligand system in the form of 

an internal base, whereby a conjugate pyridinium acid is formed in the product. Numerous metal 

complexes containing the 2,6-pyridine carboxamide bispyridinium framework are reported in the 

literature. Pincer complexes of this type have been reported for palladium(II), manganese(II), 

cobalt(II), nickel(II), copper(II), zinc(II), ruthenium(II) and cadmium(II) (see Figure 26).
44

 

 

 

Figure 26: Transition metal 

complexes bearing 2,6-pyridine 

carboxamide bispyridinium 

ligands 

 

 

Incorporation of a second metal centre, or introduced guest molecules or ions is similarly made 

possible when pyridyl building blocks are spaced appropriately within a wider framework. These 

precise features pre-dispose ligands containing pyridine carboxamide functional groups towards self-

assembly, a topic which is reviewed in the following section.  
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1.5.4 2,6-pyridine carboxamide pincer ligands in supramolecular systems 

 

All novel compounds described in Chapter Three contain pyridine and carboxamide functional groups 

aligned in a complimentary fashion so as to present a pincer coordination environment to an 

introduced metal. In Chapters Four and Five macrocyclic ligands containing the 2,6-pyridine 

carboxamide moiety are similarly discussed, but in the context of receptor functionality as opposed to 

a metal coordination pocket. As such, it is appropriate to discuss the role of the 2,6-pyridine 

carboxamide group in supramolecular systems. The subsequent discussion aims to place the use of 

this particular functional group within the context of supramolecular self-assembly. 

 

The free base of 2,6-pyridine carboxamide demonstrates „U-shaped‟ organisation due to the hydrogen 

bonding interactions which form between the head group pyridyl ring and the flanking amide protons 

(see Figure 27).
45

 This arrangement, which is observed in conjunction with a variety of different R 

groups (including o-pyridine and benzimidazole)
46

 directs metalation to the pincer pocket created by 

the pyridyl and amide nitrogens. In the free base form the 2,6-pyridine carboxamide framework can be 

construed as pre-organised for engagement in supramolecular interactions with the appropriate guest 

within the pincer cleft. 

 

 

Figure 27: U-shaped conformation of the 2,6-pyridine carboxamide moiety 

 

The use of macrocyclic rings containing pyridine and amide functional groups as receptors for small 

molecules is widely reported in the literature. For example, Hamilton et al. describe 

2,6-diaminopyridine units linked by an isophthalate spacer as host for barbiturates.
47

 Within the host 

the pre-organisation of the amidate and pyridine functional groups facilitates molecular recognition of 

barbiturates, relying on the formation of six intermolecular hydrogen bonds to hold a single molecule 

within the ligand cleft (see Figure 28). This discovery proved beneficial for the preparation of 

self-assembled chromophores from a porphyrin derivatised barbiturate and a dansyl functionalised 

host molecule. Despite a 23 Å separation between the porphyrin and dansyl centres, quenching of the 

dansyl fluorescence emission was observed upon titration of the host with the barbiturate. The effect 

was evidently derived from electronic communication across the hydrogen bonding host-guest 

interface. 

 

While natural anion binding systems utilise charge dipoles to selectively abstract ions, synthetic 

mimics typically employ neutral hydrogen bonding interactions to accomplish the same task. Jurczak 

et al. described a macrocyclic tetraamide which exhibits a strong preference for the binding of 

fluoride, chloride, acetate and H2PO4
-
 (see Figure 26).

48
 With the use of 

1
HNMR titrations (d6-DMSO) 

highest association constants were demonstrated for a 1:1 host-guest complex of the macrocycle and 

acetate. X-ray crystallography provided several useful insights into the solid state characteristics of 

the host-guest complexes generated. As the free base, the macrocyclic ligand is entirely planar and 
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contains four intramolecular hydrogen bonds from the amide protons to the pyridyl nitrogens. Upon 

anion binding the macrocycle undergoes a conformational change, although planarity is retained by 

the amide functional groups. The relative size of the fluoride and chloride anions induced a clear 

change in the dihedral angle between the head and tail pyridyl groups. The larger chloride anion was 

bound 1.9 Å above the amide plane and a dihedral angle of 23° recorded. By comparison, fluoride 

was bound 0.9 Å above the cavity with a dihedral angle of 38°. Upon expansion of the aliphatic portion 

of the macrocyclic ring by one methylene carbon, it was possible to increase the anion binding 

constant in favour of dihydrogen phosphate (a Kass of 7410 M
-1

 was measured).
49

 

 

Figure 28: 2,6-pyridine carboxamide ligands as hydrogen bonding receptors for anions and 

small molecules 

 

 

 

 

Figure 29: A biomimetic host for the 

binding of adrenaline 

 

 

 

 

 

Similarly, Schrader et al. sought to probe the role of non-covalent interactions in the signal 

transduction across cell membranes.
50,51

 Adrenaline receptors are vital in these types of processes. A 

macrocyclic ring containing a 2,6-pyridine carboxamide head group, flanking o-nitroarenes and tail 

end phosphonites was synthesised to mimic the complex array of serine, tyrosine, aspartic acid, 

tryptophan and phenylalanine amino acids which comprise the natural binding receptors for 

adrenaline (see Figure 29). The mimic was well suited towards the formation of complimentary non-

covalent interactions with the guest molecules and this was accomplished in the following way: 

hydrogen bonding interactions with hydroxide groups, π-stacking attractions between the nitroarenes 

and guest aryl group and electrostatic attraction between the host phosphonites and adrenaline 

amine. In this way the macrocyclic cavity was specifically designed for catechol recognition via non-
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covalent interactions. The receptor mimic exhibited a binding constant of 10
2
 M

-1
, compared to the 

natural version of the receptor which accomplishes 10
5
 M

-1
.  

 

Coordination of a metal to a ligand framework may be used to organise a receptor towards a specific 

substrate by self-assembly. Hamilton et al. describe self assembly of two bis(acylamino)pyridine 

substituted phenanthroline chains by a single copper(I) centre.
52

 The resultant helicate possesses two 

sites which are selective for glutaric acid (Kass = 4.9 x 10
4
 M

-1
). Incorporation of a metal 

simultaneously provides a spectroscopic sensor for binding of the substrate (see Figure 30).  

 

Figure 30: The effect of metal 

templating upon ligand 

organisation 

 

In another example, Tonellato et 

al. utilised a tridentate pincer 

coordination pocket composed 

of bis(aminomethyl) pyridine to 

institute allosteric reorganisation 

of the ligand‟s pendant arms 

(see Figure 30).
53

 In so doing 

the bis(amine) tail end of the 

ligand system was ordered for 

binding of a second copper(II) 

centre. The binuclear species 

proved selective for the 

hydrolysis of the p-nitro phenyl 

ester of β-alanine. Although 

Cu(II) is able to mediate the transformation unassisted, in conjunction with the anilino ligand system 

the rate of hydrolysis was accelerated. By comparison, a contracted model complex was observed to 

impede catalysis. The authors propose a catalytic intermediate in which the ester substrate bridges 

between the two copper centres. While the metal in the pincer pocket is coordinated by the amine end 

of the ester, the second centre is placed for interaction with the nitro functional group and acts as a 

Lewis acid to electronically predispose the ester towards hydrolysis.     

 

Lehn et al. were able to use the different coordination geometries of palladium(II) and copper(II) to 

generate alternative receptor architectures within a 2,2‟-bipyridine 4,4‟-diacylaminopyridine ligand.
54

 

These types of ligands demonstrated complimentarity towards Janus-type molecules which 

themselves are in possession of matching sequence hydrogen-bonding sites on opposing sides of the 

molecule. The authors observed that the copper(II) bipyridyl complex demonstrated selectivity for a 

particular imide (pictured in Figure 31) although a mixture of homotopic receptors were available 
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within the reaction mixture. The selectivity originated from the conformational flexibility of the guest, 

which could arrange its imide groups in a perpendicular fashion. This specific host-guest receptor 

combination was observed to grow in abundance by 
1
H NMR spectroscopy. Lehn and co-workers 

eventually hoped to extend these findings towards the 

development of dynamic combinatorial libraries.      

 

Figure 31: Janus-type molecular recognition exhibited 

by a copper(II) 2,2’-bipyridine 4,4’-diacylaminopyridine 

complex 

 

Template synthesis similarly finds utility in the construction 

of supramolecular architectures such as rotaxanes. Leigh 

et al. employed a clipping method to attach acyclic 

palladium(II) 2,6-pyridine carboxamide pincer complexes 

functionalised with terminal ethylene moieties to a non-symmetric thread.
55

 With the aid of two 

separate template interactions, a π–acceptor π–donor pyridyl site and a hydrogen bonding position 

on the thread, it was possible to systematically clip unique fragments onto the thread according to 

their respective receptor sites, and ring close each with Grubbs first generation catalyst. Palladium(II) 

was removed after ring closing metathesis with the aid of potassium cyanide. By this method it was 

possible to specifically arrange two unique macrocycles on a non-symmetric [3]rotaxane thread (see 

Figure 32).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: Assembly of unique macrocyclic rings on a [3]rotaxane 
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Extension of these principles to catalytically active constructs marks an exciting development of the 

existing passive template synthesis. For example, Leigh and co-workers demonstrated that a 

cyclophane functionalised macrocyclic ring coordinated to palladium(II) with the aid of a bipryridyl 

head group, could catalyse oxidative cross coupling of alkenes with boronic acids.
56

 Furthermore, the 

reaction proceeded in the absence of base and is believed to operate via an oxygen promoted 

mechanism. Although the reaction had an extremely low turnover number (65 TON over a 16 day 

period) it was found to be tolerant to a range of alkenes and boronic acids, with the exception of 

sterically hindered substrates such as disubstituted alkenes. Mechanistically the C-C coupling 

reaction proceeds through four main steps, which are depicted in Figure 33. Namely; transmetalation 

of the aryl boronic acid (A) after dissociation of an acetate moiety, followed by π-coordination of the 

alkene (B), and then migratory insertion of the alkene across the Pd-aryl bond (C). Last of all, a β-

hydride elimination yields the [2]rotaxane depicted in Figure 33 in step (D). The β-hydride elimination 

step, which is promoted by base in a conventional Heck reaction, must occur either via a concerted 

syn-elimination step or an anti-elimination mechanism which is assisted by the bipyridyl ligand.
57

 

 

Figure 33: Active palladium(II) [2]rotaxane template catalyst for the Heck C-C coupling 

reaction under base free conditions
57
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1.6 N-Heterocyclic carbene ligands (NHCs) - Pincer Ligands with a CN’C binding motif 

 

Chapters Four and Five describe the synthesis and reactivity of a range of transition metal complexes 

bearing NHC pincer ligands. The following portion of the introduction aims to briefly introduce the 

reader to the rich and diverse chemistry of NHCs before specifically addressing their incorporation 

into a pincer framework. 

 

Until Grubbs developed his superior first and second generation ruthenium based catalysts bearing 

NHCs,
58

 phosphines were the ligand of choice in the chemical community. It is through their unique 

electronic properties that NHCs have established themselves as competitive ligands for transition 

metal catalysts. The study and understanding of NHCs is facilitated through the segregation of steric 

and electronic properties within these systems.
59

 Although these two factors can never truly be 

separated, NHCs do allow near independent tuning in a way that other systems would not permit. In 

the case of phosphines, for example, substituents are directly coordinated to the donor atom which 

itself connects to a metal atom in an organometallic complex. In contrast, the electronics of the 

carbene carbon and heterocyclic ring of an NHC are relatively separated from steric elements situated 

upon the N-substituents, or along the backbone of the heterocyclic ring.   

1.6.1 The electronic nature of carbenes  

 

Carbenes contain a divalent carbon atom possessing six valence electrons, two of which are non-

bonding. The carbon atom is in an oxidation state of two, is electron deficient and bears no formal 

charge. Heteroatom substituted carbenes are usually singlet carbenes and their stability and ground 

state spin multiplicity is strongly dependent upon their substituents. In the case of singlet carbenes the 

non-bonding pair of electrons may occupy two ground state configurations and one excited state 

configuration (see Figure 34). It does so as a pair of electrons with anti-parallel spins in either of the 

two 
1
A1 states, σ

2
 and pπ

2
, or the excited σ

1
pπ

1
 state, 

1
B1 (See Figure 34). The triplet state, 

3
B1, 

displayed by carbenes with Aryl substituents, also demonstrates a σ
1
pπ

1
 occupancy for its two non-

bonding electrons, but they have parallel spins.
60

   

 

 

Figure 34: Spin Multiplicity 

of Singlet and Triplet 

Carbenes 

 

 

As one might expect, the X-C-X bond angle is dependent upon the hybridisation of the C-X bond. 

Linear geometry implies sp-hybridisation of carbon with two non-bonding degenerate orbitals (px and 

py), whereas bent geometry arises when the degeneracy is disrupted and the carbene takes on 

greater sp
2
 character (see Figure 35). In this case the px orbital acquires greater stabilisation through 
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the acquisition of s character. Typical X-C-X bond angles for singlet 

carbenes lie in the range 100-110°. 

 

 

Figure 35: The influence of frontier orbital energies upon the 

geometry of carbenes 

 

 

 

1.6.2 The electronic nature of free NHCs 

 

Given that the carbene bond angle is governed by the energy of the frontier orbitals, the NHC carbon 

atom is particularly sensitive to the steric and electronic effects of substituents. Adoption of singlet or 

triplet states is directed by inductive (distribution of electron density as a result of bond polarisation) 

and more importantly, mesomeric effects (overlap of substituent and carbene p orbitals). It is 

essentially the extent of the σ-pπ gap that dictates whether a singlet or triplet state is adopted. For 

example, the 0.5 eV energy increase from triplet to singlet carbenes
61

 is easily overcome by the 

introduction of EW substituents such as halides, which increase the s character of the σ non-bonding 

orbital (see Figure 36).  

 

Figure 36: Inductive effects of σ-electron withdrawing substituents and mesomeric effects of 

π-electron donating substituents upon a singlet state carbene 

 

Substituents may be either π-electron donating (-halides, -NR2, -PR2, -OR) or π-electron withdrawing 

(-COR, -CN, -CF3, -BR2). NHCs themselves bear inherently π-electron donating substituents, the 

acute N-C-N bond angle of these arising due to the large σ-pπ gap created when substituent lone 

pairs increase the energy of the empty pπ orbital. The resultant NCN bonding arrangement is best 

described as a four electron, three centre π-system with a partial negative charge on the carbene 
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carbon and a partial positive charge on the nitrogen substituents. The ideal electronic scenario for 

stabilisation of a singlet NHC, as determined by Pauling et al.
62

 relies upon a balance of push, push 

mesomeric and pull, pull inductive effects. Namely, two π-donor σ-attractor substituents. In this way 

the carbene is both electronically enriched while its lone pair is stabilised by the pull effect of the 

comparatively electronegative nitrogen atoms. While some stabilisation is deemed to arise from 

electronic delocalisation within these systems, it is the inductive and mesomeric effects that play the 

major role. Further stabilisation of the carbenic centre can be derived from the steric protection of N-

substituents. 

1.6.3 The electronic nature of NHCs coordinated to transition metals 

 

Generally NHCs are considered to be strong σ-donors when involved in bonding with transition 

metals, the carbene carbon acquiring extra stabilisation through strong π-donor interactions sourced 

from the two amines vicinal to the carbene atom. However, within the last 10 years it has become 

apparent that filled π and empty π* orbitals present in the NHC ring may be simultaneously engaged 

in molecular orbital interactions with the metal d orbitals. The nature of this interaction depends upon 

the basicity of the metal centre. So, while electron rich group XI metals invoke a d→π* back donation 

interaction between the metal d orbitals and the empty π* NHC orbitals, an electron poor metal will 

solicit a donation response from the filled π orbitals of the NHC towards the metal d orbitals. Refer to 

Figure 37 for a diagrammatic depiction of the discussion. These circumstances are succinctly 

displayed by a couple of synthetic examples reported in the literature. Meyer et al. demonstrated 

d→π* back donation between NHCs and silver(I) in a trimeric species with the aid of dft calculations 

(BY86/TZP relativistic effects included).
63

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37: NHC π and π* orbital interactions with metal d orbitals 
 

Conversely, Cavallo et al. confirmed that π→d interactions were at play in an electron deficient 14 

electron iridium(III) NHC complex, using molecular orbital analysis Figure 37.
64
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Over the years, there has been much debate on the subject of NHC coordination to transition metals. 

They are accepted as better donors than their phosphine counterparts and a number of theoretical 

and experimental studies have been conducted in order to clarify their relative donor strengths. 

Pertinent studies in this field that will be discussed include; bond dissociation energy (BDE) with 

respect to disruption of a transition metal carbene bond, ligand basicity and expression of donor 

strength through infrared analysis of NHC-transition metal carbonyl substituted complexes. Where 

applicable the discussion will refer back to related phosphine containing analogues to provide a 

comparison between the electronic nature of these complexes versus that of NHCs.  

1.6.3.1 Thermochemistry – Bond dissociation Energy (BDE) of the M-CNHC bond 

 

The reaction enthalpy of bond formation between a transition metal and NHC can be determined 

using anaerobic solution calorimetry. In turn, the BDE (kcal/mol) is calculated by dividing reaction 

enthalpy by the number of bonds formed between a metal and a ligand, as is described by Equation 

1. Nolan et al. used thermochemimetric techniques to assess the relative BDEs of a 

Ruthenium-Ligand bond in a series of Cp*RuClL (Cp* = η
5
-C5Me5) complexes bearing two electron 

donating ligands (See Equation 2 below).
65

  

 

Equation 1: BDE = -ΔH/n(bonds formed)  kcal/mol 
 

Equation 2: 
 

 

Amongst the ligands analysed in the study were phosphines and a range of N-alkylated NHCs of 

varying steric bulk. Nolan et al. measured physical parameters such as Ru-CNHC bond length and 

BDE, before comparing these results back to well-known phosphine systems. In so doing it was 

possible to assess the relative donor strengths of ligands in the study. BDE was found to be directly 

dependent upon the degree of steric bulk imposed by the NHC ligand, as is evident in Figure 38. The 

less sterically hindered propyl substituted NHC has a BDE of 11.1 kcalmol
-1
 compared to 15.6 

kcalmol
-1

 for the mesitylene substituted NHC and 18.8 kcalmol
-1

 for the tolyl (measured). By 

comparison, a two electron donor such as PCy3, lies at the bottom end of this scale at 10.5 kcalmol
-1

, 

with a BDE closely comparable to that of IPr. Nolan et al. demonstrated that the NHCs with saturated 

backbones were better donors and this assessment is borne out by the short Ru-CNHC bond lengths 

for these complexes. Short Ruthenium-CNHC bond lengths bring the bulky N-substituents in close 

proximity to the metal centre so that the expected trend for a saturated versus an unsaturated 

backbone is not reflected in the BDEs. The relative BDEs of several Ru-NHC complexes are 

described on the following page.  
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Figure 38: Steric influence of substituted NHCs upon Bond Dissociation Energies of the 

Ru-CNHC bond in a series of Cp*RuCl(NHC) complexes 

1.6.3.2 Basicity of NHCs 

 

Cavell et al. sought to understand the role of basicity in determining donor strength of NHCs by 

altering ligand substitution at the backbone and at the nitrogen atoms vicinal to the carbene carbon. 

pKas of free NHCs were calculated using gas-phase energy CBS-QB3 model chemistry and CPCM 

solvation models to account for geometry.
66

 

 

Saturated imidazolin-2-ylidenes were demonstrated to have a greater basicity (or higher pKa) relative 

to their unsaturated counter-parts, a fact which arises because of the larger NCN bond angle present 

in these ligand systems (see Figure 39).   
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Steric 
hindrance 

imposed by 
N-

substituents 
 
 

High 



 

 
30 

 

Figure 39: pKa
H2O

 (±) values for a series of NHCs, demonstrating N-substituent effects and the 

influence of substitution at the backbone 

 

Similarly, the presence of electron-donating groups upon the NHC backbone has the effect of 

increasing the basicity of the carbene relative to the N-methyl substituted analogue, while substitution 

with electron-withdrawing groups such as chloride results in a reduction of the pKa to 23.4 (±0.2). 

Substitution upon the vicinal amino groups has a significant effect upon basicity, the inductive effects 

of the NHCs substituted with aryl rings leading to a pKa value of 22.0 (±0.1). Comparatively, electron 

donating alkyl groups produce larger pKa values in excess of 28 units. Although an identical trend is 

expressed in the pKa values of the phosphines compared to NHCs, upon substitution at nitrogen with 

inductive or electron withdrawing substituents (pKa(Cl) > pKa(H) > pKa(Me), it is apparent that NHCs 

are more basic by more than 10 pKa units.   

1.6.3.3 Assessment of NHC electronic properties based upon trans CO substituted 
transition metal NHCs 

 

The donor strength of an NHC can be further investigated through the formation and spectroscopic 

analysis of NHC bound transition metal complexes bearing carbon monoxide substituents. IR analysis 

of the v(CO) stretch of these compounds can be used as a diagnostic tool for the bond order of the 

Metal-CO and C-O bonds, expressed as a set of resonance hybrids (See Equation 3).
67

 An M-CO 

bond is composed of σ and π donor interactions of the carbonyl moiety with the σ and π orbitals of 

the transition metal. Strong σ-donors bring about low v(CO) vibrational frequencies. Conversely, 

greater π–back bonding ability of an NHC is indicated by higher v(CO) vibrations.
68

  

 

A study of nickel(0) triscarbonyl complexes with variously substituted free NHCs bearing both 

saturated and unsaturated backbones (see Equation 4) plainly reveals the superior σ-donor character 

of NHCs within these complexes.
69

 NHCs with saturated and unsaturated backbones unanimously 
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Complex BDE (kcal/mol) v(CO)/cm – A1 v(CO)/cm – E 

Ni(CO)3(PPh3) 26.7 2068.9 1990 

Ni(CO)3(PtBu3) 28 2056.1 1971 

Ni(CO)3(SIPr) 38 2052.2 1971.3 

Ni(CO)3(IPr) 38.5 2051.5 1970 

Ni(CO)3(SIMes) 40.2 2051.5 1970.6 

Ni(CO)3(IMes) 41.1 2050.7 1969.8 

Ni(CO)3(ICy) 39.6 2049.6 1964.6 

 

demonstrate stronger donor properties when compared to the most basic phosphine, P
t
Bu3. See table 

1 below.  

 

Equation 3:  
 

Equation 4: 
 

 

 

 

Table 1: Correlation of 

stericity and Bond 

Dissociation Energy 

with the Carbonyl 

stretching frequency (in 

CH2Cl2) of a series of 

transition metal NHCs 

 

1.6.4 Synthetic routes towards NHCs: 

 

A number of techniques have been developed for the formation of NHCs, the more common of which 

are depicted in Figure 40 and refer to a simple imidazole with a saturated or unsaturated backbone.
59

 

The backbones of imidazoles are depicted as a dashed line to signify that they may be either 

saturated or unsaturated. In the interests of simplicity the schematic does not differentiate between R 

groups substituted at N, as incorporation of asymmetry into an NHC is better explained in the text 

below. In order to assist the reader a colour code which refers directly to Figure 40 has been 

incorporated into the discussion.  

 

A di-N-substituted imidazolium (blue box) is often the starting point for transformations to an NHC 

(yellow box). The imidazolium cation itself can be formed in a number of ways depending on the 

degree of symmetry desired. A symmetrically substituted imidazole is formed, in the presence of 

strong acid, from two equivalents of an amine, glyoxal and formaldehyde (green box). The 

asymmetric product can be prepared in a similar manner if one equivalent of amine is replaced by 

ammonia in the absence of acid (orange box). In a second step the imidazolium cation is formed upon 

addition of an alkyl or aryl halide. By the same reference, an asymmetric imidazolium cation can also 

be prepared from the pre-formed H-imidazole in two alkylation steps utilising an alkyl or aryl halide. 

Where saturated imidazolines are specifically required the reduction of mixed oxalamides, 

subsequent addition of triethyl orthoformate and introduction of a counter-anion can produce an 

asymmetric imidazolium ion. Symmetric saturated imidazolines can be obtained in a similar way using 

symmetric oxalamides or diazabutadienes (green box).    
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Transformations leading to the production of free NHCs are depicted in the grey box in Figure 40. Use 

of a strong base in conjunction with an azolium salt (blue box) leads to formation of a free carbene 

(yellow box), a method utilised by Arduengo in 1991 to form the very first free NHC.
70

 Thereafter 

several groups investigated 1,1-elimination of alcohol, chloroform or pentafluorobenzene as a method 

for carbene formation when deprotonation by base proved unsuitable.
71

 Grubbs, for example, found 

that strong base deprotonation was not appropriate where imidazolin-2-ylidenes with saturated 

backbones were concerned.
58

 

Reductive desulfurisation of 

thiourea is carried out by refluxing 

with potassium in THF and has 

proven to be a fruitful technique 

for the formation of free NHCs 

with saturated backbones.
72

 All 

synthetic pathways described 

above are reversible and thus the 

free NHCs can be readily 

obtained by heating the 

tetraaminoethylene dimer. 

 

 

 

 

 

 

 

 

Figure 40: Synthetic routes 

towards the formation of NHCs 
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1.6.5 Synthetic routes towards transition metal bearing NHCs 

 

A wide range of methodologies have been developed for the synthesis of NHCs bearing transition 

metal complexes (refer to Figure 43 in the forthcoming pages for a diagrammatic review of the more 

commonly favoured techniques). Amongst the most common of methodologies is direct reactivity of a 

pre-generated NHC with a metal substrate. In these cases deprotonation of the conjugate acid of the 

NHC is accomplished using a base such as sodium acetate, triethylamine, sodium hydride, potassium 

tertiary butoxide or MHMDS. In some cases the use of a metal substrate with an internal base, such 

as palladium(II) acetate, [(COD)Ir(µ-OR2)Ir(COD)] or silver(I) oxide, has proven successful in the 

formation of transition metal bound NHCs. Enetetramine dimers may similarly act as a source for free 

NHC upon cleavage of the exocyclic double bond. Imidazolin-2-thiones can also be transformed into 

the free NHC by desulfurisation with potassium metal.
68

 

 

More recently, oxidative addition of metals across the C-H or C-I bonds of imidazolium has been 

explored, in some instances receiving stabilisation from the ancillary ligands. Such an example is 

reported by Peris et al. in the oxidative addition of [Ir(COD)Cl]2 to a pyridyl substituted imidazol-2-

ylidene.
73

 

 

Another method requires deprotonation of an imidazolium salt with strong base in the presence of a 

carbon dioxide atmosphere.
74

 The resultant carboxylate-2-imidazole readily liberates CO2 upon 

exposure to a metal substrate such as [Rh(COD)Cl]2.
75

 

 

Many published methods for the formation of transition metal NHCs utilise trapping techniques, 

whereby the NHC is momentarily captured by a metal, forming an intermediate that is more stable 

than the free NHC.
68

 The metal substrate of choice is added to this intermediate, with subsequent 

transmetalation and generation of the target complex. Group(VI) pentacarbonyl complexes
76

 remain 

amongst the most popular transmetalation agents utilised within the synthetic community, although 

gold(I)
77,78

 and borane-carbene adducts have also been reported.
68

 Transmetalation from Hg(II)-NHCs 

is limited to one example.
79

 Alkali metal NHCs are sometimes stabile enough to be isolated when the 

NHC ligand utilised is substituted appropriately, and can act as effective transmetalation agents for 

the formation of other metalated species. 

1.6.5.1 Preparation of silver(I)-NHCs 

 

The most popular transmetalation agent is undoubtedly silver(I). Formation of Ag(I)-NHCs prior to 

transmetalation can represent a considerable advantage in instances where vigorous metalation 

reaction conditions, such as high temperature or strong base, would result in decomposition of the 

ligand. The rate of formation of the silver carbene has been shown to be dependent on a number of 

factors, including the number of imidazolium cations present within the ligand framework and the 

nature of substituents coordinated to the imidazolium ring. As one would expect, substituents that 
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reduce the acidity of the NCHN proton do not favour formation of the silver carbene.
80

 

Transmetalation is carried out by preliminary formation of a Ag(I)-NHC through the addition of a silver 

salt or silver base to the deprotonated imidazolium salt. Addition of an appropriate transition metal 

containing substrate, and formation of the new metal-NHC is proceeded by the precipitation of a silver 

salt.  

 

The literature reports several methods for the synthesis of NHC complexes of silver(I). The 

imidazolium salt precursor is generally reacted with Ag2O, Ag(OAc) or Ag2CO3 in dichloromethane or 

1,2-dichloroethane (A of Figure 41).
81,82

 Reactions are sometimes carried out in the presence of 

molecular sieves, which are said to increase the rate of reaction and the purity of products obtained 

by the removal of trace quantities of water.
83

 Another method, developed by Lin and Wang et al. 

utilises AgBr in the presence of base and a phase transfer catalyst to generate the silver carbene (B 

of Figure 41).
84

 Lastly, Tejeda et al. report synthesis of a free carbene by deprotonation of an 

imidazolium salt with the base potassium tertiary butoxide, followed by trapping with Ag(OTf) to form a 

Ag-NHC (C of Figure 41).
85,86

  

 
Figure 41: Methods for the formation of silver(I)-NHCs 

 

A combination of factors can influence the type of coordination mode adopted by a silver(I) NHC 

complex including; stericity and flexibility of the ligand, solvent type as well as silver and halide 

interactions.
87

 Consequently, it is observed that a disilver NHC can adopt one of six general 

conformations in the solid state with respect to the carbene-silver counter anion bonding motif. See 

Figure 42 for a visual depiction of the silver(I)-NHCs binding motifs that have been observed by X-ray 

crystallography. A single silver halide moiety directly coordinated to a carbene is dubbed 

“coordinating” (Structure 1). The remaining five structures are of the bridging variety. Structure 2 

depicts two silver carbenes bridged by two halide atoms whereas Structure 3 and 4 resemble a 

staircase built from interconnecting Ag-halide steps. Biscarbenes may also be bridged by a single 

silver atom, an interaction that is stabilised by a separate [AgX2]
-
 or [Ag2X4]

2-
 counter anion (where X = 

halide). The Ag
I
-Ag

I
 interaction is normally in the order of 3 Å in length (Structure 5). In scenarios 
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where the counter-anion is non-argentophilic 

a second bridging motif (Structure 6) is 

occasionally observed.  

 

Figure 42: Crystallographically observed 

structures for silver NHCs 

 

An average Ag(I)-CNHC bond length is about 

2.12 Å however, Ag(I)-CNHC bond distances 

are longer in systems bearing a bridging 

motif. Silver clusters contain the longest 

carbene bonds in this category, averaging 

2.259 Å. Irrefutable proof for the coordination 

mode of the Ag-NHC is generally only 

obtained from crystallographic data. Where 

electrospray mass spectrometry is used to 

elucidate the coordination mode of the Ag-

NHC, researchers are conscious of the effect 

polar solvents can introduce upon the 

redistribution of ligands within the Ag-NHC 

complex. Little is known about how these 

types of species behave in non-coordinating 

solvents and in cases where counter-anions 

are particularly non-argentophilic (this is the 

case for triflate, tetrafluoroborate and hexafluorophosphate versus halides) the mode of coordination 

is particularly difficult to predict.  

 

A myriad of metal carbenes have been synthesised via Ag(I)-NHCs including; Au(I), Cu(I and II), 

Ni(II), Pd(II), Pt(II), Rh(I and III), Ir(I and III) and Ru (II, III and IV) carbenes. Notably, many of these 

reactions could be carried out in the presence of both air and water. Metals bearing weakly 

coordinating ligands such as 1,5-cyclooctadiene, triphenylphosphine or alkylated nitriles, are typically 

selected for transmetalation reactions because the NHC can provide the necessary stabilisation when 

these are induced to dissociate from the metal centre. However, forcing conditions have been 

employed to induce transmetalation where metal halides such as RuCl3, RhCl3, CuI and CuCl2 are 

used as the metal source.  
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Figure 43: Methods for the formation of transition metal bearing NHCs 
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1.6.6 NHCs in catalysis 

 

Although research into the field of NHCs began in the 1960s, this class of ligand only garnered 

international recognition in the field of catalysis through the efforts of Herrmann and Grubbs in the 

1990s.
58,88,89

 Grubbs in particular, incorporated NHCs into his second generation catalysts for olefin 

metathesis in the year 2000 (an exponential increase in publications regarding NHCs is recorded after 

this point).
90

 Much of the development in TM-NHC catalysis can be accredited to mere substitution of 

phosphines for NHCs in known catalysts due to the close electronic parallels between these two types 

of ligands. NHCs and their variations have been utilised in numerous catalytic roles including: 

hydrogenation,
91

 asymmetric alkylation,
92

 hydrosilylation
93

 and Heck Reactions.
88,89,94

 Significantly, the 

metal-carbene bond of TM-NHCs remain intact during catalytic processes, directing the reactivity of 

the metal centre without being consumed or altered.
95

 The associative and dissociative interactions 

normally attributed to organometallic catalysts are typically not observed where strong NHC-metal 

bonds are involved. Generally speaking, the platinum metals are elected to play the role of a catalytic 

centre due to their useful properties while the NHC ligand acts as an electronic or sterically tuneable 

framework. However, Iron, Cobalt and Nickel are also frequently utilised in these types of catalytic 

systems.   

Tuning of catalytic systems 

 

The modularity of NHCs allows them to be tuned so that their combined electronic and steric features 

influence the activity of a metal centre and the space in which catalytic transformations take place. 

There are several means by which tuning can take place, of which wingtip and backbone tuning are 

most prominently utilised. Application of these methods and the resultant effect upon activity across a 

broad range of catalytic reactions is covered in an excellent review by Organ et al.
59

  

 

The literature reveals that the most commonly employed tuning technique is alteration of the steric 

bulk of an NHC through N-substitution (wingtip tuning). Naturally, variation of the steric strain about 

the metal centre has a direct influence upon the ease with which reductive elimination takes place in 

catalytic processes. This method consistently produces the most dramatic improvements in the 

performance of NHC catalysts.  

 

Substitution upon the benzimidazol-2-ylidene backbone has a parallel effect upon the degree to which 

a metal centre promotes oxidative addition. The degree of electron donation originating from the 

backbone of a benzimidazol-2-ylidene was systematically altered at position X (Figure 44) and the 

effect upon Suzuki-Miyaura coupling analyzed in the presence of a zero-valent palladium substrate
96

 

(for the readers convenience, a general mechanism for the Suzuki-Miyaura reaction proceeds through 

four important steps; oxidative addition of an aryl-halide bond across Pd(0), reaction with base, 

transmetalation with a boronate complex and closing with reductive elimination of the product). The 

chlorobenzene and phenylboronic acid utilised were similarly activated to varying degrees. An N,N-
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bis(adamantly) benzimidazolium salt was selected as the foundation for this study because of the 

ease with which backbone functionalised benzimidazoles can be prepared relative to their imidazole 

analogues. It was found that variation at X did indeed change the yield of the biphenyl product, 

consistently attaining high yields once the electron donating methyl ester was employed. Electron 

density at the metal centre was increased in this way, thus promoting the rate of oxidative addition. 

Similarly, an electron withdrawing substituent at C4 and C5, such as fluorine, served to reduce 

electron density at the metal centre with concomitant lowering of reactivity.  

 

 

 

 

 

 

 

 

Figure 44: Backbone and wingtip tuning of a free N-heterocyclic carbenes 

1.6.6.1 Incorporating chirality into NHCs 

 
A great deal of emphasis has been placed upon NHC derived metal catalysts and their ability to exert 

enantioselective control over catalytic transformations through chiral elements inherent in the 

structure of the catalyst. Chiral metal-NHCs are utilised as catalysts in a rising number of asymmetric 

reactions, including; alkylation, hydrogenation, hydrosilylation and ring-closing metathesis. Lappert et 

al. were the first researchers to develop chiral imidazolin-2-ylidenes 22 years ago, isolated as olefinic 

dimers with chiral carbon centres positioned either upon the backbone of the heterocyclic ring or upon 

the N-substituents.
97

 Cobalt and rhodium NHCs were prepared from these but without further 

investigation into their properties. The 21
st
 century has seen a renewed interest in the design of chiral 

NHCs since 1983, due to the increased demand for enantiopure compounds and thus a need for 

catalytic processes that are enantioselective.
92

 In many catalysed reactions it appears that information 

about the spatial orientation of a product is carried across in a transition state between a catalyst and 

substrates. In these cases the conformation of the transition state is significantly influenced by the 

shape of the catalyst. Therefore, incorporation of chiral elements into a catalyst has the potential to 

translate directly into enantiopure products.  

 

There are several conceivable means for the incorporation of chirality into an NHC; namely via N-

substituents, chiral elements on the backbone of saturated imidazoles, stereogenic centres at the 

metal, axial or planar groups and lastly by incorporating discrete chiral molecules. The simplest of 

these methods involves an introduction to achiral imidazoles of R groups that themselves bear chiral 

centres. The more popular method for the production of chiral metal-NHCs involves the introduction of 

chirality during the synthesis of the imidazolium ring. This is most easily achieved by reaction of a 

chiral diamine with triethoxymethane, followed by N-alkylation where imidazolinium salts are 
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synthesised. Or for the synthesis of imidazolium salts, combining two equivalents of chiral monoamine 

with oxalaldehyde in a condensation reaction that liberates two molecules of water, followed by 

reaction with formaldehyde (see Figure 40 for a visual depiction).  

 

The latter technique has been demonstrated to advantage by Burgess et al.
98

 Their iridium NHC-

oxazoline hybrid was found to be suitable for the asymmetric hydrogenation of arylalkenes (Figure 

45). The group was able to introduce chirality through inclusion of chiral R1 and R2 substituents on 

both the oxazoline and imidazoline ring. This example is of additional interest because the catalyst 

can be modified with ease, thus making it amenable to a combinatorial approach.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: Hydrogenation of arylalkenes using a chiral iridium NHC-oxazoline hybrid catalyst 
 

Burgess et al. were fully aware of the innate potential in the chemical architecture for the construction 

of large ligand libraries once the oxazoline and imidazoline libraries were themselves combined. 

Complete analysis of the results of this study will not be detailed here due to the vast number of 

factors implicit in the screening of catalytic libraries; however several features require further 

comment. Generally speaking, the oxazoline substituent R1 was found to have a profound effect upon 

the yield and enantioselectivity of the hydrogenation reaction. A 1-adamantyl R1 substituent 

consistently gave yields and ee‟s in excess of 90% across a range of substrates (R2 fixed as 2,6-

i
Pr2C6H3). By comparison, the R2 substituents appeared to introduce substrate specificity, with great 

variation in the success of the catalyst across a range of substrates (R1 fixed as 1-adamantly). 

Interestingly, where an aliphatic R2 substituent was employed catalysis was turned off completely. 

The authors deemed unsuccessful dissociation of COD as the reason for this inactivity, and were able 

to rule out electronic factors in favour of steric influence as the cause.     

 

  



 

 
40 

 

 

 

Figure 46: Hydrogenation of a 1,1-disubstituted 

alkene 

 

 

 

Chiral N-substituents should present a certain amount of rigidity or steric strain at the N-wingtip 

junction in order to ensure that there is chiral induction at the metal centre. Enders et al.
99

 ascribe the 

poor ee‟s of some catalytic asymmetric reactions to free rotation about the N-Cwingtip bond (Figure 47). 

They suggest the use of chelating ligands with two or more points of anchorage to minimise the 

aforementioned rotary motion. Deprotonation of a non-symmetric N-phenyl triazolium perchlorate salt 

bearing additional chiral N-substitution and subsequent exposure to a chloro-bridged metal substrate, 

yielded an N-phenylcarbene chelated to a transition metal. In this way it was possible to encode 

additional chiral information into the catalyst through the pseudo-tetrahedral stereogenic metal centre, 

producing two diastereomers per metal-ligand pairing. Testing of this complex and its ruthenium 

analogue in a catalytic context has yet to be carried out, although it is anticipated that chiral groups so 

near the active site will increase their proximal influence. 

 

 

Figure 47: Rigid N-phenylcarbene bearing a 

stereogenic metal centre 

 

 

 

Alternatively, chiral centres can be incorporated directly into the saturated imidazolinylidene ring at 

positions 4 and 5. Generally speaking, incorporation of chiral elements at the backbone does not lead 

to large changes in the ee but can instead work to compliment N-substitution. Grubbs et al. employed 

just such a technique to lock in the 

mutually anti conformation of N- ortho 

substituted aryl wingtips of a second 

generation Grubbs catalyst (Figure 48).
90

    

 

Figure 48: Asymmetric ring-closing 

metathesis of a trialkene  
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Several groups make use of bulky NHC substituents to restrict bond rotation about a single bond 

within the ligand system, resulting in the formation of atropisomers. There are several examples 

where this technique has been employed to good effect, sometimes in conjunction with additional 

chiral substituents. Axial chirality, derived from the locked orientation of ring systems, can be 

introduced through the incorporation of moieties such as 1,1‟-binaphthyl. Crabtree and co-workers 

attained very good enantioselectivities in the hydrosilylation of ketones with the aid of an N-

substituted benzimidazol-2-ylidene rhodium(III) pincer complex (Figure 49).
91

 The binaphthyl rings 

orientate themselves in a mutually trans fashion with C2 symmetry. 

 

 

 

 

Figure 49: Asymmetric hydrosilylation of 

ketones 

 

 

 

 

Similarly, in the case of C1-symmetric ligand systems, such as triazolinylidenes, axial chirality can be 

derived from the perpendicular orientations of the triazolium plane relative to the metal-ligand 

coordination sphere. Enders and co-workers
99

 cite as an example, a square planar palladium complex 

with two triazolinylidene substituents bearing chiral ancillary N-substituents. Deprotonation of two 

equivalents of triazolium salt with potassium tertiary butoxide and subsequent addition of palladium 

acetate produce the expected cis and trans products. These are further differentiated into syn and anti 

isomers depending upon the relative perpendicular orientations of the chiral N-substituents (see 

Figure 50).      

 

 

Figure 50: Isomers of a Palladium di-

triazolinylidene diiodide complex, 

differentiated by their axial chirality 

 

 

 

 

Planar chirality, particularly in paracyclophane NHC derivatives, is a tool utilised successfully by 

several groups including those of Hayashi, Miyaura and Bolm. These types of systems severely limit 

access to the metal centre, thereby restricting the enantioface to one or two remaining quadrants.
100

 

See Figure 51 on the following page. 
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Figure 51: Asymmetric hydrogenation 

of an alkene 

 

 

 

 

1.6.7 Pincer NHCs 

 

Polydentate NHCs, which were first developed in the 1980s by Lappert et al.,
101

 are now utilised in a 

diverse number of fields including homogeneous catalysis, coordination chemistry and host-guest 

recognition.  

 

Multidentate NHCs have been adopted by the chemical community in order to circumvent the 

associative and dissociative processes which are linked to the decomposition of homogeneous 

catalysts. The stability of multidentate transition metal NHCs stems from the strength of the 

metal-CNHC bond. Rigid polydentate ligand designs may further improve the stability of metal 

complexes by restricting the conformational flexibility of a given complex subjected to rigorous 

environmental conditions. For example, a comparison of three bisimidazol-2-ylidene palladium(II) 

systems reveals that tethering of the NHCs to a common point, be it alkyl or aryl in nature, can 

significantly waylay the decomposition process. Herrmann et al. described decomposition of a 

1,3-dimethyl bisimidazol-2-ylidene palladium(II) diiodide complex (A) in N,N‟-dimethylacetamide at 

temperatures above 70°C.
88

 By comparison, Baker et al. report 60% decomposition of a bidentate 

bisimidazol-2-ylidene palladium(II) pincer (B) in DMSO at 140°C after 24 hours.
102

 Furthermore, It was 

found that an o-cyclophane bisimidazol-2-ylidene adduct (D) was three times less susceptible to 

decomposition after the same period – an observation which was credited to the increased rigidity of 

the cyclophane skeleton. Refer to Figure 52 below for a visual representation of the complexes 

discussed. 

 

 

 

 

 

 

 

Figure 52: Palladium(II) complexes analysed as catalysts in Suzuki coupling reactions  
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A study of the catalytic efficacy of complexes (C) and (D) in Suzuki coupling of 4-bromotoluene and 

phenylboronic acid at 120°C reveals a substantial difference in activity. While the complex (D) 

produced 67% conversion after 24 hours (1.4x10
-3

 mol%), complex (C) attained 29% conversion after 

40 hours and at twice the catalyst concentration. Once again, the authors attribute the discrepancy in 

activity to the relative rigidity of the ligands involved. 

 

CDC type NHC pincers demonstrate suitability as pincer ligands for a broad range of metals in 

various oxidation states. Metal complexes bearing the general 2,6-pyridyl bisimidazol-2-ylidene (or 

CNC motif) have been prepared and contain Ti, V, Cr, Nb, Mn, U, Fe, Ru, Cu, Ag, Co, Rh and Pd. 

Examples of these species are displayed in Figure 53 below. 

 
Figure 53: Literature examples of the transition metal CNC bisimidazol-2-ylidene pincers 

 

The use of polydentate NHCs has been extended to cyclic systems with the intent of developing 

multinuclear metal complexes or host molecules for anion binding. For example, Hahn et al. report the 

synthesis of both mono and dinuclear silver(I) complexes of a tetraazolium macrocyclic ring.
103

 These 

materials demonstrate the expected transmetalation reaction with gold substrates to produce the 

corresponding mono and dinuclear NHCs (see (H) of Figure 54). In the hands of Sato and co-workers 

a similar macrocyclic system capped with durene rings demonstrated high binding affinity for spherical 

shaped anions in the order HSO4
-
>Br

-
>H2PO4

-
>Cl

-
>I

-
>ClO4

-
 (see (I) of Figure 54). With the aid of 

1
H 

NMR spectroscopic titrations it was possible to monitor the changes in chemical shift associated with 

the imidazolium C-H---X hydrogen bonding interactions (X=anion).
104

  

 

 

 

Figure 54: Literature 

examples of cyclic 

polycarbenes 
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1.7 A comparison of pincer coordination pockets for binding to transition metals 

 

Amidates and NHCs exhibit similar strong donor properties which, in the context of catalysis, do not 

ordinarily allow ligand dissociation to occur. Summarily, a comparison of the five separate pincer 

classes described in the preceding text reveals certain key structural changes within the coordination 

pocket. These are conveniently summarised for a series of palladium(II) complexes with ECE,
105

 

phebox,
106

 pybox,
107

 pyridine carboxamide
108

 and NHC (vide infra) pincer ligands (see Figure 56). 

Progressing from left to right in Figure 56 on the following page, the head group donor undergoes a 

transition from monoanionic to dative coordination, while the flanking donor groups display an 

opposing trend. The Pd(NHC) is the exception to this trend as the carbene carbons of benzimidazol-

2-ylidene bind via neutral bivalent radicals. The trends in specific bond lengths and angles for 

palladated pincers one through five are displayed in Figures 55 and 56 below. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 55: Bond length and angle characteristics of palladium pincers 
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Figure 56: Summarised representation of the characteristics of various pincer classes containing nitrogen and carbon atoms for coordination to 

palladium(II) 
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Unsurprisingly, the bond length trends reflect the transition between dative and anionic bonding to the 

metal centre, although a clear distinction is evident for the M-Chead bond length of the Pd(phenox) 

complex. Conversely, the M-Nhead distance for the Pd(NHC) complex reflects expansion of the 

cyclometalation ring by one carbon unit, yielding a Pd-Nhead bond distance which is 0.16 and 0.17 Å 

longer than that of the pybox and pyridine carboxamide compounds which bear dative head group 

bonds. The dative oxazoline nitrogen, amidate and carbene bond distances are all of a similar length. 

 

The bond angle characteristics of the coordination pocket, which are summarised in Figure 55 on the 

previous page, illustrate how the metal fits within the pincer. E-M-Head angles around 90° and E-M-E 

angles approaching 180°, indicate comfortable inclusion of palladium within the pocket. Compound 

five achieves the largest metal bite angle of the pincers described – which translates into retraction of 

the metal back into the coordination pocket.  

1.8 Scope and outline of this thesis 

 

The preparation of three different chemical frameworks, which are suited towards self-associative 

covalent bonding and supramolecular self-assembly are described in this dissertation. They include a 

bipyridyl-diborate system, a macrocyclic pyridine carboxamide bearing a diamine tail, and a second 

macrocyclic system carrying a CDC-type pincer carbene tail.  

 

This thesis is organised into chapters which reflect the work carried out in each of these three 

sections, including the synthesis and properties of a number of model complexes. The second 

chapter will describe the experimental findings arising from work with pyridyl borate systems. The third 

chapter will detail the synthesis and properties of a number of novel rhodium(III), iridium(III), 

ruthenium(II) and palladium(II) complexes with acyclic and macrocyclic pyridine carboxamide ligands. 

The activity of rhodium(III), iridium(III) and ruthenium(II) pyridine carboxamide complexes in transfer 

hydrogenation reactions is discussed. The fourth chapter deals with the synthesis and characteristics 

of novel acyclic NHCs. Acyclic transition metal species of silver(I), rhodium(I), iridium(I) and 

palladium(II) were prepared. Chapter Five describes the development of macrocyclic NHCs, in 

particular the preparation and characteristics of mercury(II) and palladium(II) complexes. The sixth 

chapter outlines the activity of the acyclic rhodium(I) and iridium(I) NHCs in hydrosilylation reactions. 

Several of the palladium(II) pincer NHCs were tested for their catalytic efficacy in Heck-Mizoroki 

reactions, including preliminary investigations into the effect rendered by likely guest molecules upon 

the catalytic efficacy of a macrocyclic palladium(II) NHC pincer. Conclusionary remarks will be made 

as to the knowledge gained from this study and its applicability to future research. 
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Chapter Two 
 

The design of pyridyl borate ligand 
systems for transition metals 

2 Chapter Two: The design of pyridyl borate ligand systems for transition 
metals 

 

This chapter will outline work regarding the preparation of pyridyl and bipyridyl boronic acids or esters. 

The literature defined synthesis of model complexes composed of 2 or 3-pyridyl boronic acid esters 

with methoxy and pinacol substituents is described. Also reported is a newly devised synthetic 

procedure for the preparation of a catecholpyridylborate derivative. The subsequent reactivity studies 

of these materials with metal substrates is outlined, with particular emphasis on a novel ruthenium(II) 

complex bearing a 3-pyridyl boronic acid pinacol ester, which is reported in detail. 

 

Synthesis of the target ligand of this study, a 6,6‟-boronic acid (or ester)-2,2‟-bipyridyl system was 

attempted without success. Strategies toward the synthesis of the target molecule, a metal bound 

6,6‟-boronic ester-2,2‟-bipyridyl are described. 

 

Experimental data pertaining to the novel complexes described in Chapter Two are compiled in the 

experimental section at the end of the chapter. 
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2.1 Discussion 

2.1.1 Project Aims 

 

A transition metal complex containing a 6,6‟-boronic acid-2,2‟-bipyridyl ligand system was the target 

for this avenue of research. The ligand system displayed in Figure 57 is composed of two key 

components, that is; a bipyridyl donor ligand set which is well disposed towards bonding with a range 

of transition metals, and two ortho-receptor functional groups in the form of boronic acid moieties. The 

placement of the boronic acid groups relative to the metal is designed to maximise their impact on the 

electronic and steric environment of the metal. 

 

 

 

 

 

 

 

 

Figure 57: Key attributes of a 6,6’-boronic acid-2,2’-bipyridyl ligand system 
 

The literature indicates that boronic acids participate in reversible interactions with cis-diol functional 

groups.
25

 It was anticipated that metal complexes of 6,6’-(B(OH)2)2-2,2’-bipy would demonstrate 

similar behaviour, and upon introduction to mixtures of cis-diol functionalised molecules, undergo self-

assembly to create combinatorial libraries (refer to Figure 58). The concept described is highly 

adaptive and offers unique dynamic control over the nature of substituents adjacent to the metal 

centre. Not only is there a diverse pool of chiral inositols available with complimentary cis-diol 

functionality which may be drawn from, but one would anticipate that the library itself could be 

chemically controlled. This might be accomplished by pH control for example. Once prepared, it was 

intended that combinatorial libraries be tested in a variety of catalytic roles such as hydrogenation or 

hydrosilylation. The model presents exciting potential in the field of catalytic asymmetric 

transformation with real time tunability.   

 

 

Figure 58: Self assembly of combinatorial libraries built from a 6,6’-(B(O)2)2-2,2’-bipy 

framework  
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2.1.2 Model Complexes 

 

Probing the chemical behaviour of the target complex M(6,6’-(B(OH)2)2-2,2’-bipy) could conceivably 

be tested with metal complexes of 3 and 2-pyridyl boronic acids. With this in mind the synthesis of the 

3-pyridyl boronic acid was undertaken. A literature review indicated that these types of materials are 

reasonably unstable and readily dehydrate to form boronic anhydrides (otherwise known as 

boroxines) in anhydrous solvents. In the presence of a trace amount of water the final fate of the 

boronic acid functional group is free boric acid. Cai et al.
22

 describe the preparation of 3-pyridyl 

boronic acid via lithiation of 3-bromopyridine with n-butyl lithium at -60°C, followed by the addition of 

triisopropylborate at -50°C. The reaction mixture is quenched with 2.7 M HCl at -15°C, the product 

extracted into an aqueous phase, neutralised and extracted with THF followed by purification by 

HPLC assay (see Figure 59). Correct elemental analysis of the resultant product could not be 

obtained due to the fact that the boronic acid functionality is frequently a mixture of free boronic acid 

and anhydride forms. 

 

 

Figure 59: Literature method for the preparation of 2-pyridylboronic acid
22

 

2.1.2.1 [tris(3-pyridyl)boroxin] 

 

With a view towards expediting the synthetic process, alternative, more stable sources were 

considered for the preparation of 3-pyridyl boronic acids or esters. The formation of a [tris(3-

pyridyl)boroxin] ring presented a likely technique for trapping of the highly reactive –B(OH)2 functional 

group. A method for the synthesis of this complex is reported by Li et al.
109

 This technique employs 

the comparative hydrolytic stability of a boroxine ring for the trapping of water sensitive 3-pyridyl 

boronic acid. The complex, [tris(3-pyridyl)boroxin], is synthesised by the addition of n-butyllithium to 3-

bromopyridine at -40°C in a toluene solution already charged with triisopropyl borate. The reaction 

mixture is then gradually warmed to -20°C whereupon 2M HCl is added. Once the reaction mixture 

attains ambient temperature the aqueous layer is removed for further work-up, involving 

neutralisation, extraction with THF and reduction of the organic phase to dryness. Finally, impurities 

are extracted by boiling the solid in acetonitrile and crystallising from the ice cold solvent. Refer to 

Figure 60 for a visual depiction of the reaction proceedings. 
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Figure 60: Method for the 

synthetic preparation of 

[tris(3-pyridyl)boroxin]
109

 

 

 

 

 

A number of reactions were attempted with the [tris(3-pyridyl)boroxin] ligand and a range of metal 

substrates. These included room temperature reactions with RuHCl(CO)(PPh3)3, 

Ru(PhCCHPh)Cl(CO)(PPh3)2, RuCl(p-tol)(CO)(PPh3)2, RuCl(Ph)(CO)(PPh3)2 and Ru(CO)2(PPh3)3 in 

deoxygenated dichloromethane solvent. Reactivity, in the form of a solution colour change from red to 

yellow was demonstrated with the phenyl and p-tolyl substituted ruthenium(II) complexes. Whereas a 

colour change from yellow to colourless was observed in the case of bis-carbonyl ruthenium(0) 

complex. However, in all cases 
1
H and 

31
P{

1
H} NMR analysis of the crude reaction material revealed 

that a mixture of compounds had formed and this could not be further purified.  

2.1.2.2 Preparation of 3-pyridylboronic acid esters of pinacol and catechol 

 

The apparent intractability of all products generated from metal substrate reactions with 

[tris(3-pyridyl)boroxin] suggested decomposition routes via the C–B bond. Therefore, further 

stabilisation of the ligand was considered in the form of boronic acid ester trapping. Li et al. report the 

synthesis of 3-pyridylboronic acid pinacol ester from the boroxine described above.
109

 The 

esterification process is carried out simply by refluxing the [tris(3-pyridyl)boroxin] with pinacol in 

toluene, followed by recrystallisation of the crude product from cyclohexane (see Figure 61). 

 

 

 

Figure 61: Preparation of 

3-pyridylboronic acid esters from 

[tris(3-pyridyl)boroxin]
109

 

 

 

 

Using the same method it was possible to prepare a novel catecholborane derivative of the 3-pyridyl 

boronic acid ester (as depicted in Figure 61 above), which is now described. Infrared analysis of the 

material revealed stretches associated with pyridine at 1612, 1482, 1235 and 786 cm
-1

. The poor 

solubility of the material required dissolution in D2O for subsequent analysis by NMR spectroscopy. It 

was necessary to spike the NMR sample with d4-TSPA, which was used as an internal reference 
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standard. The 
1
H NMR spectrum reveals that the two protons ortho with respect to the pyridyl nitrogen 

are shifted downfield between δ 8.6 and 8.5 ppm. The doublet corresponding to position 6 displays an 

unusually large coupling constant of 29.6 Hz. Similarly, the doublet of doublets at δ 6.90 ppm arising 

from the CH proton in position 4 exhibits coupling constants of 24.6 and 3.6 Hz. The phenyl protons, 

by contrast, are observed as a broad singlet at δ 6.78 ppm. 

 

The 
13

C{1H} NMR of (3-py-BO2-C6H4) reveals that the material is symmetric on the NMR timescale as 

a result of rapid rotation about the C-B bond. The catechol quaternary carbons manifest as a singlet 

at 153.28 ppm while the phenyl CH signals are observed at lower chemical shifts (δ 122.11 and 

112.49 ppm). The pyridyl CH carbons are distributed over a 23 ppm range with the carbons residing 

ortho with respect to the pyridyl nitrogen exhibiting chemical shifts at δ 151.51 and 145.70 ppm. 

 

Reactions were carried out with (3-py-BO2-C6H4) and the metal substrates of RuHCl(CO)(PPh3)3, 

RuCl(Ph)(CO)(PPh3)2 and Ru(CO)2(PPh3)3 in deoxygenated solvent systems. The solubility of the 

ligand in halogenated solvents was found to be very poor and could only be overcome with the 

addition of isopropanol. Although reactivity was indicated by a colour change when the coordinatively 

unsaturated metal substrates were employed, the products proved intractable. 

2.1.2.3 Preparation of RuCl(Ph)(CO)(3-py-BO2-C6H12)(PPh3)2 

 

Addition of 3-pyridylboronic acid pinacol ester to the coordinatively unsaturated ruthenium(II) complex 

of RuCl(Ph)(CO)(PPh3)2 
110,111

 at ambient temperatures resulted in dative bonding of the pyridyl group 

to the vacant coordination site of ruthenium(II). The resultant yellow complex of RuCl(Ph)(CO)(3-py-

BO2-C6H12)(PPh3)2 was obtained in high yield. As a solid the material is reasonably air stable, 

undergoing slow decomposition – presumably via hydrolysis of the 3-pyridylboronic acid pinacol ester. 

However, a dichloromethane solution of the product was observed to turn green within one hour upon 

exposure to oxygen. 

 

The infrared spectrum of the complex reveals a strongly absorbing CO band at 1917 cm
-1

, only 

slightly shifted compared to that observed for RuCl(Ph)(CO)(PPh3)2. Distinct vibrations indicative of 

coordination of a pyridyl substituent are provided in the form of stretches at 3050, 3038, 1599, 1484 

and 1434 cm
-1

, whereas the presence of the ancillary triphenylphosphine ligands is indicated by 

strong absorption bands at 1089, 747, 738, 697 and 517 cm
-1

.   

 

By FAB-MS the complex is observed as a molecular ion [M]
+•

 of mass 972.22653 m/z. The ion is 

observed to fragment by two pathways; loss of chloride to yield an ion of mass 937 m/z, or via loss of 

the 3-pyridylboronic acid pinacol ester moiety – yielding an ion [M-(3-pyBO2(C6H12))]
+•

 of mass 767 

m/z.   
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Within the 
1
H NMR spectrum (CDCl3) of the complex (see Figure 62) the ortho-protons (H2 and H6) of 

the pyridyl ring present as a broad singlet at the downfield position of δ 8.86 ppm which integrates for 

two hydrogens. A second pyridyl signal relating to the para-position (H4) is seen as a broad singlet at 

δ 7.61 ppm, while the remaining resonance for the pyridyl ring is obscured by the triplet corresponding 

to the phenyl substituent and appears at an upfield chemical shift of around 6.5 ppm. The meta and 

para protons of the ruthenium(II) coordinated phenyl ring manifest as two triplets at δ 6.73 and 6.58 

ppm, whereas the ortho protons remain obscured under other signals. The broad nature of the pyridyl 

protons suggests that the 3-pyridylboronic acid pinacol ester ligand undergoes dynamic change on 

the 
1
H NMR timescale. Other distinguishing features include the pinacol methyl signal, which 

manifests as a singlet at δ 1.35 ppm. Compared with the 
1
H NMR spectrum for the free 

3-pyridylboronic acid pinacol ester the corresponding signals in the complex are fairly similar, 

although a downfield shift is observed for one of the ortho protons in position 6 and an upfield shift of 

about 0.5 ppm for the proton adjacent to the C-B bond (position 4). 

 

Figure 62: Overlaid 
1
H NMR spectra for RuCl(CO)(Ph)(3-py-BO2-C6H12)(PPh3)2 and 

3-py-BO2-C6H12 

 

By comparison the 
13

C{1H} NMR spectrum of RuCl(Ph)(CO)(3-py-BO2-C6H12)(PPh3)2 displays an 

upfield shift of the C2 carbon from δ 155.46 to 160.79 ppm (see Figure 63). The change can be 

ascribed to increased deshielding of this nucleus upon devotion of the pyridyl nitrogen lone pair to 

bonding interactions with the metal. Combined with the effect of an electron poor boron atom adjacent 

to position 2, the carbon atom experiences a more deshielded environment compared with the 

remaining ortho-pyridyl carbon in position 6 (δ 156.25 ppm). The carbon nuclei at positions 4 and 5 do 

not demonstrate significant changes in chemical shift by comparison and are seen as δ 141.07 and 
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123.28 ppm respectively. Interestingly, the pyridyl CH signals manifest as very low intensity peaks 

compared to the signals seen for the coordinated phenyl group, an effect which presumably arises 

due to the aforementioned dynamic behaviour of this ligand on the NMR timescale. Chemical shifts 

pertaining to the carbonyl and C-B carbons were not observed. 

 

Figure 63: Expansion of the 
13

C{
1
H} NMR (CDCl3, ppm) spectrum for 

RuCl(CO)(Ph)(3-py-BO2-C6H12)(PPh3)2 

 

The mutually trans orientation of the two triphenylphosphine groups is indicated in the 
13

C{1H} NMR 

spectrum of the complex by the appearance of one well-resolved virtual triplet at δ 134.58 ppm 

(
3,5

JCP = 10.0 Hz) and one broadened singlet at δ 127.35 ppm. These signals correspond to the meta 

and ortho carbons of the phenyl rings. Ipso and para carbons were indicated by a virtual triplet at 

δ 132.08 ppm (
1,3

JCP = 40.7 Hz) and a singlet at δ 129.63 ppm respectively. Similarly, the mutually 

trans arrangement of the phosphine substituents is borne out in the 
31

P{
1
H} NMR spectrum where a 

singlet at δ 27.79 ppm is observed. 

 

A number of reactions of 3-py-BO2-C6H12 with alternative ruthenium(II) substrates were performed, 

including: RuHCl(CO)(PPh3)3, Ru(PhCCHPh)Cl(CO)(PPh3)2, RuCl(p-tol)(CO)(PPh3)2, Ru(CO)2(PPh3)3 

and RuCl2(PPh3)3. The bulk of these reactions suggested that reactivity had occurred due to colour 

changes of the deoxygenated reaction mixtures. However, upon work-up decomposition towards 

oxidised materials was always observed. The reaction of 3-py-BO2-C6H12 with RuCl(p-tol)(CO)(PPh3)2 

in deoxygenated dichloromethane exhibited the same promising colour transition as that observed in 

the synthesis of RuCl(Ph)(CO)(3-py-BO2-C6H12)(PPh3)2. However, upon recrystallisation of the 

product the pyridyl borate ligand was immediately displaced and the starting materials isolated. In the 

case of reactivity with Ru(CO)2(PPh3)3 a promising colour transition from yellow to colourless was 
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observed but 
31

P{
1
H} NMR spectroscopy of the crude product revealed a mixture of products as well 

as unreacted starting materials. Evidently a hydride and a dihydride containing species were 

generated during the reaction, as indicated by a series of multiplets in the δ-4 to -9 ppm range of the 

1
H NMR spectrum. These materials proved intractable.  

2.1.2.4 2-pyridyl boronic acids and esters 

 

Lithiation of pyridine in the position adjacent to nitrogen is notoriously difficult due to the destabilizing 

influence of the nitrogen lone pair. Refer to Figure 64.  

 

 

 

Figure 64: Destabilisation of ortho-lithiated 

pyridines 

 

 

A significant difficulty arising from the use of alkyllithiums in conjunction with electron deficient 

heterocyclic rings is that the pyridyl nitrogen itself may become lithiated. Other decomposition 

pathways include addition of the 2-pyridyllithium to pyridine (which may be generated from the 

hydrolysis of 2-pyridyllithium in the presence of trace quantities of water) to generate bipyridine.
112

 

This precise reactivity is harnessed in the preparation of 5-substituted 2,2‟-bipyridines in a modified 

Negishi cross-coupling reaction reported by Lützen et al.,
113

 whereby ZnCl2 secures the ortho position 

of the pyridyl ring for subsequent coupling with other aryl or pyridyl halides. 

 

Although there are reports of the successful preparation of 3 and 4-pyridyl boronic acids,
20-22,114,115

 

literature regarding the preparation of ortho-pyridyl boronic acid is conspicuously absent. Work 

described in this area reveals several illuminating facts. For example, Ishiyama describes the cross-

coupling reaction between tetra(pinacolato)diboron and 2-chloropyridine using Pd(dba)2/PCy3 in the 

presence of base.
116

 While the coupling reaction between 3-chloropyridine and (pinacolato)boron 

proceeds to 82% boronate within 48 hours with a catalyst loading of 3 mol%, no conversion is 

observed for the ortho-chloropyridine under the 

same conditions. Instead only free pyridine was 

detected. The authors ascribe the findings to 

extreme sensitivity of the ortho position of the 

pyridine ring to hydrolytic protodeboronation 

(boron-carbon bond cleavage). See Figure 65. 

 
 

Figure 65: Cross-coupling reactions between 

chloropyridines and tetra(pinacolato)boron 
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A number of innovative solutions have been put forward by the synthetic community in answer to the 

instability of 2-pyridyl boronates. Techniques utilised normally involve electronic stabilisation of the 

C-B bond and this may be accomplished either with electron withdrawing substituents elsewhere on 

the pyridyl ring (A and B of Figure 66) which absorb some of the destabilizing influence presented by 

the Npyridyl lone pair,
117

 or with sterically bulky ester groups such as N-phenyldiethanolamine (C of 

Figure 66).
118

 The most significant advancement in this field has almost certainly been the 

development of a 2-pyridyl N-methyliminodiacetic acid (MIDA) species in 2009, which remarkably 

demonstrates bench-top stability over months (D of Figure 66).
117

 This material, in which the o-pyridyl 

C-B bond is stabilised by two electron-donating ester groups as well as a pendant tertiary amine 

dative interaction, represents the first fully characterised 2-pyridyl boronic acid ester. Further study 

with the pyridyl boronate revealed that it was capable of acting as a slow release substrate in cross-

coupling reactions of pyridine with aryl chlorides under the mediation of Pd2(dba)3, XPhos, Cu(OAc)2 

and K2CO3 in DMF/IPA solvent mixtures at a temperature of 100 °C over 4 hours.  

 

Figure 66: Literature methods for the stabilisation of 2-pyridyl boronic acids or esters 
 

However, these methods present a common theme whereby the –BO2 group is either shielded or the 

pyridyl ring is substituted in such a way as to impede the formation of metalated model complexes. 

These solutions, while being of interest, did not translate well to design of the target complex. 

 

A dimethyl 2-pyridylboronate, reported by Ogawa et al., was selected as the model ligand in the 

subsequent studies undertaken in this thesis.
23

 Although the spectral data reported for the material is 

limited to a single 
1
H NMR spectrum and subsequent Suzuki cross-coupling reactions utilised the 

crude product, the method still represents the most tangible route towards the 2-pyridylboronate 

moiety to date. The ligand is prepared by the addition of n-butyllithium to 2-bromopyridine at -78°C in 

anhydrous THF. The lithiated intermediate is transferred by cannular into an anhydrous THF solution 

of trimethoxyborane which is similarly maintained at -78°C. The reaction mixture is then permitted to 

warm to room temperature, all THF removed under vacuum and impurities removed with repeated 

methanolic washes. However, care should be taken in the washing phase of the procedure as each 

wash leads to decomposition of the product. The synthetic procedure is described pictographically in 

Figure 67. The resultant pale yellow solid is dried under high vacuum and refrigerated in a tightly 

sealed glass vial. Subsequent reactions with metal substrates were carried out with the crude 

material, the identity of which was confirmed by the comparison of 
1
H NMR spectral data to literature 

information. 
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Figure 67: Preparation of dimethyl 2-

pyridylboronate
23

 

 

A number of reactions were carried out with the dimethyl 2-pyridylboronate and the metal substrates 

Ru(PhCCHPh)Cl(CO)(PPh3)2, RuCl(p-tol)(CO)(PPh3)2, RuCl(Ph)(CO)(PPh3)2, Ru(CO)2(PPh3)3, 

RuCl2(PPh3)3 and OsCl2(PPh3)3 under deoxygenated conditions. While colour changes indicative of 

ligand coordination were observed for all reactions, decomposition was consistently encountered 

during work-up procedures. 
31

P{
1
H} NMR (CDCl3) spectroscopy of the crude reaction mixtures with 

RuCl(p-tol)(CO)(PPh3)2, Ru(PhCCHPh)Cl(CO)(PPh3)2, RuCl2(PPh3)3 and OsCl2(PPh3)3 revealed a 

lone singlet at δ 52.1, 49.1, 32.6 and 6.6 ppm for the respective reactions – indicative of the formation 

of one product. However, subsequent attempts to purify the products was met with a decline in these 

signals and the appearance of singlets at δ 29 and -5 ppm, associated with triphenylphosphine oxide 

and triphenylphosphine. 

2.1.2.5 Hydrogenation of acetophenone using RuCl(Ph)(CO)(3-py-BO2-C6H12)(PPh3)2 

 

In a preliminary study the metal complex of RuCl(Ph)(CO)(3-py-BO2-C6H12)(PPh3)2 was investigated 

as a potential catalyst in the hydrogenation of acetophenone (substrate: catalyst ratio of 200:1) using 

dihydrogen gas (1000 psi), potassium tertiary butoxide, and a 1:1 isopropanol/toluene solvent system. 

The mixture was subjected to high pressure dihydrogen gas at a temperature of 60°C for three hours 

and then analysed by gas chromatography coupled with an FID detector. Unfortunately, no 

conversion of acetophenone into 1-phenylethanol was observed. 

 

The research at this point indicated that a 3-pyridyl substituted boronic acid or ester might prove 

viable as a ligand for appropriately substituted transition metals. However, this type of model complex 

placed the boronic acid or ester functional group well beyond the metal sphere of coordination. It was 

hoped that the larger 6,6’-(B(OR)2)2-2,2’-bipy complex might prove more stable and therefore 

research into production of the target complex was pursued.  

2.1.3 Preparation of the target complex 

 

Synthesis of the target complex M(6,6’-(B(OR)2)2-2,2’-bipy) (R=H or an alkyl group) first required the 

synthesis of 6,6‟-Br2-2,2‟-bipy, and this was accomplished using a copper(II) mediated coupling 

reaction of two equivalents of 2-lithio-6-bromopyridine. The coupling is completed after air oxidation of 

the copper(II) intermediate and with subsequent hydrolysis using concentrated hydrochloric acid.
119

 

 

 

 

 

Figure 68: Synthetic procedure for 6,6’-Br2-2,2’-bipy  
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Literature precedent for the formation of 2,2‟-boryl substituted bipyridyls is virtually unreported. A 

single publication in this field describes the preparation of a bipyridinediborate from 6,6‟-dilithio-2,2‟-

bipyridine and a series of alkoxyboranes.
120

 The complexes isolated could be spectroscopically 

characterised in spite of their hydrolytic instability. The origins of the unique stability of a 6,6’-

(B(OR1)(OR2)(R3))2-2,2’-bipy (R
1
=R

2
=isopropoxy and R

3
=2-thienyl) was identified with the help of an 

X-ray crystal structure determination. Within the X-ray crystal structure the bipyridyl rings adopt an 

anti-conformation about the 2,2‟ C-C bond. Each pyridyl nitrogen and its ortho carbon atom, a boron 

atom, an oxygen atom and a lithium centre participate in the formation of two opposing five-

membered rings. Evidently, the structure is obtained after transferral of the ortho lithiums to the pyridyl 

nitrogens, where they are further stabilised by interactions with THF solvent. Interestingly, in all cases 

the R2 and R3 boron substituents are either electron donating ether-type functional groups or bulky 

alkanes which might shield the C-B bond from hydrolytic cleavage. The method of preparation for the 

bipyridinediborate complexes is presented in Figure 69. 

 

Siebert et al. went on to prepare a Cu(II) complex of ligand 2b, which was similarly isolated and 

crystals suitable for an X-ray structure determination obtained thereof. Within the structure copper(II) 

is bound by the bipyridyl nitrogens and two isopropoxy oxygen atoms in a tetradentate fashion which 

sees the metal adopt distorted square planar coordination. 

 

Figure 69: Preparation of bipyridinediborate complexes from 6,6’-Br2-2,2’-bipyridine 

 

 

Figure 70: Preparation of (2,2’-

bipyridine-6,6’-

bisdiisopropoxydi(2-

thienyl)borato])- 

copper(II) 

 

 

Based on the promising report by Siebert and co-workers and the earlier work described in this thesis 

with regard to the preparation of dimethyl 2-pyridyl boronate, a synthetic procedure was developed 

using trimethylborate as the borylating agent. However, in spite of the author‟s best efforts and 
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promising visual transitions in colour (these include a red solution upon formation of the lithiated 

bipyridyls), the corresponding ligand could not be synthesised and all products obtained were 

intractable and produced broadened, indistinguishable NMR spectra. The problematic portion of the 

reaction proceedings appeared to be the borylation step. Siebert‟s work may cast some light on the 

possible decomposition pathways available to the borate product. In the presence of excess 

diethyl(methoxy)borane and stoichiometric quantities of water, hydrolysis of the coordinated borane 

was found to produce 1,3-diethyl-1,3-dihydroxydiboroxane, which spontaneously rearranged to a 

1,3,5-boroxine ring. The complex contains four boron centres, two of which are positioned ortho with 

respect to the bipyridyl nitrogens, and the second set of which are directly coordinated to the 

nitrogens. The boron atoms are bridged by alternating hydroxy and oxygen groups. The structure of 

the complex was verified by X-ray diffractometry. Several points can be extrapolated from this study. 

It appears that the C-B bonds of the bipyridyl system and even the boron alkoxy substituents are 

strongly susceptible to hydrolysis and that electronic or steric stabilisation is necessary in order to 

produce stable, isolable complexes. A best case scenario for the isolation of a metal complex 

containing a bipyridinediborate would be substitution of boron with at least two electron rich 

substituents which simultaneously offer some steric bulk, and direct participation of alkoxy groups in 

bonding with the metal centre. Certainly, the close approach of alkoxy groups to the metal centre 

establishes the oxygen atoms of these groups as viable donor ligands for a metal in the bipyridyl 

pocket. Alternatively, the approach used in the design of PET sensors – in which the electron deficient 

boron centre is stabilised by a well-placed donor group such as an amine, might prove fruitful in the 

future advancement of this study. 

 

Finally, an alternative route towards the formation of the 6,6’-B(OR)2-2,2’-bipy framework was 

considered whereby a metal chelate of the 6,6’-Br2-2,2’-bipyridine ligand is first prepared, followed 

by lithiation and then reaction with a borate. A number of reactions were attempted with this goal in 

mind, utilising a diverse range of reactive metal substrates including: RuCl2(PPh3)3, 

RuCl2(MeCN)2(PPh3)2, [Ru(COD)Cl]2 (with pyridine base present), RuH2(PPh3)4 and OsCl2(PPh3)3. In 

all cases and in spite of the vigorous reaction conditions employed (RuCl2(MeCN)2(PPh3)2 in 

degassed refluxing toluene for 1 hour) very little reactivity was observed.  
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2.2 Conclusions 

 

Given the findings reported, it appeared that the target bipyridyl diborate complex containing four 

pendant hydroxy or ester functional groups, was not obtainable. The initial concept is dependent upon 

the availability of these sites for receptor and exchange functionality. Indeed, the evidence gathered 

strongly suggests that ortho-placement of a C-B bond with respect to a pyridyl nitrogen requires 

significant electronic or steric protection from protodeboronation processes. The sensitivity described 

does not predispose the target complex well towards robust combinatorial environments in which the 

chemical climate is generally diverse (particularly in the one-pot scenarios described in the 

introductory chapter). The target framework could be more fortuitously disposed to harness the power 

of reversible boronic acid – cis-diol interactions using an adapted ligand architecture. For example, it 

may be more profitable to introduce a carbon spacer between the boron and ortho carbon of a 

bipyridyl group. Alternatively, the key concept of reversible exchange using boron esters could be 

coupled to a more suitable ligand framework. 
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2.3 General Experimental 

 
Air-sensitive manipulations were performed under dry nitrogen using standard Schlenk techniques. 

Acetonitrile, isopropanol and triethylamine were distilled over CaH2. Dichloromethane and toluene 

were dried using a MBRAUN MB SPS-800 solvent purifier and stored under nitrogen. When used as 

a solvent or a reagent, water was deionised. Tetrahydrofuran was dried over sodium wire and then 

distilled from sodium. N,N-Dimethylformamide and N,N-dimethylacetamide were dried over activated 

4Å molecular sieves. IR spectra (4000-400 cm
-1

) were recorded on a Digilab FTS-7 

spectrophotometer as Nujol mulls between KBr plates or on a Perkin-Elmer Spectrum 400 

spectrometer using an ATR accessory. NMR spectra were obtained on a Bruker Avance 300 or a 

Bruker AM400 spectrometer at 25˚C. 
1
H, 

13
C, 

31
P, and 

19
F NMR spectra were obtained by operating at 

300, 75, 122, and 282 MHz respectively. Resonances are reported in ppm and 
1
H NMR spectra 

referenced to tetramethylsilane (0.00 ppm) or the proteoimpurity in the solvent (7.25 ppm for CHCl3). 

13
C NMR spectra were referenced to CDCl3 (77.00 ppm), 

31
P NMR spectra to an external standard of 

85% orthophosphoric acid (0.00 ppm), and 
19

F NMR spectra to an external standard of CFCl3 (0.00 

ppm). Mass spectra were recorded using the fast atom bombardment technique with a Varian VG 70-

SE mass spectrometer, or with the electrospray ionisation technique (positive mode) using a 

BRUKER microTOF-QII coupled to a Dionex UltiMate 3000 liquid chromatograph. Elemental analyses 

were obtained from the Microanalytical Laboratory, University of Otago, Dunedin, New Zealand.  

 

2.4 Experimental 

 

Ru(PhCCHPh)Cl(CO)(PPh3)2,
121

 RuCl(p-tol)(CO)(PPh3)2,
111

 RuCl(Ph)(CO)(PPh3)2
111

 and 

OsCl2(PPh3)3
122

 were used as provided. 

 

[Ru(COD)Cl]2 was synthesised as previously reported.
123

 

 

RuHCl(CO)(PPh3)3 was prepared according to the method described by Levison et al.
124

 

 

RuCl2(PPh3)3 was synthesised as per the methodology published by Ruiz-Ramírez et al.
125

 

 

RuH2(PPh3)4 was prepared as previously reported.
126

 

 

Ru(CO)2(PPh3)3 was synthesised according to the method by Lavigne et al.
127

 

 

RuCl2(MeCN)4(PPh3)2 was prepared as per the published method by Wilkinson et al.
128

 

 

[Tris(3-pyridyl)boroxin] was prepared according to the method published by Li et al.,
109

 whereby 3-

pyridyl boronic acid generated in situ after the lithiation of 3-bromopyridine and transmetalation with 
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triisopropyl borate, was dehydrated to form a tris pyridyl substituted boroxine ring. The material was 

recrystallised from acetonitrile in 90% yield. 

 

3-py-BO2-C6H12 was synthesised as per the published method,
109

 which required that pinacol and 

[tris(3-pyridyl)boroxin] be refluxed together in dry toluene for 2.5 hours, followed by extraction of 

impurities with hot cyclohexane. The 3-pyridylboronic acid pinacol ester was obtained in 82% yield. 

 

Preparation of material tentatively formulated as 3-py-BO2-C6H4 

 

 

 

 

 

 

 

[Tris(3-pyridyl)boroxin] (252 mg, 1.0 eq.) and catechol (330 mg, 3.8 eq., dried under vacuum) were 

placed in a flame dried 2-necked round-bottomed flask equipped with a magnetic stirrer bar, reflux 

condensor, nitrogen adapter and rubber septum. The flask was charged with a nitrogen atmosphere 

followed by anhydrous toluene (15 mL). The cream coloured suspension was then brought up to 

reflux under a nitrogen atmosphere. After five hours at reflux and without the dissolution of the 

suspension at any point, the reaction mixture was cooled to room temperature. The suspension was 

removed by vacuum filtration and washed with dichloromethane to produce 3-py-BO2-C6H4 as a pale 

yellow-grey powder (371 mg, yield 79%). The material is soluble in polar solvents such as water, 

DMSO and alcohols. 

 

An adequate elemental analysis could not be obtained of this material. Nor could accurate mass be 

obtained due to the poor solubility of the compound. Dissolution was only accomplished in hot polar 

solvents such as methanol and DMSO. Mass spectral analysis of the material dissolved in a 50:50 

methanol:DMSO mixture did not reveal the molecular ion. 
1
H NMR (D2O, internal d4-TSPA standard, 

400 MHz): δ 8.56 (d, 
3
JHH = 29.6 Hz, 1H, CH-py, H6), 8.54 (s, 1H, CH-py, H2), 7.85 (t, 

3
JHH = 6.8 Hz, 

1H, CH-py, H5), 6.90 (dd, 
3
JHH = 24.8 Hz, 

4
JHH = 3.6 Hz, 1H, CH-py, H4), 6.80-6.75 (m, 4H, H8 & 9 & 

10 & 11). 
13

C{1H} NMR (D2O, internal d4-TSPA standard, 75 MHz): δ 153.28 (s, Cq-py, C7 & 12), 

151.51 (s, CH-py, H2), 145.70 (s, CH-py, H6), 142.25 (s, CH-py, C3), 128.79 (s, CH-py, C5), 122.11 

(s, CH-Ph, C8 & 11), 112.49 (s, CH-Ph, C9 & 10). IR (KBr; cm
-1

): 3387 vw, 3196 vw, 1612 m, 1482 s, 

1416 m, 1309 vw, 1235 s, 1100 w, 1085 w, 1051 m, 1011 m, 959 m, 895 w, 818 m, 786 m, 752 w, 

727 s, 709 w, 666 vw, 642 w.  
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RuCl(Ph)(CO)(3-py-BO2-C6H12)(PPh3)2  

 

 

 

RuCl(Ph)(CO)(PPh3)2 (200 mg, 1 eq.) was dissolved in dry, degassed dichloromethane (40 mL) in a 

1-necked round-bottomed flask equipped with a nitrogen side-arm, stirrer bar and rubber septum. 3-

pyridylboronic acid pinacol ester (80 mg, 1.5 eq., prepared as described above) dissolved in dry, 

degassed dichloromethane (10 mL) was added to the dissolved ruthenium substrate via the rubber 

septum in a drop-wise fashion, thereby bringing about a change in the colour of the reaction mixture 

from red to pale yellow. The mixture was stirred under a nitrogen atmosphere for 10 minutes and then 

all solvent removed under a reduced vacuum. Excess pinacol ester was removed by the resultant 

yellow solid with warm ethanol (40°C) for a period of 20 minutes. The suspension was then filtered 

and the yellow solid recrystallised from dichloromethane/ethanol by slow reduction of the 

dichloromethane phase under reduced pressure. A golden coloured micro-crystalline solid was 

removed by filtration and washed with ethanol to produce pure RuCl(Ph)(CO)(3-py-BO2-

C6H12)(PPh3)2 (190 mg, yield 75%). 

 

Anal. Calc. for C54H52BClNO3P2Ru: C, 66.71; H, 5.39; N, 1.44. Found: C, 66.32; H, 5.38; N, 1.35%. 

MS (m/z) Calc. for C54H52
11

B
35

ClNO3P2
100

Ru [M+H]
+
: 970.22462 m/z; Found: 970.22263 m/z. MS 

(m/z) Calc. for C54H52
11

B
35

ClNO3P2
101

Ru [M+H]
+
: 971.22599 m/z; Found: 971.23018 m/z. MS (m/z) 

Calc. for C54H52
11

B
35

ClNO3P2
102

Ru [M+H]
+
: 972.22475 m/z; Found: 972.22653 m/z. MS (m/z) Calc. for 

C54H52
11

B
35

ClNO3P2
104

Ru [M+H]
+
: 974.22583 m/z; Found: 974.22854 m/z. 

1
H NMR (CDCl3, 400 MHz): 

δ 8.86 (br s, 2H, CH-py, H2 & 6), 7.61 (br s, 1H, CH-py, H4), 7.21 (s, 18H, m and p-PPh3), 7.08 (s, 

12H, o-PPh3), 6.73 (t, 
3
JHH = 7.0 Hz, 1H, H16), 6.58 (t, 

3
JHH = 7.2 Hz, 2H, H15 & 17), 1.35 (s, 12H, H8 

& 9 & 11 & 12), H5 and 14 and 18 obscured by the triplet at 6.58 ppm. 
13

C{1H} NMR (CDCl3, 75 

MHz): δ 160.79 (s, CH-py, C2), 156.24 (s, CH-py, C6), 143.56 (s, Cq-Ph, C13), 141.07 (s, CH-py, 

C4), 134.58 („t‟, 
3,5

JCP = 10.0 Hz, CH-Ph, m-PPh3), 132.08 („t‟, 
1,3

JCP = 40.7 Hz, Cq-Ph, i-PPh3), 129.16 

(s, CH-Ph, p-PPh3), 127.38 (br s, CH-Ph, o-PPh3), 125.89 (s, CH-Ph, C14 & 18), 123.28 (s, CH-py, 

C5), 121.26 (s, CH-Ph, C15 & 17), 84.13 (s, Cq, C7 & 10), 24.96 (s, CH3, C8 & 9 & 11 & 12), CO 

resonance not observed. 
31

P{
1
H} NMR (CDCl3, 121 MHz): δ 27.79 (br s). IR (KBr; cm

-1
): 3050 vw, 

3038 vw, 1917 vs (CO), 1599 m, 1566 s, 1481 m, 1434 s, 1413 w, 1397 w, 1363 s, 1337 w, 1314 m, 

1271 w, 1188 w, 1161 w, 1142 m, 1111 s, 1089 s, 1047 w, 1016 w, 959 w, 900 vw, 854 w, 825 vw, 

803 vw, 747 m, 738 s, 721 vw, 697 vs, 666 w, 644 vw, 619 vw, 598 m, 559 vw, 517 vs, 500 m, 457 w, 

411 vw.  
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2-pyB(OMe)2 was prepared as per the method described by Ogawa et al.,
23

 requiring lithiation of 

2-bromopyridine at -78°C in anhydrous THF, followed by addition of the 2-lithio pyridine intermediate 

to trimethoxyborate. The crude product was purified by washing with methanol. 

 

6,6’Br2-2,2’-bipy was synthesised using a procedure reported by Holm et al.
119

 The material is 

prepared from 2,6-dibromopyridine and 1.6 M n-butyllithium in anhydrous diethyl ether cooled 

to -90°C. A coupling agent of anhydrous cupric chloride was added and subsequently removed by 

oxidation with dry compressed air at a temperature of -50 to -60°C. Hydrolysis with hydrochloric acid 

(6 M) yielded the dibromo bipyridine product which was recrystallised from benzene. 

 

Hydrogenation of acetophenone 

 

 

 

 

 

Hydrogenation of acetophenone was carried out using dihydrogen gas according to the following 

method. RuCl(Ph)(CO)(3-py-BO2-C6H12)(PPh3)2 (0.005 mmol) and acetophenone (1.0 mmol), KO
t
Bu 

(0.01 mmol) and toluene/isopropanol (3 mL) were added to a glass vial which was subsequently 

placed within a high pressure autoclave and sealed. Assembly of the reaction mixture and autoclave 

apparatus (a 300 mL Parr made from Hastelloy C.) was made within a glove box environment 

(Innovative technologies). The autoclave was heated to a temperature of 60°C using a thermostatic 

heating mantle before being flushed three times with dihydrogen gas. The autoclave was then 

subjected to 1000 psi of dihydrogen gas for a period of three hours. The autoclave was cooled after 

the completion of the reaction and the pressure equilibrated. The contents of the autoclave were then 

analysed by GC analysis using an HP 6890 Series gas chromatography apparatus containing a 

capillary Supelco 24312 GAMMA-DEX 225 (30m x 0.25mm x 0.25mm) chiral column with a 

cyclodextrin support or a SGE CYDEX-B (2m x 0.32mm x 0.25mm) column. The GC column was 

coupled with an FID detector. For acetophenone the "ramp" setting and retention times were 80
o
C 

isothermal. Acetophenone is conventionally detected at 29.4 min under these conditions and the 

products at 33.3 and 34.2 min. 

The hydrogenation test described was performed at the Industrial Research Limited laboratories in 

Wellington, New Zealand, with the assistance of Doctors Angela Slade and Cees Lensink.  
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Chapter Three 
 

Novel acyclic and macrocyclic 
transition metal complexes 
composed of 2,6-pyridine 

carboxamide pincer ligands 

3 Chapter Three: Novel acyclic and macrocyclic transition metal complexes 
composed of 2,6-pyridine carboxamide pincer ligands 

 

This chapter discusses the design of transition metal complexes bearing symmetric ligand systems. 

The ligands utilised contain pyridyl and carboxamide functionality and are well disposed toward the 

formation of metal complexes with meridional ligand architectures.  

 

A number of rhodium(III) and iridium(III) complexes bearing the acyclic ligand LMe2 were prepared 

and characterised with the intention of testing their activity as catalysts in transfer hydrogenation 

reactions with acetophenone and isopropanol. IrCl(py)2(LMe2) and IrCl3(LMe2{H}2) complexes 

mediated the fastest rates of conversion of acetophenone into 1-phenylethanol. The information 

garnered from the model complex study was extended towards the design of macrocyclic systems in 

which the core elements of the model complex, H2LMe2, are incorporated as a head group (see 

Figure 71). A Noyori-type functional group, which demonstrates remarkable activity in transfer 

hydrogenation reactions,
129,130

 was selected as the tail end group. Rhodium(I) and ruthenium(II) 

complexes of the ligand H4Len were prepared and tested for 

catalysis in transfer hydrogenation reactions.  

 

Experimental data pertinent to the novel complexes described 

in Chapter Three is compiled in the final section and general 

synthetic schemes are provided in the Appendix. 

 

 

Figure 71: H4Len 
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3.1 Rhodium and Iridium complexes of H2LMe2 

 

Heating of IrCl3 with H2LMe2 in THF leads to the instant formation of a burgundy precipitate which 

demonstrates exceedingly poor solubility. Infrared analysis of this solid revealed a v(NH) band at 

3254 cm
-1

 and v(C=O) stretches of 1688, 1600, 1579 and 1531 cm
-1
, corresponding to protonated 

acyclic ligand and suggesting metal coordination via the pendant pyridyl arms of the ligand rather than 

to the deprotonated amidate nitrogens. The poor solubility of this material in polar solvents such as 

dimethyl sulfoxide implies that it may be polymeric in nature. Upon refluxing of the solid in THF for 

one hour, two brown materials are produced in small quantities with v(amide) infrared stretches at 

1713 and 1635 cm
-1

, and the other at 1772 and 1722 cm
-1
. The v(NH) vibration is retained throughout. 

Only with extended periods of heating (80°C, 24 hours, DMSO solvent) are low frequency v(C=O) 

shifts observed below 1660 cm
-1

, representative of deprotonation and coordination of the amidate 

nitrogen to the metal centre. Similar features are demonstrated when RhCl3 and H2LMe2 are reacted 

under the same conditions. 

 

Infrared spectroscopic analysis provided a useful diagnostic method for the metalation of the LMe2 

framework. The free ligand exhibits absorptions characteristic for N-H stretching frequencies at 3377 

and 3254 cm
-1
 as well as amide stretches at 1688, 1600, 1579 and 1537 cm

-1
. By comparison, the 

products of reactions between H2LMe2 and rhodium or iridium – formed after deprotonation of both 

carboxamides by base and incorporation of the metal between the two amidate donors - bear amide 

bands at lower frequencies around 1650, 1620, 1600 and 1530 cm
-1

 and a C-N stretch at about 1370 

cm
-1
.  

3.2 Preparation of MCl3(LMe2{H}2) (M = Rh/Ir) 

 
It was found that insertion of rhodium or iridium into H2LMe2 (N,N’-bis(6-methyl-2-pyridinyl)-2,6-

pyridinedicarboxamide) could be accomplished by placing the ligand and metal(III) chloride under 

reflux in 2-methoxyethanol for 30 minutes. Insertion is accompanied by the migration of the amide 

protons onto the neighboring pendant pyridyl nitrogen atoms, forming a bipyridinium species. Both 

RhCl3(LMe2{H}2) and IrCl3(LMe2{H}2) precipitate out of the reaction mixtures from which they are 

generated. The former complex is obtained as a bright orange micro-crystalline solid and the latter as 

a bright tomato red crystalline solid. The two materials can be recrystallised from dichloromethane 

and n-hexane to yield crystals 

suitable for analysis by X-ray 

diffraction study.  

 

Figure 72: Scheme for the 

formation of RhCl3(LMe2{H}2) (M = 

Rh/Ir) 
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RhCl3(LMe2{H}2) and IrCl3(LMe2{H}2) display similar spectroscopic properties. Metalation is indicated 

by a marked reduction of the carbonyl stretching frequency in the infrared spectrum, suggesting a 

lengthening of this bond. The value decreases from 1688 cm
-1
 in H2LMe2 to 1651, 1623-5, 1603 and 

1531 cm
-1

 collectively, in the metalated complexes. The pyridinium N-H stretches are unobscured by 

water vibrations in the infrared spectrum for IrCl3(LMe2{H}2) and appear at 3165 and 3070 cm
-1

, within 

the established ranges for pyridinium salts.
131

   

 

Analysis of both species by FAB-MS reveals an ion associated with an [M-Cl]
+
 fragment, although in 

the case of IrCl3(LMe2{H}2) the molecular ion is observed as [M+H]
+
.      

 

In the 
1
H NMR (d6-DMSO) spectrum of RhCl3(LMe2{H}2) and IrCl3(LMe2{H}2) the pyridinium protons 

appear as broad singlets in the deshielded positions of δ 14.61 and 13.53 ppm respectively. While the 

bulk of the aromatic pyridyl CH signals lie in the range 8.12-8.49 ppm, the H11 and H11_i doublets 

(see Figure 73 on the following page for numbering) for each complex are observed to occupy a 

slightly upfield position of δ 7.42 ppm. The methyl protons are displayed as a sharp singlet around δ 

2.67 ppm, indicating that there is a mirror plane through the C4-N2 axis of the complexes which 

renders them equivalent on the NMR timescale.      

 

In the 
13

C{
1
H} NMR spectrum of RhCl3(LMe2{H}2) coordination of rhodium to the amidate nitrogens 

induces a downfield shift of the carbonyl resonances to δ 169.52 ppm with a 
2
JRh-C coupling constant 

of 1.6 Hz. By contrast, the carbonyl signal for IrCl3(LMe2{H}2) appears as a singlet at δ 172.53 ppm. 

All other peaks within the spectra for the two compounds are observed as singlets that are consistent 

with the perfect symmetry of the complexes. The pyridyl resonances lie within the conventional 

ranges, with quaternary carbons between δ 149 and 156 ppm and CH resonances between δ 145 and 

119 ppm. The signal for the methyl group occurs around δ 19 ppm for RhCl3(LMe2{H}2) and 

IrCl3(LMe2{H}2). All carbon chemical shifts for IrCl3(LMe2{H}2) are shifted slightly downfield relative to 

the rhodium analogue, with the exception of the C4 carbon in the head group pyridyl ring.    

 

A crystal of RhCl3(LMe2{H}2) suitable for an X-ray crystal structure determination was grown from a 

dichloromethane/ ethanol solvent system. The complex crystallises in space group P21/m and the 

structure was refined to converge with an R1 of 2.4%. All three chloride atoms, rhodium and the head 

group nitrogen and C4 carbon encroach on a special position and therefore only half of the molecule 

is crystallographically distinct due to the high inherent symmetry (see Figure 73). Within the crystal 

structure the rhodium(III) centre adopts slightly distorted octahedral geometry, as evidenced by 

ligand-metal-ligand coordination geometries which deviate from ideal angles of 90 and 180°. The 

head group pyridyl ring, defined by atoms N2-C2-C3-C4, is tilted 11.30(9)° below the plane containing 

the atoms N1-N2-Cl3 and rhodium. Comparatively, the pendant pyridyl arms are tilted 26.88(8)° with 

respect to this plane. π–π stacking interactions are observed within the solid state packing at a 

distance of 3.553(2) Å between the overlaid pyridinium rings of neighbouring molecules (see Figure 

74). Hydrogen bonding between the N4 pyridinium proton and the Cl3 atom is quite short at 2.998(2) 
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Å, whereas the N3 – Cl1 distance is measured as 3.268(2) Å (average documented length of NH---Cl 

hydrogen bonds = 3.23(12) Å).
132

 

Figure 73: X-ray crystal 

structure for RhCl3(LMe2{H}2), 

R1 = 2.4%  

(selected bond lengths and 

angles for RhCl3(LMe2{H}2) 

presented in the table below) 

 

The Rh-Namidate and Rh-Cl bonds 

in the complex lie within a range 

obtained from the CCDB for 

similar bond lengths (Average 

Rh-Namidate: 2.052(61) Å, N = 80; 

average Rh-Cl: 2.384(54) Å, N = 

2279). There is a clear difference 

between the Rh-Cl bond 

distances for the mutually trans 

chlorides compared to that for the 

Rh-Cl3 bond length trans to the 

pyridyl head group. The slight 

lengthening of the latter bond is 

attributed to the trans influence of 

the short Rh-Npy bond, which is 

measured as 

1.943(3) Å 

(average Rh-Npy: 

2.100(9) Å, N = 

1485).   
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Figure 74: Solid state characteristics of 

RhCl3(LMe2{H}2) 

 

 

 

A single crystal of IrCl3(LMe2{H}2) was similarly obtained by slow diffusion of ethanol into a 

dichloromethane solution of the complex. The compound crystallises in a monoclinic crystal system 

with space group P21/m. All atoms except for N1 and N1_i were refined anisotropically in the solution 

displayed on the following page (see Figure 75). The material similarly exhibits a mirror plane which 

bisects the C4-N2 axis of the head group pyridyl and displays the same structural feature of ligand 

tilting relative to the metal plane of coordination (defined by atoms N1-N2-N1_i-Cl3). The pendant 

pyridyl arms tilt by 26.6(2)° relative to this plane whereas the head group pyridyl ring is angled below 

the metal plane of coordination by 10.7(2)°. The material stacks together so that neighbouring 

pendant pyridyl arms are 4.269(4) Å apart. Hydrogen bonds between the N4-Cl3 and N4-Cl1 atoms 

are 3.003(6) Å and 3.280(6) Å (average documented length of NH---Cl hydrogen bonds = 

3.23(12) Å).
132

 

 

Within the complex the 2.100(5) Å Ir-Namidate bond is comparable to the mean of all Ir-Namidate bonds 

obtained from the CCDB of 2.084(40) Å (N = 17). The Ir-Npy bond of 1.955(6) Å lies at the short end of 

the range for this type of bond, as ascertained from the CCDB (average Ir-Npy 2.101(67) Å (N = 744)). 

The Ir-Cl bond lengths are all within normal ranges for similar bond types (CCDB average Ir-Cl bond 

distance = 2.403(57) Å, N = 1191). However, the Ir-Cl3 bond distance is subjected to the trans-

labilising influence of the short Ir-Npy bond, a feature that was similarly displayed by RhCl3(LMe2{H}2).   
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Figure 75: X-ray crystal 

structure for 

IrCl3(LMe2{H}2), R1 = 4.2% 

 

(Selected bond lengths 

and angles for 

IrCl3(LMe2{H}2) presented 

in the table on the left) 
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The synthetic procedure used for the formation of RhCl3(LMe2{H}2) and IrCl3(LMe2{H}2) results in the 

pendant pyridyl arms of LMe2 behaving as an internal base to generate two pyridinium functional 

groups. The protonation is reversible, and with the appropriate strong base the pyridyl conjugate acid 

can be deprotonated, altering the chemical properties of each complex. As will be described in 

Sections 4.3 and 4.5, this feature was utilised for the preparation of a number of novel rhodium(III) 

and iridium(III) compounds bearing labile pyridyl or amine substituents, as well as an anionic species. 

Conceptually, the combination of a catalytically proven transition metal such as rhodium or iridium, 

placed within the construct of a ligand with such adaptability, proved intriguing. The internal hydrogen 

bonding exhibited by MCl3(LMe2{H}2) (M = Rh/Ir) between the pyridinium protons and chloride 

substituents orients the pendant pyridyl arms towards the pincer coordination pocket. The positioning 

of these groups could act to stabilise electron deficient transition states within a catalytic cycle, and 

possibly even make direct contributions towards substrate conversion e.g. through the transferral of 

H
+
 from the pyridinium nitrogen, or via reduction reactions. Preliminary investigations into the efficacy 

of several compounds as transfer hydrogenation catalysts are reported in Section 4.7.  

 

A similar complex containing ruthenium(II), RuCl2(PPh3)(LMe2{H}2), was reported by Redmore et al. in 

1997 and this was prepared by refluxing a mixture of RuCl2(PPh3)3 and H2LMe2 in toluene for 24 

hours.
133

 Substitution of both chloride ligands within the dipyridinium ruthenium(II) compound was 

accomplishable using ambident nucleophiles such as acetate and thiocyanate. An interesting nitrito-

N/nitrosyl adduct was similarly produced with the aid of sodium nitrite. An X-ray crystal structure of 

Ru(NO2)(NO)(PPh3)(LMe2) was obtained which revealed mutual occupation of the LMe2 ligand plane 

by the nitrosyl substituent. The authors proposed a reduction mechanism involving nitrite and the 

acidic pyridinium protons for the generation of the nitrosyl anion.
134-136

 Although the precise 

mechanism for the conversion is unclear, the proximity of the pyridinium arms to the metal centre 

strongly suggests their involvement in this process. The mechanism may involve coordination of two 

nitrosyl ligands to ruthenium with facilitation of the reduction step by the pyridinium protons. 

Alternatively, the nitrito anion may be intercepted by the pyridinium arms and the reduction step 

mediated within the molecular cleft with or without the interaction of the ruthenium(II) centre. 

Significantly, within Ru(NO2)(NO)(PPh3)(LMe2) the nitrogen atoms of the pendant pyridyl arms are 

directed towards the molecular cleft, in support of involvement of these groups during a nitrito 

reduction step. Refer to Figure 76 for 

a diagrammatic depiction of the 

discussion. 

 

 

Figure 76: Proposed mechanism 

for the pyridinium mediated 

reduction of nitrite  
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3.3 Treatment of MCl3(LMe2{H}2) with base (M = Rh/Ir) 

3.3.1 Preparation of RhCl(py)2(LMe2) (M = Rh/Ir) from pyridine 

 

Deprotonation of the pendant pyridinium arms of RhCl3(LMe2{H}2) is accomplished using a strong 

base such as pyridine. It is necessary to maintain a reaction mixture containing neat pyridine and 

RhCl3(LMe2{H}2) under reflux for three days until all material is converted to RhCl(py)2(LMe2). 

Monitoring of the reaction mixture over this period indicates that the reaction proceeds through a 

mono-pyridinium form, as evidenced by a broad signal at δ 11.14 ppm (CDCl3) in the 
1
H NMR 

spectrum. The rhodium containing product is purified with the aid of chromatography on silica and 

with the use of a polar eluant of 5% methanol and dichloromethane. Further purification is 

accomplished by recrystallisation from dichloromethane and n-hexane. 

 

The amidate carbonyl stretching frequencies of the pyridyl complexes RhCl(py)2(LMe2) and 

IrCl(py)2(LMe2) are shifted to lower frequencies compared to their pyridinium precursors. In the case 

of RhCl(py)2(LMe2) the strong v(amide) bands are observed at 1615, 1599 and 1563 cm
-1
, shifted to 

lower frequencies compared to the corresponding bands for RhCl3(LMe2{H}2) (1651, 1625, 1603 and 

1531 cm
-1

). 

 

The ESI mass spectrum of RhCl(py)2(LMe2) reveals a molecular ion [M+Na]
+
 (A of Figure 77) at 

664.0709 m/z. The [M+H]
+
 ion (B) is observed at 642.0866 m/z. Fragmentation proceeds via loss of 

pyridyl substituents, producing a base peak that corresponds to [M-py+H]
+
 (C), with a mass of 

563.0524 m/z. A peak correlated with the loss of two pyridyl moieties is similarly seen and appears at 

484.0028 m/z (D). Finally, a fragment associated with [M-2py-Cl]
+
 (E) is seen at 448.0285 m/z. 

 

Figure 77: Fragmentation of RhCl(py)2(LMe2) by ESI mass spectrometry 
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Crystals of RhCl(py)2(LMe2) suitable for analysis by X-ray diffraction study were obtained by 

isopiestic diffusion of n-hexane into a concentrated dichloromethane solution of pure 

RhCl(py)2(LMe2). The complex crystallises in the space group P21/a as two independent molecules 

within the asymmetric unit, co-crystallising with three molecules of dichloromethane. The 

crystallographic solution displayed on the following page was obtained after anisotropic refinement of 

all atoms except those incorporated within the disordered dichloromethane. The disordered void-filling 

dichloromethane solvent was permitted to refine to its own occupancy, manifesting as a single 

molecule mapping to two positions – one of 0.18 weighting and the other to 0.82. The bond distances 

between the carbon and chlorine atoms of the dichloromethane solvent were restrained to be the 

same. Equal ADPS were granted to like atoms of the disordered solvent. Hydrogen atoms were 

refined in calculated positions using a riding model, except in the case of the disordered solvent – for 

which it was not practicable to fix the 

methylene hydrogen atoms. 

 

 

 

 

Figure 78: Selected bond lengths 

and angles for RhCl(py)2(LMe2) 
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Due to the high R1 of 6.75% obtained in the refinement of the crystallographic data for 

RhCl(py)2(LMe2) only the bond distances and angles pertaining to the metal plane of coordination will 

be discussed. The relevant measurements are displayed in Figure 78 on the previous page.  

 

Rhodium(III) exhibits slightly distorted octahedral geometry within the X-ray crystal structure of the 

complex. All Rh-Npy distance are within normal ranges (as per averages calculated from the CCDB 

vide infra). However, both molecules A and B demonstrate Rh(1)-N(2) and Rh(2)-N(9) distances 

which are approximately 0.14 Å shorter than all the other Rh-Npy distances present within the structure 

of RhCl(py)2(LMe2). The Rh-Npy head group bond distance is in close agreement with that observed 

for RhCl3(LMe2{H}2). In molecule A the Rh(1)-N(1) distance is statistically shorter compared to the 

remaining Rh-N distances (excluding Rh-Npy head group bond lengths), suggesting that the rhodium 

centre favours one side of the acyclic cavity over the other. By comparison, in molecule B the Rh-

Namidate distances are quite similar whereas the Rh-Npy distances are disparate with one short 

Rh2-N14 distance of 2.052(6) Å. The metal centre projects away from the N2 and N9 nitrogens out of 

the pincer coordination plane formed by LMe2, revealing an average Namidate-Rh-Namidate bond angle of 

159.5(2)°. 

 

Figure 79: X-ray crystal structure of RhCl(py)2(LMe2), R1 = 6.75%  

(solvent molecules omitted for clarity) 

 

1
H NMR analysis of RhCl(py)2(LMe2) reveals a marked downfield shift of the doublet corresponding to 

the ortho pyridyl hydrogen environments of the in-plane pyridine substituent. These were identified on 

the basis of H-H through-space NOESY correlation experiments, see Figure 80 on the next page, 

over a range of mixing times (500, 600 and 700 ms) and with reference to the X-ray crystal structure 

of the complex. The Nuclear Overhauser Effect is relatively weak in the 4-5 Å range, however, the 
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technique proved sufficiently sensitive in this case. A weak correlation is observed between the 

doublets at δ 9.86 and 7.93 ppm and the methyl protons, which both demonstrate a reduction in 

intensity as the mixing time is increased. A substantially stronger correlation is displayed between the 

doublet at δ 6.76 ppm and the methyl signal and this is observed to intensify as the mixing time is 

increased. On the basis of a correlation intensity comparison and HMBC C-H bond correlation 

experiments optimised to 
3
JC-H, the doublet at δ 6.76 ppm can be indubitably assigned as belonging to 

H11 and H16 of the pyridinium arms (lying in closest proximity to the methyl protons). The signal 

designation of the in-plane pyridyl ring protons, H20 and 24, is made with the help of the observed 

crystallographic distances between the carbons at these positions and the methyl carbons (average of 

4.21 Å). The NOESY through space correlation between the doublet at δ 9.86 ppm and the methyl 

protons is slightly stronger at longer mixing periods than that observed between H25 and 29 and the 

methyl group (average crystallographic distance 4.98 Å).  

 

Figure 80: NOESY 
1
H-

1
H through space correlation experiment (600 ms) with RhCl(py)2(LMe2) 

(CDCl3, 300 MHz) 

 

Signals arising from the pyridyl ring trans to the pyridine carboxamide head group are observed 

considerably downfield compared to the pyridyl ring which is trans with respect to chloride. The 
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difference in chemical shifts arising from the ancillary pyridyl ligands depends upon the orientation of 

these groups with respect to the magnetic anisotropy of the aromatic rings in the acyclic ligand. The 

pyridyl substituents containing the N7 and N14 nitrogens are positioned within an NMR shielding 

region, and therefore present comparatively upfield 
1
H NMR signals.  

 

Analysis of the product by 
13

C{
1
H} NMR (CDCl3) spectroscopy reveals a downfield resonance at δ 

168.91 ppm, arising from the carbonyl carbons. The signal is observed as a doublet with a small 

coupling constant of 1.6 Hz, which occurs as a result of 
2
JRh-C coupling with rhodium.  

3.3.2 Preparation of Rh(en)Cl(LMe2) and [Rh(en)2(LMe2)][Cl] from ethylenediamine 
base 

 

Deprotonation of the pyridinium pendant arms of RhCl3(LMe2{H}2) is similarly possible using 

ethylenediamine as a base. Both the ethylendiamine and diethylenediamine analogues are obtained 

after refluxing RhCl3(LMe2{H}2) in acetonitrile with 7-8 equivalents of ethylenediamine. 

Rh(en)Cl(LMe2) precipitates from the reaction mixture in 45% yield as a yellow solid whilst 

[Rh(en)2(LMe2)][Cl] is retained within the supernatant by virtue of its improved solubility properties 

and cationic nature. The latter complex can be isolated by inducing precipitation from the 

concentrated filtrate with the aid of diethyl ether, followed by washing of the precipitate with hot 

dichloromethane.  

 

The infrared spectra of both complexes reveal stretches typical for coordinated amines between 3300 

and 3100 cm
-1

. Upon coordination of ethylenediamine to a metal centre one expects the symmetric 

and asymmetric N-H stretches to shift to lower frequencies than those observed for the free base 

(3440, 3350 and 3260 cm
-1

 respectively).
137

 In the case of [Rh(en)2(LMe2)][Cl] two broad medium 

intensity bands at 3198 and 3089 cm
-1

 are associated with the symmetric and asymmetric stretches. 

Unfortunately, in the case of Rh(en)Cl(LMe2) the region of the infrared spectrum usually populated by 

such signals was obscured by a broad band associated with water. The amidate bands are seen in 

approximately the same positions for each compound, lying between 1630 and 1560 cm
-1

 as three 

intense stretches.  

 

Mass spectral analysis by FAB-MS reveals a molecular ion of [M+H]
+
 for Rh(en)

35
Cl(LMe2) and 

another for Rh(en)
37

Cl(LMe2) at 544.07268 and 546.07009 m/z respectively. By comparison, 

[Rh(en)2(LMe2)][Cl] produces a molecular ion of [M-Cl]
+
 (568.16526 m/z). This material is observed to 

fragment by successive loss of its ethylenediamine substituents.   

 

The two complexes are readily distinguished by NMR (d6-DMSO) spectroscopy. Within the 
1
H NMR 

spectrum for Rh(en)Cl(LMe2) two amine resonances are seen, neither of which correlate to a carbon 

atom in the 2D heteronuclear-SQC spectrum of the complex. Two broadened triplets with indistinct 

splitting characteristics are observed at δ 7.29 and 5.06 ppm, corresponding to the –NH2 protons. The 
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ethylene groups present as two broad triplets at δ 2.86 and 2.43 ppm with coupling constants of 5.4 

and 4.2 Hz, and demonstrate correlation to the corresponding amine groups in the 
1
H-

1
H COSY 

spectrum (see Figure 81). The pyridyl methyl vibration for the complex appears at δ 3.06 ppm.  

 

In the 
13

C{
1
H} NMR spectrum of Rh(en)Cl(LMe2) the amidate carbonyl carbons appear as a doublet 

at δ 169.58 ppm with a 
2
JRh-C coupling constant of 6.0 Hz. Only ten LMe2 signals are observed, 

indicating that a mirror plane along the C4-N2-Rh-N6 axis renders the opposing sides of the complex 

chemically equivalent on the NMR timescale. The ethylenediamine carbon fragments exhibit two 

signals which are inverted in the DEPT 135 NMR spectrum of the complex. The signal which lies 

further upfield at δ 43.82 ppm, corresponds to the methylene carbon lying closest to the acyclic ligand 

coordination sphere or C21 (see Figure 83). 

 

 

Figure 81: 
1
H-

1
H COSY spectrum of Rh(en)Cl(LMe2) demonstrating the 

3
JHH correlations 

between protons in the bidentate ethylenediamine substituent 

 

In the case of [Rh(en)2(LMe2)][Cl] three amine resonances are seen in the 
1
H NMR spectrum at 

δ 6.89, 5.00 and 4.70 ppm, indicative of the coordination of a bidentate and a monodentate 

ethylenediamine. The fourth –NH2 resonance, associated with the free end of the singly coordinated 

amine, is observed far upfield at δ 2.34 ppm in comparison with the other amine resonances and in 

closer agreement with signals typical for free ethylenediamine (δ(CDCl3): 2.75 (CH2), 1.20 (br s, NH2) 

ppm). The ethylene protons are displayed as a set of two multiplets at δ 2.45 and 2.32 ppm. A third 

multiplet is obscured by the combined peak areas of the residual DMSO present in the NMR solvent 

and the methyl protons. With the help of 
1
H-

1
H COSY, 

1
H-

13
C HSQC and 

1
H-

13
C HMBC experiments 

(weak 
2
J correlations were observed between the ethylene nuclei in this case) it was possible to make 
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definitive assignments of all proton and carbon nuclei associated with the ethylenediamine 

substituents. Allocations are presented diagrammatically in Figures 82 and 83 below. 

 

Figure 82: 
1
H-

1
H COSY spectrum of [Rh(en)2(LMe2)][Cl] demonstrating the 

3
JHH correlations 

between protons in the bidentate and monodentate ethylenediamine substituents 

 

 

 

 

 

 

Figure 83: Expansion of the methylene and 

methyl regions for complexes Rh(en)Cl(LMe2) 

and [Rh(en)2(LMe2)][Cl]  

 

(region of spectra that does not contain 

signal was omitted) 
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The 
13

C{
1
H} NMR spectrum of [Rh(en)2(LMe2)][Cl] contains amidate carbonyl carbons which similarly 

demonstrate a 
2
JRh-C coupling interaction, presenting as a doublet at δ 168.96 ppm with a coupling 

constant of 6.3 Hz. The ethylene components of the diamine substituents are displayed as four 

independent singlets between δ 40 and 46 ppm (see Figure 83 on the previous page). The bidentate 

ethylenediamine exhibits signals similar to those observed for Rh(en)Cl(LMe2). By comparison, the 

tethered end of the monodentate diamine substituent bears an ethylene signal at δ 45.43 ppm, and an 

upfield resonance at δ 40.67 ppm that corresponds to C26 of the untethered portion of the amine. 

 

X-ray grade crystals of Rh(en)Cl(LMe2) were grown by slow diffusion of n-hexane into a 

dichloromethane solution containing the rhodium(III) pincer complex. The compound crystallises in a 

monoclinic crystal system with space group P21/c. Refer to 

Figure 84 on the following page for a visual depiction of the 

solid state characteristics of the compound. Unfortunately, 

despite the fact that an adequate number of reflections were 

collected (>4796), only 691 of these lay above the 4σ sigma 

threshold. A disordered molecule of dichloromethane 

simultaneously occupies the asymmetric unit but could not be 

modeled because of the paucity of the data set and was 

therefore eliminated from the refinement with a SQUEEZE 

operation. Furthermore, the crystal is evidently twinned as 

indicated by a β angle of 90.190°. A twin law of [-1-11] and a 

BASF of 0.01969 were elucidated with the help of PLATON 

and implemented in the final refinement. As a result of the 

features described above, the value for R1 attained after 

refinement is quite high at 9.75%, precluding a detailed 

discussion of the bond lengths and angles within the structure 

due to the high standard uncertainties associated with these 

measurements. In the final solution only the heavy atoms of 

rhodium and chloride were refined anisotropically. It was not 

practicable to add hydrogen atoms. 

 

 

Table 2: Selected bond lengths and angles for 

Rh(en)Cl(LMe2) 
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Figure 84: X-ray crystal structure of Rh(en)Cl(LMe2), R1 = 9.75% 

 

An ISOR thermal parameter restraint was implemented for all carbon and nitrogen atoms sharing the 

N5 pyridyl arm of the ligand (including atoms C4-7, C13-17, C19 and N2-3 and N5-7). Thermal 

parameters of the amide and also the amine nitrogens were constrained to be the same. 

 

The rhodium centre adopts slightly distorted octahedral geometry within the pincer pocket, wherein 

the acyclic ligand binds in a meridional fashion, whilst the remaining coordination sites are occupied 

by a bidentate ethylenediamine molecule and a chloride atom. The bite angle of the ethylenediamine 

ligand is measured as 84.1(11)°. Selected bond lengths and angles for Rh(en)Cl(LMe2) are presented 

in Table 2 on the previous page. 
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3.4 [RhCl2(PPh3)(LMe2{H}2)][Cl] 

 

A rhodium(III) cationic pincer, analogous in structure to the neutral RuCl2(PPh3)(LMe2{H}2) complex 

prepared by Redmore et al.,
133

 was obtained in near quantitative yield by refluxing triphenylphosphine 

with RhCl3(LMe2{H}2) in acetonitrile for three hours. In so doing a single basal chloride ligand was 

displaced by triphenylphosphine. 

 

By ESI-MS the molecular ions of [RhCl2(PPh3)(LMe2{H}2)][Cl] appear as [M-Cl]
+
 fragments, with 

three possible isotope combinations of 
35

Cl and 
37

Cl, corresponding to masses of 782.07119, 

784.06921 and 786.06751 m/z.  

 

Infrared analysis reveals several distinctive C=O stretches at 1651, 1621, 1597 and 1455 cm
-1
, in 

similar positions as those observed for RhCl3(LMe2{H}2), whilst bands indicative of PPh3 coordination 

are seen at 752, 721, 695 and 499 cm
-1

. 

 

The 
1
H NMR spectrum (d6-DMSO) of the complex reveals the downfield shift of the pyridinium protons 

at δ 14.07 ppm, whereas the aryl signals of the coordinated phosphine are observed as a large 

multiplet centered at δ 7.39 ppm. Within the 
13

C{
1
H} NMR (d6-DMSO) spectrum of 

[RhCl2(PPh3)(LMe2{H}2)][Cl] the quaternary carbons of the amidate functional groups are detected 

as a doublet with a 1.8 Hz coupling constant, arising from a 
2
JRh-C coupling interaction with rhodium. 

The carbons of the coordinated phosphine group are detected as a series of doublets – the ipso 

carbon appearing at δ 126.85 (
1
JCP = 53 Hz) ppm, the ortho carbons at δ 133.03 ppm with a coupling 

constant of 
2
JCP = 9.1 Hz and the meta carbons at δ 128.21 (

3
JCP = 10.7 Hz) ppm.

138
 The 

31
P{

1
H} NMR 

(d6-DMSO) signal corresponding to the coordinated phosphine demonstrates 
1
JRh-P coupling to 

rhodium and is observed as a doublet at 23.43 ppm with a large coupling constant of 113.5 Hz. 

 

 

 

 

 

 

Figure 85: 
31

P{
1
H} NMR (d6-DMSO) 

spectrum of [RhCl2(PPh3)(LMe2{H}2)][Cl] 
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[RhCl2(PPh3)(LMe2{H}2)][Cl] crystallises in a monoclinic crystal system with space group P21/c. One 

molecule of dichloromethane and a chloride anion co-crystallise within the asymmetric unit. All atoms 

were refined anisotropically and the positions of hydrogen atoms determined geometrically and fixed 

with the help of a riding model. The refinement converged with an R1 of 4.59% and is depicted 

graphically, along with selected bond lengths and angles on the subsequent pages. Within the 

complex the rhodium(III) centre adopts distorted octahedral geometry. The metal projects beyond the 

coordination pocket defined by the amide and pyridyl N-donor atoms, exhibiting an Namidate-Rh-Namidate 

angle of 158.18(11)° and acute Namidate-Rh-Npy angles.  

 

All bond lengths lie within conventional ranges for similar bond distances that are compiled on the 

CCDB (vide infra. for Rh-Namidate and Rh-Cl bond averages sourced from this database), including the 

Rh-P distance of 2.3255(10) Å, which similarly lies within the reported range (CCDB average Rh-P 

distance = 2.306(64), N = 1589). Cationic [RhCl2(PPh3)(LMe2{H}2)][Cl] exhibits lengthening of the 

Rh-N3amidate bond (2.123(3) Å) compared to neutral RhCl3(LMe2{H}2) for which Rh-Namidate bonds are 

2.0912(17) Å long. The Rh-Cl bond which lies trans with respect to the phosphine substituent 

demonstrates significant lengthening to 2.4246(9) Å, relative to the corresponding mutually trans 

Rh-Cl bonds of RhCl3(LMe2{H}2), which are 2.3498(7) and 2.3532(7) Å in length. 

 

Hydrogen bonding interactions are exhibited by both pyridinium protons (see Table 3 and Figure 86). 

The pendant pyridyl arm encompassing atoms C8-C9-C10-C11-C12-N4 is strongly affected by steric 

perturbations arising from the triphenylphosphine substituent, and sits at an angle of 42.5(1)° relative 

to the acyclic cleft framed by atoms N1-N2-N3-Rh-Cl1. The pyridinium proton of this ring is outward 

facing with respect to the acyclic cavity and participates in a hydrogen bonding interaction with a 

chloride counter-anion at a distance of 3.005(3) Å. The remaining pendant pyridyl ring tilts 9.0(1)° up 

out of the plane formed by the N1-N2-N3-Cl1 atoms and engages in a hydrogen bonding interaction 

with the Cl1 atom which is 3.006(3) Å in length (average documented length of NH---Cl hydrogen 

bonds = 3.23(0.12) Å).
132

 

 

Within the solid state packing, layers of [RhCl2(PPh3)(LMe2{H}2)][Cl] molecules are aligned so that 

the apical Rh-Cl2 bonds are directed into a shared plane. See Figure 87 for a depiction of this packing 

characteristic when viewed along the Miller plane (13 0 0).  
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Table 3: Selected bond lengths and angles for [RhCl2(PPh3)(LMe2{H}2)][Cl] 
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Figure 86: X-ray crystal structure for [RhCl2(PPh3)(LMe2{H}2)][Cl], R1 = 4.59%  

(dichloromethane solvent omitted for clarity) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 87: Solid state intramolecular interactions and packing characteristics of 

[RhCl2(PPh3)(LMe2{H}2)][Cl] within the solid state  
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3.4.1 Reactivity of [RhCl2(PPh3)(LMe2{H}2)][Cl] with various bases 

3.4.1.1 Sodium Acetate yields Rhodium dimers of the type [RhX(LMe2)]2 (X = OAc/Cl or 
OAc and Cl) 

 

Exposure of [RhCl2(PPh3)(LMe2{H}2)][Cl] to sodium acetate in refluxing t-butanol leads to 

deprotonation of the pyridinium nitrogens and rapid dimerisation of the rhodium(III) acyclic moieties. 

Depending upon the amount of sodium acetate added it is possible to simultaneously displace the 

chloride ligands coordinated to rhodium. In this manner three unique species were produced, 

[RhCl(LMe2)]2, the mixed chloro-acetate dimer [RhCl(LMe2)][Rh(OAc)(LMe2)] and 

[Rh(OAc)(LMe2)]2. The reaction can be optimised towards a particular species through controlled 

addition of the number of equivalents of acetate, however, mixtures were always formed. It is possible 

to direct the reaction so that [RhCl(LMe2)]2 is not formed at all, simply by adding more than four 

equivalents of sodium acetate. Similarly, the diacetate analogue of the rhodium dimer can be 

prepared in high yield with the aid of ten equivalents of sodium acetate relative to 

[RhCl2(PPh3)(LMe2{H}2)][Cl]. The three products can be separated from one another by silica gel 

chromatography (2.5-5% methanol/dichloromethane). In the case of [Rh(OAc)(LMe2)]2, which is 

coordinated by two polar acetate substituents, elution from a short silica gel column (2cm) is 

accomplished with the aid of polar eluant mixtures of dichloromethane containing 4-5% methanol. 

This species is unstable in the presence of trace HCl where ready displacement of the acetate groups 

in favour of chloride substituents occurs. All of the rhodium dimers discussed in Section 4.4.1.1 can 

be recrystallised from a dichloromethane/n-hexane solvent system. 

 

 

 

 

 

 

 

 

 

 

Figure 88: General procedure for the preparation of rhodium(III) dimeric complexes of LMe2 

(Key - [RhCl(LMe2)]2: X1 = X2 = Cl; [Rh(OAc)(LMe2)][RhCl(LMe2)]: X1 = OAc, X2 = Cl; 

[Rh(OAc)(LMe2)]2: X1 = X2 = OAc) 

 

Dimerisation is similarly reported by Horner et al. when H2LMe2 is reacted with palladium(II) acetate in 

the presence of sodium acetate.
139

 The four-coordinate nature of palladium(II) negates the need for 

additional bonding with a neighbouring amidate nitrogen in [Pd(LMe2)]2, therefore allowing greater 

spatial separation between the metal centres than what is observed for the rhodium derivatives. In 

contrast, the rhodium dimers exhibit a rather unusual -µ2
, κ3

 binding mode of two of the amidate 
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nitrogens. The complex of [Pd(LMe2)]2 is generated in two enantiomeric forms, both of which were 

isolated crystallographically in previous studies.
108,139

  

 

 

 

 

 

 

 

 

 

 

Figure 89: Right and left-handed isomers of [Pd(LMe2)]2 

 

Figure 90: C2 rotational axis of [Rh(OAc)(LMe2)]2 
 

Within this work, independent crystals of the right-handed isomers of [RhCl(LMe2)]2 and 

[Rh(OAc)(LMe2)]2 were grown by slow diffusion of n-hexane into separate dichloromethane solutions 

of each dimeric species. Both materials exhibit C2 symmetry when rotated about an axis which 

dissects the Rh-N-Rh-N plane perpendicularly (See Figure 90 above). 

 

Infrared spectroscopy reveals a significant increase in the stretching frequencies corresponding to the 

amidate carbonyl groups of the dimeric products relative to [RhCl2(PPh3)(LMe2{H}2)][Cl]. These are 

observed at 1710, 1627, 1611, 1596 and 1567 cm
-1

 for [RhCl(LMe2)]2 at 1716, 1623, 1609, 1595, 

1567 and 1530 cm
-1
 for [RhCl(LMe2)][Rh(OAc)(LMe2)] and at 1715, 1622, 1590 and 1559 cm

-1
 in the 

case of [Rh(OAc)(LMe2)]2. It was not possible to distinguish the acetate and amide LMe2 infrared 

stretches from one another as all signals coincide upon the frequency range 1650-1550 cm
-1
, 

producing broadened renditions of all vibrations appearing in this region. However, monodentate 
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acetate gives rise to three C(O)O deformation bands between 920-720 cm
-1

, one of which is 

unobstructed from view and appears at 741 cm
-1

 within the IR spectrum for [Rh(OAc)(LMe2)]2. A 

strong band associated with this functional group is similarly seen at 541 cm
-1

. 

 

Analysis of [RhCl(LMe2)]2 by FAB-MS revealed molecular ions at 967.00238, 968.99750 and 

970.99456 m/z corresponding to [M+H]
+
, in agreement with the three possible isotope combinations 

containing the two coordinated chloride atoms. The molecular ion is observed to fragment to an [M-

Cl]
+
 ion of mass 933 m/z. The base peak in the spectrum at 897 m/z corresponds by mass to a 

species which has lost both chloride substituents and which bears an additional hydrogen atom [M-

2Cl
-
+(H

-
)]

+
. The base peak charge presents as +1, therefore requiring that the hydrogen atom take the 

form of a hydride. Aubagnac et al. demonstrated that the FAB-MS matrix, particularly glycerol, can act 

as a hydride source to reduce dicationic cyclophanes.
140

 m-Nitrobenzyl alcohol exhibits similar 

characteristics although the reduction process is greatly suppressed in comparison. The mass 

spectral analysis of [RhCl(LMe2)]2 was carried out using an m-nitrobenzyl alcohol and 

dichloromethane matrix.  

 

By comparison, ESI-MS of [RhCl(LMe2)][Rh(OAc)(LMe2)] reveals a molecular ion corresponding to 

[M+H]
+
 at 991.0467 m/z.  

 
The [Rh(OAc)(LMe2)]2 complex was similarly characterised by ESI-MS. An ion corresponding to 

[M+H]
+
 was observed at 1015.0884 m/z (A of Figure 91). A complex fragmentation pattern occurs in 

which several species could be identified within the mass spectrum. As previously stated for the 

[RhCl(LMe2)]2 dimer, it is believed that hydride generated by the matrix is produced and coordinates 

to a [Rh(LMe2)]
2+

 fragment to generate a [RhH(LMe2)][Rh(LMe2)]
+
 species (B), which is seen at 

897.0650 m/z. Species (D) appears as a +2 ion corresponding to [Rh(LMe2)]
2+

 and manifests as two 

isotope peaks separated by half a mass unit at 448.0275 and 448.5294 m/z. An additional fragment 

(C of Figure 92) in which isotope peaks are separated by one mass unit is associated with 

[RhH(LMe2)+H]
+
 and is observed at 450.0414 m/z.  
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Figure 91: ESI mass spectrum of [Rh(OAc)(LMe2)]2, 880-1020 m/z mass range 
 

 

Figure 92: ESI mass spectrum of [Rh(OAc)(LMe2)]2, 447-453 m/z mass range 
 

In order to correctly assign the 
1
H NMR and 

13
C{

1
H} NMR spectra of the three compounds it was 

necessary to use [RhCl2(PPh3)(LMe2{H}2)][Cl] as a signal reference. The phosphine derivatised 

species bears the same type of ligand donor set as each of the dimers, with the exception that it is 

coordinated by an additional chloride. This reference material acts as a good indicator for the 
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chemical environment experienced by the pendant pyridyl arm which is not tethered to rhodium. By a 

process of elimination it was possible to assign the remaining signals to the tethered pyridyl arm. The 

number of methyl carbons and their relative chemical shifts are outlined for each of the dimeric 

species in Figure 93. Note that the downfield shifted methyl signals lying between δ 2.40 and 

2.60 ppm correspond closely to the chemical shift of the methyl protons in 

[RhCl2(PPh3)(LMe2{H}2)][Cl] and are therefore used as the reference for the untethered pyridyl ring. 

The pendant pyridyl arms engaged in binding to rhodium exhibit chemical shifts between δ 2.10 and 

2.20 ppm by comparison. The methyl signals of the acetate substituents appear further upfield, 

between δ 1.70 and 1.83 ppm. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 93: Simplified schematic for 

the formation of rhodium(III) LMe2 

dimers  

 

(pendant pyridyl arms omitted): 

differentiation of species by 
1
H NMR 

(CDCl3) derived chemical shifts for 

methyl protons 
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Figure 94: Expansion of the pyridyl region sourced from 

the 
1
H NMR spectrum of [RhCl(LMe2)]2 (CDCl3, ppm) 

 
 

 

Figure 95: Expansion of the quaternary carbon region for 

[RhCl(LMe2)]2 (
13

C{
1
H} NMR, CDCl3, ppm)  
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Within the 
1
H NMR spectrum of [RhCl(LMe2)]2 the head group pyridyl protons are observed as a 

series of overlapping triplets at δ 8.10 ppm and doublets at δ 8.02 ppm. The remaining protons of the 

pendant pyridyl arms are assigned on the basis of 2D correlation experiments. HMBC 
1
H-

13
C 

correlation experiments allowed allocation of the individual methyl moieties to specific sets of pyridyl 

resonances. Assignments are pictured in Figure 94 on the previous page. 

 

The 
13

C{
1
H} NMR spectra of [RhCl(LMe2)]2 (see Figure 95) generally displays a perfect overlap of all 

equivalent monomeric signals, except in the case of the amide C7 & 20 quaternary carbon atoms and 

the C13 & 27 quaternary carbons of the non-tethered pyridyl arms. These particular arms of the 

acyclic ligands are not locked into place by the Rh-N-Rh-N ring, thereby granting them some 

conformational flexibility. As a result four quaternary carbons are observed for these four positions 

whereas only three signals are observed for the remaining six quaternary carbons (C1 & 26, C17 & 31 

and C12 & 36) (see Figure 95). Notably the amide carbons (C1 & 26), closely situated to the 

coordinate Rh-amide bond, are shifted far downfield to δ 173.10 ppm. The remaining two carbonyl 

carbons appear at δ 166.80 and 166.77 ppm by comparison. The methyl carbons present two distinct 

singlets at δ 23.75 and 22.24 ppm.  

 

Assigning signals within the 
1
H NMR and 

13
C{

1
H} NMR spectra of the mixed dimer of 

[RhCl(LMe2)][Rh(OAc)(LMe2)] is doubly complicated by the absence of a C2 axis. A unique 

environment is observed for all carbon atoms. Based on comparisons to 

[RhCl2(PPh3)(LMe2{H}2)][Cl], [RhCl(LMe2)]2 and [Rh(OAc)(LMe2)]2 the side of the monomer 

contributing dative amidate and pyridyl interactions experiences a greater degree of shielding from the 

metal centre, particularly in the case of quaternary carbon nuclei C8, 12, 13, 17, 27, 31, 32 and 36. 

These signals are observed at upfield positions relative to the opposing side of the monomer. In some 

places, where signal correlations could not be adequately resolved, assumptions were made based 

on the observation of an upfield shift.  

 

Within the 
1
H NMR spectrum of the mixed dimer five methyl signals are observed that correlate with 

the four non-equivalent ligand methyl groups and a single acetate methyl (see Figure 93).  

 

Overall, resonances arising from the LMe2 quaternary carbons in [RhCl(LMe2)]2 and 

[RhCl(LMe2)][Rh(OAc)(LMe2)] are observed to range across 30 ppm in the 
13

C{
1
H} NMR spectra of 

the complexes. By comparison, two acetate ligands have the opposite effect, inducing clumping of the 

LMe2 quaternary carbon signals within a 20 ppm signal breadth. In particular, the C1 and C26 C=O 

carbon atoms are shifted to δ 169.98 and 167.71 ppm relative to the corresponding signals for 

[RhCl(LMe2)][Rh(OAc)(LMe2)] and [RhCl(LMe2)]2 (172.46 and 173.10 ppm respectively). Within 

[Rh(OAc)(LMe2)]2 the C6 and C21 pyridyl quaternary carbons are shifted downfield by 6 ppm relative 

to the [RhCl(LMe2)]2 dimer (δ 148.77 ppm versus δ 154.79 and 154.72 ppm). Refer to Figure 96 on 

the following page.  
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Figure 96: Overlaid spectra featuring signals for the 

quaternary carbons of the three dimeric rhodium species 

 

[RhCl(LMe2)]2 crystallised as small red needles into an 

orthorhombic crystal system with space group Pbca. 

Comparatively, [Rh(OAc)(LMe2)]2 crystallised as brown 

needles in a triclinic crystal system with space group P-1. The 

structure for the chloride dimer is discussed in detail below. 

Both dimers exhibit unusual binding characteristics, requiring 

the formation of three 4-membered rings that bring the two 

rhodium centres within close proximity of each other. A 4-

membered ring consisting of atoms Rh1-N3-Rh2-N8, which additionally incorporates two datively 

bound bridging amidate nitrogens of two neighbouring molecules, is formed. The nitrogen of the 

pyridyl ring attached to each of the two dative amidate nitrogens simultaneously fills the remaining 

coordination site at each of the rhodium centres, to produce an additional set of 4-membered rings 

(see Figure 97 on the following page).  

 

One of the monomeric units in the X-ray crystal structure of [RhCl(LMe2)]2 was found to be 

disordered, mapping to two positions simultaneously (see Figure 98). The disorder was modeled by 

allowing the atoms within the two fragments to refine isotropically and with partial occupancies of 0.65 

and 0.35 respectively. Bond distances of the lesser weighted component were constrained to be the 

same as that of the partner. A single molecule of dichloromethane was observed at 30% occupancy 

within the packing of the asymmetric unit, lying very close to a special position. Isotropic refinement of 
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the carbon atom pertaining to the solvent molecule was required due to heightened perturbation of the 

thermal ellipsoids for this atom. All other atoms within the structure were refined anisotropically and 

hydrogen atoms were picked out and fixed using an appropriate riding model. Bond lengths and 

angles are reported solely for the 

ordered portion of the dimer 

(containing Rh2) for which the 

standard uncertainties are smaller. 

 

 

 

Figure 97: Three 4-membered 

rings presented in the X-ray 

crystal structure of 

[Rh(OAc)(LMe2)]2 

 

 

 

Geometry about the rhodium centres is slightly distorted octahedral in nature. The N6-Rh2-N8 angle 

is measured as 158.6(2)° and angles framed by atoms N3-Rh2-Cl2 and N5-Rh2-N7 are about 169°. 

The N8-Rh2-N7 and N6-Rh2-N7 bond angles are 79.1(2) and 80.9(2)° respectively.  

Figure 98: X-ray crystal structure of [RhCl(LMe2)]2, R1 = 4.4%  

(solvent omitted for clarity)  
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Table 4: Selected bond 

lengths and angles in the 

complex [RhCl(LMe2)]2 

 

The Rh(III)-Cl, Npy and Namidate 

bond distances are all within 

conventional ranges (vide infra 

for Rh-Namidate and Rh-Cl bond 

averages sourced from the 

CCDB). However, there is a 

statistically significant difference 

between the trans Rh-Npy 

distances for Rh2-N7 and 

Rh2-N5, with a short bond length 

of 1.951(5) Å measured for the 

former and a longer distance of 

2.069(5) Å for the latter.  

 

Within the X-ray crystal structure 

of [Rh(OAc)(LMe2)]2 a single 

molecule of dichloromethane is 

evident within the asymmetric 

unit. The crystallographic 

solution presented was attained 

after fixing the distances within 

the acetate moieties to the 

appropriate lengths. The O-C 

bond distance was fixed at 1.257 

(0.010) Å, the C=O distance to 

1.260 (0.020) Å and the C-C 

bond length to 1.510 (0.020) Å. 

The reference for these bond 

lengths was sourced from a 

publication by Cotton et al. which describes a rhodium acetate dimer bridged by guanidinate type 

ligands.
141

 Due to the limited number of high intensity reflections available it was only possible to 

refine the heavy atoms of rhodium and chloride anisotropically. All other atoms were refined 

isotropically. Hydrogen atoms were located geometrically and refined using a riding model. The final 

structure converged with an R1 of 9.5%. 
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The rhodium centres within [Rh(OAc)(LMe2)]2 

display slightly distorted octahedral geometry. A 

Rh-N-Rh-N ring framed by the Rh-Ndative amidate and 

Rh-Namidate bond lengths of 2.100(10), 2.139(9), 

2.118(10) and 2.126(9) Å, similarly forms the 

nexus between each monomeric unit. The dihedral 

angle between the N6-Rh1-N3 and N3-Rh2-N6 

planes was measured as 156.8(5)°.  

 

 

 

Figure 99: X-ray 

crystal structure of 

[Rh(OAc)(LMe2)]2, 

R1 = 9.5%,  

 

(dichloromethane 

solvent omitted for 

clarity, selected 

bond lengths and 

angles are 

presented in the 

table to the right)  
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Dative bridging amidate bonds to rhodium are uncommon, and in the context of a potentially 

pentadentate ligand system remain unreported in the literature. The unique combination and 

distribution of nitrogen donors within the LMe2 ligand induces close Rh1-N8 and Rh2-N3 approaches. 

In [RhCl(LMe2)]2 these bond lengths were measured as 2.138(5) and 2.130(5) Å. By the same token, 

the dihedral angle of 168.4(3)° between the N8-Rh1-N3 and N8-Rh2-N3 planes is restricted so that 

the Rh1-N8-Rh2-N3 ring is virtually planar.  

 

In the context of µ2
, κ3

 coordination of an amidate ligand to two rhodium centres, only one reaction is 

reported in the literature. A complex generated by Dickinson et al. was obtained through reactivity of 

η-(Cp)2Rh2(µ-CO)(µ-CF3C2CF3) (A in Figure 100) with organic azide, followed by a metal assisted 

breakdown of the reactive functional group via a proposed nitrene intermediate to form bridging 

amidate and carbonyl groups between two rhodium centres.
142,143

 Production of the substituted 

acrylamide occurs via condensation of isocyanate with hexafluorobut-2-yne, mediated by the Rh-Rh 

bond at a temperature of 0°C. The resultant η-(Cp)2Rh2(µ-κ
3
-C(CF3)C(CF3)C(O)N(Ph) complex (B of 

Figure 100) contains a Rh(III)-Rh(I) bond which is 2.612(1) Å long as well as a dative amidate Rh1-N3 

bond 2.169(6) Å in length and a Rh2-N3 amidate bond 2.049(6) Å long. Comparatively the dative 

amidate bonds present in the Rh(III)-Rh(III) [Rh(OAc)(LMe2)]2 and [RhCl(LMe2)]2 dimers are slightly 

shorter at 2.126(9) and 2.139(9) Å for the former and 2.138(5) and 2.130(5) Å for the latter. The dimer 

Rh-Rh distances of 3.1197(14) and 3.1203(9) Å are more than 0.5 Å longer than that measured for 

complex (B of Figure 100).  

 

Solution state infrared analysis (CH2Cl2) of (B in Figure 100) reveals a stretching frequency at 1680 

cm
-1
 associated with the ketonic carbonyl. This value lies in the upper quartile between the amide 

stretches observed for [RhCl(LMe2)]2 at 1716, 1623, 1609 and 1595 cm
-1

. 

 
Figure 100: An example of µ

2
, κ

3
 coordination of an amide ligand to two rhodium centres 

 

An intriguing study into the utility of Rh(III) sulfonamido dimers as redox inter-convertible catalysts for 

the aerobic oxidation of dihydrogen gas and the dehydrogenative oxidation of alcohols was described 

by Ikariya et al. in 2009.
144

 The Rh(III) dimer (C in Figure 101) was prepared from [Cp*RhCl2]2 and p-

toluenesulfonamide in the presence of strong base. Upon exposure of a degassed solution of 

[(Cp*Rh
III

)2(µ-NTs)2] to dihydrogen gas it was found that the dimer underwent a two electron reduction 

reaction to generate a Rh(II)-Rh(II) sulfonamido-dimer, [(Cp*Rh
II
)2(µ-NHTs)2] (D of Figure 101). 
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Isopropanol could similarly be oxidised to produce acetone. Significantly, the redox mechanism 

demonstrated reversibility in the presence of oxygen. A two proton transfer to dioxygen gas mediated 

the oxidation of (D) back to (C), thus rendering the process catalytic. In this way it was possible to 

aerobically oxidise H2 to water and 2-octanol to 2-octanone at atmospheric pressures and at 30°C.  

 

Figure 101: Aerobic oxidation of dihydrogen gas and alcohol using a dimeric Rh sulfonamido 

redox interconversion process 

 

The reverse catalyst oxidation mechanism is believed to involve the insertion of oxygen into the 

Rh-Rh bond of (D) (see Figure 101), to produce a bridging bidentate dioxygen intermediate (E of 

Figure 101), which subsequently converts into a superoxo species (F of Figure 101) after migration of 

the amine hydrogen onto one of the oxygen atoms. The authors propose that hydrogen peroxide is 

liberated after abstraction of the remaining amine proton and is itself reduced to yield a molecule of 

water and regenerate the Rh(III) dimer (C). Pertinently, the Rh-Rh distance of complex (D) was 

determined to be short with a length of 2.6004(12) Å, whereas Rh-N distances were found to be 

2.109(8), 2.110(7), 2.137(8) and 2.121(9) Å. The dihedral angle between the NRhN planes is reported 

as 106.3(4)° for the same complex, indicative of significant puckering when compared to similar 

angles listed in Figure 103. The d
6
 Rh(III) dimer (C) displays a longer Rh-Rh bond distance of 

2.7992(4) Å, a strongly puckered dihedral angle of 123.1° and extremely short Rh-Nsulfonamido bonds 

about 2.0 Å in length.
145

 

 

The four membered Rh-N-Rh-N ring of species (C) can be cleaved by carbon monoxide, resulting in 

the insertion of CO into a single Rh-N bond with simultaneous carbonylation of the coordinatively 

unsaturated rhodium centre to produce [(Cp*)Rh(μ-(TsN-CO-NTs)Rh(CO)(Cp*)] (G of Figure 102). A 
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Rh-Rh bond with a length of 2.6919(8) Å is formed in the process. The carbonyl stretches for this 

complex are observed at 1962, 1699 and 1669 cm
-1

. Upon prolonged exposure to CO, Cp*Rh(CO)2 is 

eventually liberated.  

 

 

Figure 102: Carbonylation of 

[(Cp*Rh
III
)2(µ-NTs)2] 

 

 

Several bridging amidate complexes are described in the literature and these exhibit folded geometry 

with a dihedral angle of approximately 130° in instances where the Rh-Namidate distances lie between 

2.13 and 2.18 Å. For example, Ciriano et al.
146

 report the preparation of a planar amidate-bridged 

rhodium(I) complex (H of Figure 103) from N,N-bis(p-tolyl)amine and [Rh(COD)Cl]2 and a folded 

complex (I of Figure 103) from combination of [Rh(µ-NPh2)(COD)]2 with t-butyl isocyanide. The 

planarity of each of the N-Rh-N-Rh rings is reported as 175.0(1) and 135.4(2)° respectively, a 

discrepancy between the dihedral angles which is attributed to differences in the steric crowding. 

Where increased steric impingements are encountered, the Rh-Namidate-Rh-Namidate ring is rendered 

planar. The Rh-Rh intramolecular distance similarly gives an indication as to the influence of 

crowding. Within the complex [RhCl(LMe2)]2, the Rh-Rh distance is measured as 3.1203(9) Å, 

intermediate between that for complex (H) (3.2965(11) Å) and (I) (2.9728(10) Å). 

 

Figure 103: Selected bond lengths 

and angles for rhodium complexes 

bearing amidate bridges  

Material Rh-Ndative distances 

(Å) 

Rh-Rh 

distance (Å) 

Dihedral 

angle (°) 

NRhN Plane 

description 

Complex C: 

[(Cp*Rh
III
)2(µ-NTs)2] 

2.006(3), 2.006(3), 

1.992(3), 2.017(3)  

2.7992(4) 123.1 Folded 

Complex D: 

[(Cp*Rh
II
)2(µ-NHTs)2] 

2.109(8), 2.110(7), 

2.137(8), 2.121(9) 

2.6004(12) 106.3(4) Folded 

Complex B: 

η-(Cp)2Rh2(µ-κ3
-

C(CF3)C(CF3)C(O)N(Ph) 

2.169(6), 2.049(6) 2.612(1) N/A N/A 

[RhCl(LMe2)]2 2.138(5), 2.130(5) 3.1203(9) 168.3(3) Planar 

[Rh(OAc)(LMe2)]2 2.126(9), 2.139(9) 3.1197(14) 156.8(5) Planar 

Complex H 2.219(5), 2.211(5) 3.2965(11) 175.0(1) Planar 

Complex I 2.130(7), 2.177(6), 

2.181(7), 2.154(7) 

2.9728(10) 135.4(2) Folded 
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3.5 Treatment of IrCl3(LMe2{H}2) with base  

3.5.1 Preparation of IrCl(py)2(LMe2) from pyridine base 

 

The iridium(III) chloro pincer complex, IrCl(py)2(LMe2), is prepared in an analogous fashion to the 

rhodium variant described in Section 4.3.1, and demonstrates a number of similar spectroscopic 

attributes. By infrared analysis amide stretches at 1592 and 1563 cm
-1
 are seen as well as numerous 

peaks indicative of the coordination of pyridine. These include strong vibrations at 3509, 1223, 1153, 

767, 699 and 459 cm
-1

. FAB-MS reveals a molecular ion associated with [M+H]
+
 at 732.14586 m/z, 

which is observed to fragment by successive loss of the two pyridyl substituents and finally a chloride 

ion, to produce [Ir(LMe2)]
+
 of mass 538 m/z.  

 

All signals in the 
1
H and 

13
C{

1
H} NMR spectra of IrCl(py)2(LMe2) are shifted downfield relative to the 

rhodium(III) analogue. Of particular note in the 
1
H NMR spectrum, is the downfield shifted doublet at 

δ 9.85 ppm, associated with the ortho protons of the pyridyl ring sharing the same plane as the acyclic 

ligand. The meta protons of this ring present as a doublet at δ 7.36 ppm and the para hydrogen as a 

triplet of triplets via combined 
3
JHH (7.3 Hz) and 

4
JHH (1.5 Hz) coupling to the remaining hydrogen 

atoms in the ring. The pyridyl substituent, which is coordinated in a perpendicular fashion with respect 

to the acyclic ligand plane, exhibits signals that are shifted upfield relative to free pyridine (δ 8.59 o, 

7.23 m and 7.62 p ppm). 
4
JHH coupling is similarly exhibited by the para hydrogen of this ring. The 

difference in chemical shifts for the pyridyl rings is attributed to the relative difference in nmr shielding 

experienced by these groups. See Section 3.3.1. for a similar discussion pertaining to 

RhCl(py)2(LMe2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 104: Expansion of the 
1
H-

1
H COSY (CDCl3) spectrum for IrCl(py)2(LMe2)  
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In the 
13

C{
1
H} NMR spectrum of IrCl(py)2(LMe2) the carbonyl carbon manifests as a singlet at 170.67 

ppm. The CH signals arising from the ortho, meta and para pyridine carbons in the plane parallel 

(blue pyridine ring in Figure 105) to the acyclic ligand consistently manifest at higher chemical shifts 

compared to the corresponding positions in the perpendicularly oriented pyridine ring (red pyridine 

ring of Figure 105). 

 

 

Figure 105: Expansion of the 
13

C{
1
H} NMR (CDCl3) pyridyl CH region for IrCl(py)2(LMe2) 

 

Several attempts were made to grow crystals of pure IrCl(py)2(LMe2) which were suitable for X-ray 

diffraction analysis. Isopiestic diffusion of n-hexane into a concentrated dichloromethane solution of 

the complex yielded crystals after 24 hours. These were notoriously unstable, either rapidly losing 

solvent or producing mixtures of orange and yellow single crystals. One such orange crystal was 

selectively extracted and analysed by X-ray diffraction study. Surprisingly, the final refinement 

revealed retention of only one pyridine substituent – that which shares the LMe2 ligand plane. 

Evidently, the apical pyridine moiety is displaced during crystallisation, in favour of adventitious water 

within the solvents of crystallisation. As such, the structure represents a rare crystallographic example 

of iridium-aqua coordination. The complex, IrCl(py)(H2O)(LMe2), grows in a triclinic crystal system, 

arranging into space group P-1. All atoms were refined as anisotropic, except those pertaining to the 

oxygen atoms of the extrinsic water molecules. Rigid bond DELU restraints were instituted for the 

coordinated pyridine ring and the N4 pyridyl arm in order to control the thermal displacement 

parameters of the atoms contained within these groups. Similarly, equal anisotropic displacement 

parameters were appointed for the remaining pendant pyridyl arm, the head group pyridine ring, all 

nitrogen atoms, the amide oxygen atoms and the two methyl carbons. Hydrogen atoms were refined 

in calculated positions using a riding model, except in the instance of the hydrogen atoms associated 

with the water molecules, which were picked individually from the difference map and their location 

fixed.  



 

 
100 

The final structure converged with an R1 of 

4.64% and is displayed in Figure 106 below, 

whilst the selected bond lengths and angles 

are compiled in the table on the right. 

 

Within IrCl(py)(H2O)(LMe2), iridium(III) 

occupies slightly distorted octahedral 

geometry. The Npy-Ir-Npy and O3-Ir-Cl bond 

angles are virtually linear, whereas the 

Namidate-Ir-Namidate angle is observed as 

159.2(4)°. The complex contains two 

Ir-Namidate bonds of 2.069(8) and 2.067(7) Å 

which are statistically similar to a mean 

derived from the CCDB of 2.084(40) Å (N = 

17).  

 

Figure 106: X-ray crystal structure of 

IrCl(py)(H2O)(LMe2), R1 = 4.64% 

 

(dichloromethane solvent omitted for 

clarity. Selected bond lengths and angles 

presented on the right) 
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The Ir-Cl and Ir-Npy bond lengths are also within normal ranges for similar bond types compiled on the 

CCDB (average Ir-Cl: 2.403(57) Å, N = 1191); average Ir-Npy: 2.101(67) Å, N = 744). The bond from 

iridium to the aqua ligand was measured as 2.107(7) Å, lying within the ranges 

of similar bond types listed on the CCDB. For example, a triaqua complex 

synthesised by Watanabe et al. reveals a range of Ir(III)-O bond lengths lying 

between 2.06(1)-2.27(1) Å (see Figure 107).
147

 

 

 
Figure 107: Examples of Ir-aqua complexes 
 

 

Also in attendance within the solid state structure of IrCl(py)(H2O)(LMe2) is a second molecule of 

water, which engages in dual hydrogen bonding with one of the pendant pyridyl arms at a distance of 

2.776(9) Å and the water moiety coordinated to iridium (2.611(9) Å) (standard OH---N hydrogen bond 

lengths = 2.8 Å148
). Hydrogen bonds are also observed between the carboxamide oxygen of the 

acyclic ligand and the coordinated aqua molecule at a distance of 2.667 Å (standard OH---O hydrogen 

bond lengths = 2.7 Å148
). A close approach of a single molecule of dichloromethane with the chloride 

bound to iridium is 3.54(1) Å in length. See Figure 108 below. 

 

Figure 108: Solid state packing characteristics of IrCl(py)(H2O)(LMe2) 
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3.5.2 Preparation of [IrCl3(LMe2)]2- by deprotonation of the pyridinium groups with 
strong base 

 

Deprotonation of the pendant pyridinium arms of IrCl3(LMe2{H}2) is readily accomplished by the 

addition of strong base to a dichloromethane solution of the complex. The reaction could be carried 

out rapidly and quantitatively by the addition of NaBH4, NEt4OH or KOH. The resultant dianionic 

complex is dark red in colour. 

 

Deprotonation of IrCl3(LMe2{H}2) is indicated by the disappearance of pyridinium N-H stretches in the 

infrared spectrum. Other dramatic changes by infrared spectroscopy include shifting of the amide 

vibrations to lower frequencies of 1622, 1587, 1557 and 1445 cm
-1
 (versus 1651, 1623, 1603, 1530 

cm
-1
 for IrCl3(LMe2{H}2)). The change is induced by the alteration in the net ionic charge of the 

complex, which in turn affects the basicity of the iridium centre and its bonding interaction with the 

amidate nitrogen.
149

 

 

By FAB-MS the molecular ion for [IrCl3(LMe2)][K]2 is observed as [M+2H
+
-K]

+
 with a mass of 

683.9694 m/z (A of Figure 109).  

 

Figure 109: ESI (positive mode) mass spectrum of [IrCl3(LMe2)][K]2 
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The additional protons are apparently acquired from the matrix and associate with [IrCl3(LMe2)][K]2 to 

form pyridinium functional groups. The molecular ion fragments by successive loss of the chloride 

substituents bound to iridium(III) to generate an ion of mass 610.0380 m/z associated with 

[M+2H
+
-2K

+
-Cl

-
] (B of Figure 109). The base peak in the mass spectrum is detected at 540.1024 m/z 

(C of Figure 109) and is believed to originate from a mono-hydride mono-pyridinium complex that 

arises after successive loss of the remaining two chloride substituents, deprotonation of a pyridinium 

ring and generation of an iridium hydride bond from H
-
 generated in the matrix ionisation stream.  

 

Figure 110: Overlaid 
1
H NMR (d6-DMSO) spectra of IrCl3(LMe2{H}2) versus [IrCl3(LMe2)][K]2, 

expansion of the pyridyl CH regions 

 

Disappearance of the 
1
H NMR (d6-DMSO) signal derived from the pyridinium protons of 

IrCl3(LMe2{H}2) can be used as a diagnostic tool for the formation of [IrCl3(LMe2)][K]2. The 
1
H NMR 

spectrum of the dianionic complex, versus that of the bispyridinium precursor, reveals the differences 

in ring current arising from the degree of protonation of the pendant pyridyl arms (see Figure 110). As 

one would expect, IrCl3(LMe2{H}2) demonstrates deshielding of all its pyridyl CH signals, particularly 

for the H9, 10, 14 and 15 protons. By comparison, the pyridyl CH signals for [IrCl3(LMe2)][K]2 

manifest upfield as a result of the increased electron density available in the ring after deprotonation 

of the pyridinium groups. In the case of the H9, 10, 14 and 15 protons, signals for the two unique 

complexes are disparate by as much as 1 ppm. The shielding effect permeates throughout the ligand 

structure of [IrCl3(LMe2)][K]2, extending to the methyl protons (which are seen at δ 2.39 ppm versus 

2.67 ppm for IrCl3(LMe2{H}2)) and the head group pyridyl protons. 
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Within the 
13

C{
1
H} NMR (d6-DMSO) spectrum of [IrCl3(LMe2)][K]2 the shielding effect is not expressed 

unanimously for all the carbon nuclei, with all of the pyridyl quaternary carbons displaying a diametric 

trend. However, in order to make further comment on this observation, crystallographic evidence is 

necessary. Comparatively, the amide C=O nuclei resonate at a lower chemical shift (δ 170.22 ppm 

versus 172.53 ppm) due to the increased basicity of iridium in the dianionic complex and its proximal 

influence on the electron density localised within the amide functional groups.
149

 

3.5.3 Preparation of IrH(PPh3)2(LMe2) with potassium hydroxide, in the presence of 
triphenylphosphine 

 

The iridium(III) hydride complex, IrH(PPh3)2(LMe2), was prepared by refluxing a mixture of 

IrCl3(LMe2{H}2) with six equivalents of potassium hydroxide and triphenylphosphine in isopropanol. 

Potassium hydroxide has the effect of deprotonating the pendant pyridinium arms, thereby facilitating 

abstraction of two of the iridium bound chloride substituents and permitting coordination of two 

equivalents of triphenylphosphine in their stead. The mechanism for generating the hydride 

presumably occurs via a classic two-step procedure (see Figure 111). Isopropoxide anion generated 

by the reaction of KOH with isopropanol solvent directly displaces chloride to yield a metal isopropxy 

intermediate. Subsequent β–H elimination generates the metal hydride and propan-2-one.  

 

Figure 111: Proposed mechanism for the formation of IrH(PPh3)2(LMe2) 
 

The material was characterised with the help of infrared spectroscopy, which revealed a moderate 

intensity peak at 2153 cm
-1
, distinctive for a transition metal hydride. Amide stretching frequencies are 

observed at 1613 and 1568 cm
-1
 while vibrations typical for coordinated phosphines are seen at 697 

and 522 cm
-1

. Mass spectral analysis by FAB reveals two molecular ions consistent with [M+H]
+
 and 

the two naturally abundant isotopes of iridium (
191

Ir and 
193

Ir). These are observed at 1062.28185 m/z 

and 1064.28395 m/z respectively. The ion fragments through loss of hydride and triphenylphosphine, 

producing [M-H-PPh3]
+
 and [M-H-2PPh3]

+
 ions of mass 800 m/z and 539 m/z respectively.   
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1
H NMR spectroscopy (CDCl3) of the IrH(PPh3)2(LMe2) complex reveals the position of the strongly 

shielded hydride atom at δ-11.86 ppm (see Figure 112). Coupling to the mutually trans phosphines is 

indicated by the appearance of this signal as a triplet with a large coupling constant of 15.0 Hz. All the 

pyridyl proton resonance are shifted significantly upfield when compared to other complexes such as 

IrCl(py)2(LMe2), and display distinct electronic environments without any overlap of chemical shifts for 

the pyridyl proton environments. The phenyl protons of the coordinated phosphines are seen as one 

multiplet and two triplets lying in the range δ 7.39-6.97 ppm. 

 

Figure 112: 
1
H NMR spectrum (400 MHz, CDCl3) of IrH(PPh3)2(LMe2) 

 

Within the 
13

C{
1
H} NMR (CDCl3) spectrum of the iridium(III) hydride the carbonyl chemical shifts 

appear at δ 170.04 ppm (see Figure 113 on the following page). The mutually trans orientation of the 

triphenylphosphine substituents perpetuates as a set of three virtual triplets, corresponding to the ipso 

(
1,3

JCP = 52 Hz), ortho (
2,4

JCP = 10 Hz) and meta (
3,5

JCP = 12 Hz) carbon atoms of the phenyl rings, 

whereas the para carbon is exhibited as a singlet at δ 129.10 ppm. The ipso, ortho and meta carbons 

of the phenyl rings demonstrate coupling to both phosphorus atoms to generate second order AXX‟ 

spin systems which manifest as virtual triplets. The coupling constants for these signals were 

ascertained from the outer most lines of each triplet, as previously reported by Maddock et al.
138
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Figure 113: Expansion of the 

phenyl region in the 
13

C{
1
H} 

NMR (CDCl3, ppm) spectrum of 

IrH(PPh3)2(LMe2) 

 

 

 

 

 

The 
31

P{
1
H} NMR spectrum of IrH(PPh3)2(LMe2) reveals two phosphine signals at δ 7.62 ppm rather 

than the anticipated singlet which should arise from mutually trans phosphines. This incongruous 

signal is believed to arise from residual coupling of the phosphorus atoms to the hydride nucleus. The 

31
P{

1
H} NMR experiment was conducted with a sweep width of 150 ppm centralised at 25 ppm with a 

decoupling range of 4.50 ppm. Comparatively, the 
1
H NMR spectrum was obtained with a 35 ppm 

sweep width centralised at -2.50 ppm and a 6.18 ppm decoupling range. The broadband decoupling 

ranges specified are adequate for decoupling of phosphorus to all proton atoms within the complex, 

except the hydride.  

 

Single crystals appropriate for analysis by X-ray diffraction study were grown by layering of a 

dichloromethane solution of the iridium(III) hydride complex with n-heptane, and allowing gradual 

evaporation of the halogenated solvent to occur overnight. See Figure 114 for a pictorial display of 

IrH(PPh3)2(LMe2). The resultant fine yellow needles crystallise in a monoclinic crystal system with the 

space group C2/c. The Ir-Namidate and Ir-Npy bond distances lie within recorded ranges listed on the 

CCDB (vide infra). Within the asymmetric unit a single molecule of dichloromethane engages in a 

close approach with the O2 carbonyl at a distance of 3.193(6) Å. Coordination geometry at the 

iridium(III) centre is distorted octahedral in nature with an N1-Ir-N3 angle of 156.80(15)° and a 

P1-Ir-P2 angle which is less than 180°. The triphenylphosphine moieties adopt a staggered geometry 

so as to minimise steric interactions with the pendant pyridyl arms of the acyclic ligand. Unlike 

IrCl3(LMe2{H}2), which displays tilting of the head group pyridyl ring, within IrH(PPh3)2(LMe2) this 

group is co-aligned with the metal-amidate coordination sphere (framed by atoms N1-N2-N3-Ir). The 

hydride was located as an individual peak in the difference map and was found to have an Ir-H bond 

length of 1.66(5) Å.  

 

 

 

  



 

 
107 

 

 

 

 

 

 

 

 

 

 

 

Figure 114: X-ray crystal structure for 

IrH(PPh3)2(LMe2), R1 = 4.57%  

 

(dichloromethane solvent molecule and 

phenyl rings attached to P1 and P2 

omitted for clarity, selected bond 

lengths and angles for IrH(PPh3)2(LMe2)) 
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3.5.4 An imine analogue of LMe2 – IrCl3(Lopy{Me}2) 

 

An alternative resonance form of the acyclic pyridine carboxamide ligand is reached by methylating 

pendant o-pyridyl arms with methyl triflate. The resultant ligand is a dication which, upon 

deprotonation with potassium hydroxide can be described by two resonance forms (A and A‟ of Figure 

115). An X-ray crystal structure of the ligand Lopy{Me}2 reported by Burgess et al., strongly supports a 

formulation in which the iminium resonance form (A‟) is a major contributor to the electronic structure 

of the free ligand.
108

 Several structural features, such as the syn orientation of the pyridyl group with 

respect to the carbonyls, significant contraction of bond lengths attached to the imine nitrogen and 

lengthening of several of the bond lengths within the pyridinium ring, imply that there is increased 

π-electron delocalisation along the pendant arms relative to H2Lopy{Me}2. Bonds lengths and atoms 

primarily affected by changes in conjugation are highlighted in red within Figure 115. 

 

Upon reaction of Lopy{Me}2 with IrCl3 under the same reaction conditions as those utilised for the 

synthesis of IrCl3(LMe2{H}2), the iridium(III) centre is incorporated into the acyclic cavity. Three 

general resonance structures describe the coordination mode of the Lopy{Me}2 ligand to iridium(III) 

and these include a diimine contributor (B), a structure (C) with two methyl pyridinium substituents 

and two amidate donors which have a combined formal charge of zero (see Figure 115). Structure (D) 

bears a mixed imido-amidate resonance form that would coordinate to iridium(III) via a dative imido 

bond and via a covalent amidate bond. All three formulations are neutral overall, given that the 

oxidation state of iridium is +3. 

 

 

Figure 115: Coordination of an imine 

resonance form to iridium(III) 

trichloride 
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Cationic palladium(II) complexes ligated by (Lopy{Me}2) were similarly synthesised by Burgess et al.
108

 

While an X-ray crystal structure was obtained of [Pd(Lopy{Me}2)(OH2)][OTf]2 (see Figure 116, structure 

E) no comment could be made with regard to the expression of the electronically related resonance 

forms within the structure as a result of poor resolution of the crystallographic data. A similar ortho-

methylated palladium(II) complex of [Pd(LMe2{Me}2)(OH2)][OTf]2 (F, in Figure 116) could similarly be 

interpreted in terms of multiple resonance forms. An X-ray crystal structure of the complex was 

obtained and demonstrated N1-C8 bond distances more than 0.05 Å longer than that of the Lopy{Me}2 

ligand, much closer to the H2LMe2{Me}2][OTf]2 ligand. On this basis it was determined that the 

LMe2{Me}2 ligand within [Pd(LMe2{Me}2)(OH2)][OTf]2 plays the role of an amidate 2- ligand rather than 

a neutral imido donor.  

 

Other characteristics can also be utilised to make meaningful comparisons between C-N and C=N 

bond types of the complexes described, including the infrared stretching frequencies of the C=O and 

C-N or C=N bonds. Amide stretches of 1658, 1627, 1569 and 1506 cm
-1

 are described for 

[Pd(Lopy{Me}2)(OH2)][OTf]2 (E), as well as v(S=O) stretches at 1277 and 1265 cm
-1

 and a v(C-F) 

stretch at 1032 cm
-1
. In comparison, bands observed for IrCl3(Lopy{Me}2) within the same region 

include a very broad stretch at 1622 and other intense bands at 1563, 1531 and 1498 cm
-1

. These 

signals are closely comparable to Lopy{Me}2, which exhibits marginally higher frequency stretches in 

the range of 1632, 1566, 1546 and 1507 cm
-1

. Interestingly, the amide infrared signature of the 

dianionic complex of [IrCl3(LMe2)][K]2 also bears a close resemblance (1622, 1587, 1557 and 1445 

cm
-1
). Stretches were not seen which correspond to triflate in the infrared spectrum of 

IrCl3(Lopy{Me}2). Pertinent signals are compiled in Table 5 on the following page. 

 

Note that the signals described 

above are much lower in 

frequency than those for the 

free base (IR of 

[H2(Lopy{Me}2][OTf]2: 1714, 

1636, 1585, 1521 cm
-1

).  

 

 

 

Figure 116: Metal imido 

complexes of palladium(II) 

and iridium(III) 
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Complex IR stretches 1700-1500 (cm
-1

) Other pertinent IR stretches (cm
-1

) 

[H2LMe2{Me}2)(OH2)][OTf]2 1715, 1634, 1583, 1515, 1499 v(S=O) 1279, 1251; v(C-F) 1033 

[Pd(LMe2{Me}2)(OH2)][OTf]2 

(F) 

1644, 1621, 1570, 1486 v(S=O) 1282, 1249; v(C-F) 1026 

[H2(Lopy{Me}2][OTf]2 1714, 1636, 1585, 1521 v(S=O) 1280, 1254; v(C-F) 1031 

[Pd(Lopy{Me}2)(OH2)][OTf]2 

(E) 

1658, 1627, 1569, 1506 v(S=O) 1277, 1265; v(C-F) 1032 

Lopy{Me}2 1632, 1566, 1546, 1507  

IrCl3(Lopy{Me}2) 

(B) 

1622, 1563, 1531, 1498  

[IrCl3(LMe2)][K]2 1622, 1587, 1557, 1445  

1,3-bis(imino) aryl ligand 

(G) 

1613, 1590  

Iridium compound  

(H)  

1584, 1506 

 

Table 5: Pertinent infrared stretching frequencies for methyl-pyridinium complexes 

 

A related (bis(imino)aryl)iridium(III) pincer (see Figure 116, structure H) demonstrates v(C=N) 

stretches of 1584 and 1506 cm
-1

, also shifted to lower frequencies compared to the ligand precursor 

for which v(C=N) appears at 1613 and 1590 cm
-1
.
150

 The X-ray crystal structure for the 

(bis(imino)aryl)iridium(III) complex exhibits Ir-N bond lengths of 2.075(10) and 2.063(10) Å, while the 

C=N bond distances are listed as 1.282(16) and 1.306(17) Å. 

 

On the basis of a comparison between the pertinent signals in the infrared spectra of the complexes 

discussed above, it appears that the contribution of an imido donor ligand within IrCl3(Lopy{Me}2) is 

probable. Stretching frequencies in the 1500-1700 cm
-1
 range have a close resemblance to those of 

Lopy{Me}2 whilst also displaying a slight drop in frequency in support of metal coordination. 

Furthermore, infrared data suggests that the vibrational energy of bonds within the complex lies 

somewhere in between that observed for the dianionic complex of [IrCl3(LMe2)][K]2, in which the 

charge is localised about the metal centre, and the free ligand of Lopy{Me}2. This data offers support 

for significant contribution from resonance form (B), although further crystallographic data is required 

in order to make a definitive statement in this regard. 

 

The carboxamide protons, visible at δ 11.60 ppm within the 
1
H NMR spectrum of H2(Lopy{Me}2), 

disappear upon inclusion of the iridium(III) centre within the acyclic cavity. Other signs of metalation 

include an upfield shift of all the 
1
H signals relative to the free ligand. In the 

13
C{

1
H} NMR spectrum a 

double up of signals is observed for certain positions, including the C=O carbons (δ 170.90 and 

170.79 ppm), C8 and 13 (δ 157.43 and 157.28 ppm) and the methyl carbons (δ 44.51 and 
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44.49 ppm). These values are suggestive of subtle nuances in the physical characteristics of 

opposing sides of the acyclic cavity. 

 

Comparison of the 
13

C{
1
H} NMR spectra of Lopy{Me}2 versus that for [Pd(Lopy{Me}2)(OH2)][OTf]2 and 

IrCl3(Lopy{Me}2) reveals little difference between the C1, 7, 8 and 13 carbon nuclei, which are most 

affected by changes in the conjugation of the amide functional groups (see Table 6).  

 

Table 6: Selected 
13

C{
1
H} NMR (d6-DMSO, ppm) chemical shifts for complexes bearing the 

Lopy{Me}2 ligand 

 

 

 

 

Assignment of signals was made with the assistance of 
1
H-

13
C HMBC correlation experiments. The 

readily divulged methyl protons demonstrated 
3
JCH heteronuclear correlations with the quaternary 

carbons C8/13 and with the pyridinium protons at C12/17. The identity of many of the remaining 

carbon signals could then be elucidated with this information. Although the experiment was optimised 

for 
3
JCH bond correlations a 

4
JCH correlation is evident between the C9/14 and the H12/17 nuclei and a 

2
JCH correlation between the H11/16 and C10/15 positions as well as the C11/16 and H12/17 nuclei 

(see Figure 117). 

 

 

 

 

 

 

 

 

 

 

Figure 117: 
1
H-

13
C HMBC spectrum of IrCl3(Lopy{Me}2) 

(optimised for 8.33 Hz or 
3
JCH correlation)   
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IrCl3(Lopy{Me}2) was characterised by accurate mass ESI-MS. Two major clusters are observed, one 

associated with [2M+Na]
+
 at 1312.9981 m/z and a second at [M+Na

+
]
+
 appearing as a cluster which 

reflects the relative intensities of the naturally abundant isotopes of chlorine (
35

Cl, 75.77%; 
37

Cl, 

24.23%) and iridium (
193

Ir, 62.7%; 
191

Ir, 37.3%) and the statistical permutations of their inclusion in the 

molecular formula of the ion C19H17Cl3IrN5NaO2. The most intense of these signals are tabulated in 

Figure 118 below.  

 

 

 

 

 

 

 

 

 

 

Figure 118: ESI-MS(positive) spectrum of 

IrCl3(Lopy{Me}2) 

 

 

 

 

 

Molecular Formula 
Expected 

(m/z) 

Found 

(m/z) 

C19H17
35

Cl3
191

IrN5NaO2 665.9946 665.9950 

C19H17
35

Cl3
193

IrN5NaO2 667.9969 667.9941 

C19H17
35

Cl2
37

Cl
193

IrN5NaO2 669.9940 669.9921 

C19H17
35

Cl
37

Cl2
193

IrN5NaO2 671.9910 671.9908 
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3.6 Development of macrocyclic materials  

 

The head group portion of the simple H2LMe2 ligand can be incorporated into larger macrocyclic 

systems via a simple base catalysed Michael addition reaction between an activated alkene, such as 

a substituted acryloyl, and a nucleophile. An array of macrocyclic ligands are accessible via this 

method,
139

 including H4LnBu and the diamine functionalised species of H4Len, both of which are 

obtained via an aza-Michael addition between H4LacrA and the corresponding primary amines of 

n-butylamine and ethylenediamine (See Figure 119).  

 

Symmetric metalation in the head group of the H4LnBu macrocyclic ring is indicated by disappearance 

of one of the ligand amide protons (δ 10.94 or 10.45 ppm) in the 
1
H NMR (d6-DMSO) spectrum.

108
 

Alternatively, if the metal were to coordinate in an asymmetric fashion to a single amide nitrogen, then 

three amide proton resonances would appear.
139

 One would expect similar spectroscopic changes to 

occur upon metalation of H4Len. However, a second coordination environment is provided in the tail 

end of this particular macrocycle via either dative or covalent bonds between the diamine nitrogens 

and a metal centre. Dative coordination of these nitrogens is indicated in the 
1
H NMR spectrum by a 

downfield change in the chemical shift associated with the amine hydrogens of the macrocycle 

diamine end. In H4Len these protons are conventionally observed at δ 2.93 ppm. Refer to Figure 119 

on the following page for a diagrammatic depiction of the discussion. 

 

No complexes containing rhodium, iridium or ruthenium in the head group portion of the ring were 

isolated, despite numerous attempts. Amongst the methods attempted to accomplish deprotonation of 

the head group were refluxing of the rhodium or iridium trichloride salt in 2-methoxyethanol – a 

technique which proved fruitful in the synthesis of the model complexes of type MCl3(LMe2{H}2). 

However, although evidence of the formation of pyridinium groups was indicated in the 
1
H NMR signal 

range of δ 12-13 ppm and colour changes were observed during reaction to indicate metal insertion 

into the head group, the products generated were always intractable. Reaction of the H4Len ligand 

with bases such as; triethylamine, DBU, sodium hydride, pyridine and potassium hydroxide, was 

similarly attempted in conjunction with a range of metal substrates including; RuCl2(PPh3)3, 

Ru(MeCN)2Cl2(PPh3)2, [Ru(COD)Cl2]n, RuCl2(dmso)4 and RhCl3. However, although deprotonation of 

amides was observed via 
1
H NMR spectroscopy in most cases, the products generated were prone to 

decomposition or proved entirely intractable. At this point the synthetic route towards a rhodium, 

iridium or ruthenium head group bound complex appeared impassable. Furthermore, preliminary 

analysis of the catalytic efficacy of the model complexes in transfer hydrogenation reactions 

suggested that these complexes were generally not active hydrogenation catalysts. The results of 

these catalytic runs are described in Section 4.7. An alternative arrangement was considered in which 

the head group is set-up as a host capable of associating with guest molecules by virtue of its 

numerous amide and pyridyl functional groups.   
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Literature on the topic of pyridine carboxamide host-guest complexes proved rich and versatile with many examples of strong associations established 

between ions as well as small molecules. A brief review of these topics is provided in the introductory chapter.  

 

 

Figure 119: Scheme for the preparation of H4Len and H4LnBu, including a visual representation of the metal binding modes possible with these 

ligands 
108,139
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An appropriate ligand, suited towards incorporation in the tail end of a macrocycle, presented itself in 

the form of diamine. H4Len, has already been prepared
139

 and was accessible in relatively high yields 

via a simple 4-step procedure, concluding with conjugate addition of the amine groups to the two 

α,β-unsaturated ketones of H4LacrA. Furthermore, this type of building block presented a number of 

useful attributes, such as the ready availability of 1,2-alkyl or aryl diamines – some of which contain 

chiral centres, and a facile synthetic method permitting their incorporation into a macrocylic ring. 

Noyori et al. has already demonstrated that a simple diamine can be used to great effect as a ligand 

for catalysts in hydrogenation reactions.
130

 With these factors in mind, a revised approach towards the 

design of novel macrocyclic complexes capable of directing supramolecular self-assembly was 

attempted. The modified concept requires that the head group adopt the role of host while the tail end 

serves as the coordination pocket for a metal centre.  

 

A preliminary investigation regarding the incorporation of chiral diamines into the H4Len ring was 

undertaken. In one reaction the H4LacrA ligand was refluxed with a racemic mixture of 

1,2-diphenylethylenediamine in ethanol. Although the reaction was still incomplete after 50 hours at 

reflux, mass spectral analysis of the crude reaction mixture revealed a molecular ion associated with 

[H4Ldiphen+H]
+
. Similarly, when a racemate of 1,2-diaminocyclohexane was used, the corresponding 

macrocyclic ring was produced as indicated by mass spectral analysis of the crude reaction mixture. 

However, after 34 hours at reflux the reaction had also failed to reach completion. Neither product 

could be separated from the unreacted starting materials. 

 

 

 

 

 

 

 

 

 

 

Figure 120: The products of aza-Michael addition reactions between chiral diamines and 

H4LacrA 

 

It was found that metal complexes containing the H4Len framework could be obtained by stirring 

mixtures of the macrocyclic diamine ligand with metal substrates bearing labile ligands, such as 

acetonitrile or 1,5-cyclooctadiene. Two novel complexes were obtained in this manner and fully 

characterised. One example of this group of reactions involved RuCl2(PPh3)3 and proved highly 

promising by FAB mass spectral analysis. When this reaction was conducted in degassed THF at 

ambient temperatures; 
1
H, 

31
P{

1
H} NMR and mass spectral data gave indications of coordination of 

ruthenium(II) within the tail end of the macrocyclic ring. A pink band was isolated after separation by 
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alumina gel chromatography. The material presented three amide proton resonances at δ 10.98, 

10.82 and 8.77 ppm and a fourth broad singlet at δ 5.54 ppm, indicative of amine coordination to the 

metal centre. Within the 
31

P{
1
H} NMR a singlet at δ 33.20 ppm suggested the coordination of two 

mutually trans phosphine groups. Additionally, FAB-MS revealed a molecular ion of mass 1177 m/z 

corresponding to [M-Cl]
+
 or [RuCl(PPh3)2(H4Len)]

+
. The ion was observed to fragment by successive 

loss of both triphenylphosphine groups. Unfortunately, all work-up procedures resulted in dissociation 

of phosphine from the complex and consequently it was never possible to separate it from 

triphenylphosphine oxide – an oxidation product of free triphenylphosphine.  

 

Conversely, when a mixture of RuCl3, H4Len and triphenylphosphine were refluxed together in 

methanol, RuCl2(PPh3)3 was formed preferentially. A similar technique, whereby [Rh(COD)Cl]2 and 

triphenylphosphine were reacted with the macrocyclic ligand, yielded RhCl(COD)(PPh3) as the 

primary product. Other reactive rhodium dimers, such as [Rh(COE)2Cl]2, produced complex 
1
H NMR 

spectra containing intractable products. However, substrates of this type offered stable products 

under other reaction conditions which will be described forthwith. 

3.6.1 [(H4Len)Rh(COD)][Cl]  

 

[(H4Len)Rh(COD)][Cl] was synthesised in moderate yields by stirring a 1:0.5 equivalent mixture of 

H4Len and [Rh(COD)Cl]2 together in dichloromethane for 24 hours. The chloride salt is pale yellow in 

colour and exhibits limited solubility in dimethyl sulfoxide.  

 

Infrared analysis reveals v(NH) and v(CO) signals representative of protonated amide functional 

groups. The v(NH) signals appear at 3466, 3366, 3227 and 3182 cm
-1

 whereas the v(amide) bands 

vibrate at 1688, 1673, 1584 and 1524 cm
-1
.  

 

By FAB-MS the molecular ion presents as [M-Cl]
+
, at 728.21731 m/z. Fragmentation occurs by loss of 

the metal and its ancillary ligands to yield an ion corresponding to [H4Len+H]
+
 at 518 m/z. 

 

1
H NMR (d6-DMSO) spectroscopy of [(H4Len)Rh(COD)][Cl] reveals that the complex is symmetrical 

with two downfield carboxamide resonances at δ 10.94 and 10.49 ppm. Most significantly, the 

resonance associated with the coordinated ethylenediamine NH is seen at δ 5.69 ppm, shifted 

downfield relative to the equivalent signal of the free macrocyclic ligand (δ 2.79 ppm). The COD 

alkenyl CH resonances are similarly shifted relative to free COD (δ 5.07 (m, 4H, CH) and δ 1.07 (m, 

8H, CH2) ppm), appearing as one broad singlet at δ 4.07 ppm. All tail end resonances are broadened 

and have indistinct splitting characteristics.  
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Figure 121: 
1
H NMR spectrum (d6-DMSO) for [(H4Len)Rh(COD)][Cl], indicating the downfield 

position of the diamine protons at δ 5.69 ppm 

 

By 
13

C{
1
H} NMR spectroscopy the COD alkenyl CH resonances should manifest as doublets as a 

result of the spin state and 100% abundance of 
103

Rh. However, what is observed instead is an 

indistinct multiplet at δ 80.68 ppm, possibly due to coincident signal ranges for slightly inequivalent 

carbon environments corresponding to these positions. 

 

Similarly, an identical product bearing a counter tetrafluoroborate anion, could be prepared simply by 

using a [Rh(COD)2][BF4] reagent in place of [Rh(COD)Cl]2. Both materials demonstrated limited 

solubility and only in very polar solvents such as DMSO and pyridine. Further reactions were severely 

hampered by the poor solubility of the compound. For example, it was not possible to react a 

suspension of [(H4Len)Rh(COD)][Cl] with HSiEt3 in refluxing THF over extended periods (10 hours). 

Furthermore, heating of the compounds in polar solvents, such as pyridine, induced complete 

decomposition of the starting material. 

3.6.2  [(H4Len)RuCl(MeCN)(PPh3)2]Cl 

 

A bidentate ruthenium(II) complex containing the H4Len ligand framework was prepared by stirring a 

degassed dichloromethane solution of RuCl2(MeCN)2(PPh3)2 with H4Len over a three day period. A 

pale yellow crystalline material of the formulation [(H4Len)RuCl(MeCN)(PPh3)2]Cl was obtained after 

recrystallisation of the crude reaction mixture from dichloromethane and acetone.   
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The complex is reached after displacement of an acetonitrile moiety from the ruthenium(II) substrate in favour of coordination of the tail end amine nitrogens 

in a bidentate fashion. 

 

By infrared analysis the solid bears distinctive signatures for retention of the amide functional groups. The v(amide) stretches are seen at 1689, 1584 and 

1516 cm
-1

, and are closely comparable with the amide bands observed for the uncomplexed ligand. Similarly, six distinct v(NH) bands are seen between 3270 

and 2916 cm
-1

. The nitrile stretching frequency appears as a low intensity band at 2256 cm
-1
. 

 

The complex was further characterised by FAB-MS, which reveals a molecular ion associated with [M-Cl]
+
 at 1219.2906 m/z. The material fragments through 

successive loss of its coordinatively bonded ligands of acetonitrile and triphenylphosphine. These fragments were seen at 1178.2770 m/z [M-Cl-(MeCN)]
+
 and 

at 916 m/z [M-Cl-(MeCN)-(PPh3)]
+
 (see Figure 122).  

 

Figure 122: Expansion of the FAB mass spectrum for [(H4Len)RuCl(MeCN)(PPh3)2]Cl   
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13
C{

1
H} NMR (CDCl3) spectroscopy of [(H4Len)RuCl(MeCN)(PPh3)2]Cl suggests that the complex is 

almost entirely symmetric on the NMR timescale, displaying only one set of signals for the head group 

and tail end carbons which are related by the mirror plane extending from C4 to C25-26. The carbonyl 

resonances are seen at δ 169.64 and 162.42 ppm, shifted slightly upfield relative to the equivalent 

signals in H4Len (δ 171.35, 161.88 ppm). The ethylene bridging groups appear as two singlets at 

δ 48.43 and 38.32 ppm whereas the ethylene fragment associated with the ethylenediamine bridge 

presents as a singlet at δ 45.74 ppm. The acetonitrile quaternary carbon is seen at δ 127.96 ppm 

whereas the methyl group appears at δ 5.47 ppm. These signals are shifted downfield relative to 

uncoordinated acetonitrile (CN: δ 116.86 ppm, CH3: δ 1.79 ppm). The two phosphine moieties are 

mutually trans as indicated by the splitting patterns and JCP coupling constants of the ipso, ortho, meta 

and para carbon atoms (see Figure 123).
138,149

 The ortho and meta carbon atoms present as two 

broad apparent triplets at δ 133.89 and 128.27 ppm with coupling constants of 8.8 and 8.7 Hz 

respectively, whereas the para carbons are displayed as a singlet at 130.11 ppm. As a result of a 

slight inequivalency between the ipso carbon environments two distinct apparent triplets at δ 133.51 

and 132.98 ppm are observed with large coupling constants of 36.9 and 37.3 Hz. Within the 
31

P{
1
H} 

NMR spectrum of the complex the mutually trans orientation of the triphenylphosphine substituents is 

indicated by the appearance of a broad singlet at 35.45 ppm. The broadened nature of all 
13

C{
1
H} and 

31
P{

1
H} NMR signals pertaining to the coordinated phosphines and the appearance of two overlapping 

phenyl ipso quaternaries in the 
13

C{
1
H} NMR spectrum of the complex suggests that these ipso 

carbons are subjected to inequivalent magnetic environments on the NMR timescale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 123: Expansion of the phenyl region in the 
13

C{
1
H} NMR (CDCl3) spectrum for 

[(H4Len)RuCl(MeCN)(PPh3)2]Cl  
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1
H NMR (CDCl3) spectroscopy of [(H4Len)RuCl(MeCN)(PPh3)2]Cl reveals that symmetry is retained 

in the head group. Six distinct resonances are observed for the ethylene bridging groups. A 
13

C-
1
H 

HSQC correlation experiment reveals that two unique proton environments each correlate to two 

unique carbon environments (see Figure 124). 

 

 
Figure 124: 

13
C-

1
H HSQC spectrum (CDCl3, ethylene region) of [(H4Len)RuCl(MeCN)(PPh3)2]Cl 

 

Similarly, a triplet at δ 2.27 ppm (H19 & 22, integrating for 2H) demonstrates 
1
H-

1
H COSY cross-peak 

correlations to two independent proton signals. The same behaviour is exhibited by a triplet at δ 1.29 

ppm (H20 & 23, integrating for 2H). Refer to Figure 125 for a depiction of the 
1
H-

1
H COSY spectrum.  

 

Figure 125: 
1
H-

1
H COSY spectrum (CDCl3, ethylene region) of [(H4Len)RuCl(MeCN)(PPh3)2]Cl 



 

 
121 

These observations suggest that individual protons at H19 & 22 as well as H20 & 23 are 

diastereotopic in nature. The multiplet at δ 3.98 ppm has the appearance of a collapsed quartet while 

the signal at 3.14 ppm appears as an indistinct multiplet. The CH2 protons of the H25 & 26 ethylene 

bridge present as two broadened triplets at δ 3.52 and 3.45 ppm, which are almost coincident. A large 

broadened signal at δ 2.70 ppm that integrates for six protons is sourced from molecules of water 

which engage in hydrogen-bonding interactions with the macrocyclic ring, accounting for the more 

than 1 ppm downfield chemical shift of the signal (typically water resonates at about 1.6 ppm in 

CDCl3). This fact was confirmed with the aid of D2O experiments and further supported by elemental 

analysis, which indicates that in the solid state three molecules of water are associated with the 

complex. Furthermore, numerous crystallographic examples of water association with this type of ring 

system are presented in this thesis. It is believed that the amine protons (H24 & 27) are obscured by 

the latter signal, in agreement with a four-fold integral for this particular multiplet. Upon addition of a 

drop of D2O the integral corresponding to the signal at δ 3.14 ppm was observed to reduce by one 

proton. 

3.7 Transfer Hydrogenation 

 

Hydrogenation, or reduction of unsaturated bonds, is a vital reaction in petrochemical and 

pharmaceutical industries. A metal-containing catalyst is commonly required to promote the reaction 

and render it practicable in an industrial setting. Hydrogenation using dihydrogen gas as a hydrogen 

source remains a widely used methodology with broad applicability, in spite of the significant hazards 

presented by working with such a pyrophoric medium. Industrial accidents at hydrogenation plants 

have occurred worldwide, often with significant monetary consequences. For example, a runaway 

hydrogenation reaction which occurred at an ethylene plant in Yamaguchi, Japan in 1973, produced a 

fire so expansive that it could not be extinguished for three days. The damage resulting from the 

inferno was significant, costing ¥2500,000,000 in repairs.
151

 Gas leakage with subsequent 

spontaneous ignition is a scenario in which the use of dihydrogen gas in an industrial setting may 

prove catastrophic.  

 

By comparison, transfer hydrogenation techniques are far less hazardous than direct hydrogenation 

with H2 (g), whilst simultaneously being convenient and removing the need for specialised equipment 

such as high pressure autoclaves. So named by Braude and Linstead in 1954, the method uses an 

alternative source of hydrogen in the reduction of unsaturated materials. The hydrogen donor may be 

either organic or inorganic in nature and must simply have an oxidation potential high enough to 

render the transformation practicable within a reasonable set of reaction parameters (such as heat 

and time). The donor choice must display complementary Lewis acid-base chemistry relative to the 

acceptor. Therefore some donor groups are more suited to specific acceptors, as demonstrated by 

the preferential reduction of carbonyl functional groups by alcohols. Factors such as the steric bulk of 

the donor, influence the dehydrogenative-elimination step described in Step 2 of Figure 128 and 

therefore also requires consideration. Similarly, the coordinative ability of solvent can have a 
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significant influence on the availability of reactive coordinatively unsaturated catalyst intermediates, as 

can the reaction temperature. 

 

The following discussion will focus upon hydrogen transfer from alcohols to prochiral ketones to yield 

a second alcohol species. Depending on the similitude of the ketone substituents the alcohol product 

generated in this reaction may be chiral, and in specifically orchestrated conditions can be directed 

towards one particular enantiomer in an asymmetric transfer hydrogenation reaction. The transfer 

hydrogenation of ketones with isopropanol via an alkoxide intermediate is dubbed the Meerwein-

Ponndorf-Verley reduction reaction, while the reverse dehydrogenative process is named an 

Oppenauer oxidation (refer to Figure 126).  

 

Figure 126: Transfer hydrogenation (R1≠R2) 
 

 

Transfer hydrogenation reactions can be classified into four general mechanistic categories, all of 

which depend on hydridic transfer. The classes are distinguished by the zone in which the hydride 

transfer takes place (see Figure 127). Inner sphere hydrogenation of polar C=O bonds involves direct 

coordination of the substrate to the metal centre whereas outer sphere hydrogenation requires 

electrophilic activation by an external or internal electrophile. In some instances a strategically placed 

internal electrophile such as –OH or –NH can assist in further polarisation of the C and O atoms of 

C=O, thereby facilitating hydride transfer. Similarly, factors such as negatively charged ligands can 

help to stabilise charge localisation upon the metal while ligands with a strong trans influence 

positioned trans with respect to hydride can lengthen the [M]-H bond and activate the C=O insertion 

step. 

 

 

 

Figure 127: Diagrammatic representation of inner 

sphere transfer hydrogenation catalytic 

intermediates 

 

 

Transfer hydrogenation between alcohol and ketones is typically carried out in the presence of an 

inorganic base such as NaOH, KOH or K2CO3, which ensures a ready supply of the alkoxide anion in 

solution. Metal alkoxides have demonstrated high catalytic activity in hydrogenation reactions, 

particularly in conjunction with late transition metals. A standard inner sphere mechanism which is 

unassisted by any electrophiles involves four major steps. A diagram detailing the hydrogenation of 

acetophenone to produce 1-phenylethanol is depicted in Figure 128. The first step requires initial 

displacement of ligand X by isopropoxide to form the pre-catalysts in Step 1. Subsequent elimination 

of acetone occurs to generate a metal hydride in Step 2 followed by insertion of acetophenone into 

the M-H bond (Step 3). This step is driven by electrophilic activation of the acetophenone carbon, 
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thereby facilitating hydride migration. Lastly, a ligand exchange takes place in which the 

acetophenoxide species is exchanged with isopropoxide (Step 4). 

 

The viability of a catalyst operating according to the mechanism depicted in Figure 128 depends upon 

whether the metal centre can sustain alkoxide or ketone ligands, even in a transitory fashion. 

Naturally, the propensity of a metal to coordinate a hydride ligand is an important attribute. 

Furthermore an unassisted inner sphere mechanism requires the appropriate cis organisation of the 

metal-hydride bond and π–face of a coordinated carbonyl. In scenarios where ancillary ligand derived 

steric impediment prevents complimentary arrangements of this type, the barrier towards inner sphere 

attack is considered high.
152

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 128: Generic mechanism for the transfer hydrogenation of acetophenone using 

isopropanol as a hydrogen donor source (R1 = Ph, R2 = Me) 

 

While the mechanism described in Figure 128 is broadly applicable to the hydrogenation of ketones, 

there are instances where alternative processes have been elucidated after vigorous analysis. For 

example, Noyori‟s primary or secondary amine derived ligand systems adopt quite different transition 

states which operate on outer sphere principles. For these types of catalysts elimination of HCl 

precedes formation of the true catalyst, which contains a covalent Namine-Ru bond (Step 5). A strong 

base is crucial at this juncture. The hydrogen donor then associates with the amine nitrogen via a 

hydrogen bonding interaction in Step 6, forming a 6-membered transition state that includes both the 

carbon and oxygen atom of the donor molecule and the ruthenium and nitrogen atoms of the catalyst 

(Step 7). A ruthenium hydride is subsequently produced in Step 8, followed by elimination of the 

ketone (Step 9). The hydrogen transfer reaction from ruthenium-hydride to the prochiral ketone occurs 

via two transition states. In Step 10 a pericyclic intermediate is formed by association of the ketone 

with the hydride and amine hydrogens. The carbonyl then undergoes an insertion into the Ru-H bond 

in Step 11, followed by elimination of the newly generated chiral alcohol. None of the intermediates 

displayed within Figure 129 contain metal-alkoxide groups. The driving force for this particular class of 

hydrogenation reactions depends chiefly upon the improved acidity of the amine hydrogens upon 
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coordination to the Lewis acidic metal centre. The resultant promotion of hydrogen bond formation 

between the amine hydrogens and approaching substrates allows stabilisation of the transition states 

depicted in Steps 7 and 10. It is interesting to note that in the mechanism below, base is not required 

for the formation of alkoxide but is instead vital to the formation of the 16 electron species depicted in 

Step 5, via an SN1 dissociative conjugate base mechanism.  

 

 

Figure 129: Transfer hydrogenation of methanol using Noyori’s amine derived ruthenium(II) 

catalysts (Y = NTs) 

 

All catalysts employed, regardless of the exact mechanistic pathways for hydrogenation, typically 

contain both a Lewis acidic site which is capable of donating and accepting a hydrogen atom, and a 

Lewis Basic site that can donate or accept a hydride in its turn. Ancillary ligands for these catalysts 

are often soft phosphine donors or hard N-donors.  

 

The activity of the novel rhodium and iridium model complexes in transfer hydrogenation reactions 

was considered a point of interest based on the inherent bifunctional attributes of the metal-ligand 

system. While the successful synthesis of IrH(PPh3)2(LMe2) proves that the iridium hydride is 

accessible under conditions similar to those encountered in transfer hydrogenation, the role of the 

pyridinium groups in mechanistic pathways was unknown. It was considered possible that these 

groups might participate in the formation of, or stabilise, transition states during the hydrogenation 

process. Several additional deductions indicated that the complexes in question could participate in 

the types of mechanism displayed in Figure 128. Elimination of a chloride substituent from the 

cornerstone complexes of MCl3(LMe2{H}2) (M = Rh/Ir) was proven to be possible in the presence of a 

strong base, resulting in the formation of several complexes bearing labile pyridyl or amine donors. 

Furthermore, the stable species of [IrCl3(LMe2)]
2-
 is accessible and isolable when deprotonation of 

the pendant pyridinium arms is carried out with base, suggesting that catalyst decomposition 
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pathways via this method are not likely. In the case of RhCl3(LMe2{H}2), sodium acetate induces the 

formation of dimers in which all available sites for catalysis are blocked off. One would anticipate that 

generation of this type of species would hinder catalytic intermediates due to the inaccessibility of 

coordination sites about the metal centre.  

3.7.1 Testing of rhodium(III) and iridium(III) complexes bearing acyclic and 
macrocyclic ligands derived from pyridine carboxamide building blocks 

 

With a view towards ascertaining the extent to which the novel rhodium and iridium complexes 

discussed might mediate this process, a number of transfer hydrogenation reactions were carried out 

according to a specific reaction methodology. 1 mol% of a metal complex relative to substrate, 

isopropanol solvent, potassium tertiary butoxide base and a substrate of acetophenone, were utilised 

as per the method described by Werner et al.
153

 A solvent of isopropanol represents a suitable donor 

choice, particularly for the hydrogenation of ketones, due to the low activation energy of 

dehydrogenation associated with this solvent (16.6 kcalmol
-1

).  

 

The progress of all reactions was monitored over time by NMR spectroscopy. Two separate 

techniques were employed for the monitoring of hydrogenation reactions. In the first method (A, 

denoted by the superscript 
a
) a 0.2 mL aliquot was removed from the reaction mixture and directly 

solvated with CDCl3 (0.3 mL). The signal interference presented by the isopropanol solvent present in 

the sample required that both the 
13

C{
1
H} and 

1
H NMR spectra be collected in order to verify the 

formation of 1-phenylethanol. Calculations for conversion were based upon the relative peak heights 

of the para CH protons of acetophenone versus 1-phenylethanol in the 
13

C{
1
H} NMR spectrum. The 

peak height was determined using automated TOPSPIN NMR software. As a general rule, the 

integration of 
13

C{
1
H} NMR resonances is complicated by a discrepancy in the relaxation rates of 

carbon nuclei with different degrees of hybridisation. For example, given a one to one ratio of an sp 

carbon versus a sp
3
 methyl carbon the latter would resonate with greater intensity under standard 

conditions (data acquisition carried out at 75 MHz on an AVANCE 300 using a standard zgpg pulse 

program in conjunction with a C13 composite pulse decoupling sequence). As such, results derived 

from this method
a
 represent a preliminary study of the activity of novel rhodium and iridium pincer 

complexes, and further quantitative analysis is required in order to make a definitive statement 

regarding the extent of substrate conversion mediated by these materials. In the second method (B, 

denoted by the superscript 
b
) a 0.5 mL aliquot was removed from the reaction mixture and reduced on 

the rotary evaporator (bath temperature of 40°C, vacuum pressure of 120 mbar) in order to selectively 

remove isopropanol. The resultant residue was solvated with CDCl3 (0.5 mL) and the 
1
H NMR 

spectrum attained. The relative integrals of the alkyl CH of 1-phenylethanol versus that for the methyl 

peak of acetophenone were determined and percent conversion of acetophenone into 

1-phenylethanol ascertained. 
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3.7.1.1 Results for the transfer hydrogenation of acetophenone using isopropanol as a 
hydrogen source 

 

In order to determine the extent of background substrate conversion which may be occurring, a blank 

reaction was carried out in which the transition metal complex was not included and only the KO
t
Bu 

base, acetophenone substrate and solvent were present. Aliquots were extracted and analysed by the 

method
b
 described in Section 4.7.1. A minimal amount of 1-phenylethanol was created after 24 hours, 

reaching a plateau of 4% after 72 hours in refluxing isopropanol. While this result was unexpected, 

the literature does report catalyst free hydrogenation. For example, Bollyky et al. 
154

 report the 

hydrogenation of benzophenone from t-butanol and potassium t-butoxide in the presence of hydrogen 

gas. A reaction temperature of 170°C and a hydrogen pressure of 102 atmospheres brought about a 

63% conversion of benzophenone into benzhydrol after 18 hours. Comparatively, under the same 

conditions but with lithium t-butoxide as a base only 32% conversion was attained. This evidence 

indicates that KO
t
Bu may itself promote base-catalysed pathways of the type displayed in Figure 130.  

 

 

Figure 130: Hydrogenation mediated by alkoxide base 

in the presence of a hydrogen atmosphere
154

 

 

 

Several of the novel metal complexes synthesised during this research were tested for catalysis in 

transfer hydrogenation of acetophenone using isopropanol. The results are presented in Table 7 on 

the following page. Given the strong donor properties of the tridentate ambidentate LMe2 ligand it is 

unlikely that the mechanistic pathway includes a pincer dissociation step. Therefore, the formation of 

catalytic transition states is limited to the remaining meridional axis, allowing either a perpendicular 

approach of substrate with respect to the LMe2 ligand plane after the dissociation of labile axial 

ligands such as triphenylphosphine. Insertion of acetophenone into a hydridic M-H bond is likely to be 

restricted by the sterically crowding pendant pyridyl arms, which would presumably favour orientation 

of the substrate to minimise steric impediment. Furthermore, given the absence of internally placed 

electrophiles (except in the instance of (LMe2{H}2)) an inner sphere mechanism must certainly take 

place according to the classic description provided in Figure 127. Where the pyridinium complexes 

are involved the electrophilic H
+
 located in the pendant arms is well placed for internal activation. 

However, it is probable that these acidic hydrogens will not survive deprotonation by strong base. 
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Table 7: Results for the transfer hydrogenation of acetophenone by isopropanol in the 

presence of various metal complexes  

(colour coded by metal type, 
a
characterisation by method A, 

b
characterisation by method B) 
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In all cases where a rhodium centre was included catalysis was observed to be exceedingly poor. In 

several experiments a lesser degree of activity was observed compared with the blank. In fact, every 

hydrogenation reaction carried out with a rhodium complex was observed to blacken upon contact 

with the strong base, indicating either that the demetalation of rhodium metal complexes occurs or the 

formation of dark brown dimeric species is prevalent for all of these systems. In one scenario, where 

the activity of [RhCl2(PPh3)(LMe2{H}2)][Cl] was investigated, the use of weak sodium acetate base 

was investigated in an attempt to prevent any demetalation processes. This type of procedure was 

demonstrated to generate a [Rh(OAc)(LMe2)]2 dimer in Section 4.4.1. It was anticipated that in situ 

formation of the monomeric species in the presence of substrate might allow uninhibited access to the 

metal centre for the formation of catalytic transition states. Unfortunately, while no blackening of the 

reaction mixture was observed, conversion remained extremely poor after 86 hours. The relative ratio 

of acetophenone to 1-phenylethanol was four times greater at the 15 hour mark when strong base 

was used. Evidently, a stronger base than sodium acetate is required in order to drive the formation of 

isopropoxide. 

 

The iridium complexes, IrCl(py)2(LMe2) and IrCl3(LMe2{H}2), proved the most active catalysts for the 

transfer hydrogenation reaction between isopropanol and acetophenone. Conversions of 55 and 98% 

were respectively observed at the 72 hour mark. The comparative success of the iridium(III) 

complexes in the transfer hydrogenation reaction appears to originate from the long term thermal 

stability of the complexes and their disinclination to form dimers during dissociation-reassociation 

processes of labile ligands such as pyridine. While IrH(PPh3)2(LMe2) was added as a pre-formed 

catalyst ready to participate in hydride transfer reactions with acetophenone this material did not 

demonstrate appreciable catalytic ability, attaining only 7% conversion after 72 hours (see Table 7). 

The inactivity of IrH(PPh3)2(LMe2) may arise from the stability of the Ir-P bond and a disinclination 

towards dissociation of the triphenylphosphine substituents. Hydridic species are accessible from 

IrCl(py)2(LMe2) by simple chloride dissociation, followed by coordination of isopropoxide, and then 

generation of the metal hydride after β-hydride elimination of acetone (see Figure 131). The 

comparative lability of the pyridyl ligands compared with triphenylphosphine is set forward as a likely 

explanation for the improved activity of IrCl(py)2(LMe2) as a catalyst. 
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Figure 131: Proposed mechanism for the transfer hydrogenation of acetophenone mediated by 

catalysts of the type IrHL2(LMe2) (where L = PPh3 or pyridine) 

 

Although IrCl3(LMe2{H}2) demonstrates negligible solubility in alcohols, the complex promptly 

dissolves upon refluxing with potassium tertiary butoxide to form a brown solution. Near quantitative 

conversion of acetophenone into 1-phenylethanol was detected after 24 hours in the presence of this 

material. The catalytic efficacy of the complex is ascribed to facile dissociation of chloride 

substituents, enabling access of isopropoxide to the metal centre.  

 

The generally slow substrate conversion rates encountered when using many of the rhodium(III) and 

iridium(III) complexes of LMe2 prompted analysis of a ruthenium(II) cationic complex, 

[RuCl2(PPh3)(LMe2{H}2)] in the same role. Complexes of ruthenium bearing a wide array of ligands 

demonstrate applicability as hydrogenation catalysts for ketones and imines (See Figure 132). A 

common theme amongst many hydrogenation catalysts reported is that their ancillary ligands are 

relatively flexible and usually coordinate via dative interactions with the metal centre.
155

 However, 

several examples utilising more rigid ligand architectures are provided in the literature. 

Ru(PCP)(OTf)(PPh3) (A of Figure 132) is an example of a highly active pincer-type catalyst which 

operates via hydridic transfer within inner sphere transition states. This particular catalyst was shown 

to promote the hydrogenation of cyclohexanone using isopropanol and in the presence of potassium 

hydroxide additive (TOF 27,000 h
-1

).
37

 Substituted tetradentate ligands such as N,N‟-bis[o-

diphenylphosphino)benzyl]ethylenediamine (B of Figure 132) also make ideal ligands for 

ruthenium(II), achieving 91% conversion of acetophenone after 25 hours in the presence of KO
t
Bu. 

The hydrogenation mechanism overseen by this complex is believed to involve outer sphere transition 

states within which ruthenium hydride and the secondary amines play a part. By comparison, the 
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N,N‟-bis[o-diphenylphosphino)benzylidene]ethylenediamine derivative (C of Figure 132) demonstrated 

poor catalytic ability and this fact was attributed to the absence of an NH functional group. 

 

 

 

 

 

 

Figure 132: Ruthenium(II) catalysts for transfer hydrogenation 
 

[RuCl2(PPh3)(LMe2{H}2)] was prepared as described by Redmore et al. and hydrogenation carried 

out as before.
133

 After 72 hours of refluxing in isopropanol only 20% conversion of acetophenone into 

1-phenylethanol was accomplished. The inactivity of the material as a hydrogenation catalyst may be 

due to restricted access to the metal centre as a result of the coordinated phosphine ligand. 

 

Summarily, it appears that the LMe2 ligand is generally not suitable as a supporting ligand in transfer 

hydrogenation reactions using rhodium(III), or ruthenium(II). However, acceptable conversions are 

attained when iridium complexes of LMe2 or (LMe2{H}2) bearing labile ligands are utilised as 

catalysts. The improvement in catalytic activity demonstrated by IrCl(py)2(LMe2) and IrCl3(LMe2{H}2) 

is likely to arise from the promotion of processes which generate hydridic intermediates. Ready 

dissociation of pyridine and chloride substituents could improve access to these types of transition 

states. These findings prompted consideration of proven ligand frameworks in the field of 

hydrogenative transformations. Noyori‟s functionalised diamines presented a reasonable starting point 

for the investigation and could easily be incorporated within a macrocyclic ring constructed from 

pyridine carboxamide building blocks to form H4Len, as formerly described. 

 

[(H4Len)RuCl(MeCN)(PPh3)2]Cl was tested as a catalyst as per the described method
b
, and indeed, 

the results indicated that the activity of this material rivals that of IrCl(py)2(LMe2) (refer to Figure 135 

on the following page). After 3½ days at reflux, 61% conversion of acetophenone into 1-phenylethanol 

was observed. It is believed that the hydrogenation process operates via a hydridic outer sphere 

mechanism in which the amine groups are vital, in a similar fashion to systems described by Noyori. 

While H4Len was determined to coordinate ruthenium(II) in a monodentate fashion via a single dative 

amine bond, dissociation of acetonitrile or triphenylphosphine to allow coordination of the second 

amine is probable under the vigorous conditions described. Catalysts of the type trans-

RuHCl(diamine)(diphosphine) (D of Figure 133) are similarly generated by the displacement of one 

equivalent of triphenylphosphine from RuHCl(PPh3)3. In the presence of strong base a dissociative 

conjugate base reaction is shown to occur with complexes of this type to produce a mixed amido-

amine ligand set (E of Figure 133).
155
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Figure 133: Formation of a 

mixed amido-amine ligand 

from diamine and strong base 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 134: Proposed mechanism for the formation of a catalytically active Ru-H intermediate 

bearing a macrocyclic diamine ligand 

 
A similar mechanism (Figure 134) is forwarded as a possible explanation for the formation of a 

ruthenium hydride species, which would then operate according to the mechanism previously detailed 

in Figure 129. A mixed tertiary amine and a secondary amine ligand are proposed as a viable route 

towards the formation of a hydridic species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 135: The relative rates of conversion of acetophenone to 1-phenylethanol mediated by 

the catalysts IrCl(py)2(LMe2), IrCl3(LMe2{H}2) and [(H4Len)RuCl(MeCN)(PPh3)2]Cl  
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3.8 Conclusions 

 

A number of novel rhodium and iridium acyclic pincer complexes were prepared using the ligands 

H2LMe2 and H2LopyL{Me}2. These were characterised and their attributes detailed.  

 

The activity of several novel acyclic pyridine carboxamide complexes was analysed in transfer 

hydrogenation reactions with isopropanol and acetophenone. In most cases the metal complexes 

were found to be relatively inactive, although in instances where labile ligands such as pyridine were 

present, conversion was improved. IrCl3(LMe2{H}2) and IrCl(py)2(LMe2) represented the most active 

species in the role of transfer hydrogenation catalysts, effecting a 96% and 51% conversion of 

acetophenone into 1-phenylethanol respectively after 24 hours. 

 

Transfer hydrogenation was similarly investigated for [(H4Len)RuCl(MeCN)(PPh3)2]Cl, a complex 

which contains the distinctive diamine functional group which has demonstrated great success in 

Noyori‟s hydrogenation catalysts. The activity of this complex was found to be greater than that 

determined for many of the acyclic model complexes although only moderate conversion (61%) was 

obtained after three and a half days of reactivity. 
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3.9 Experimental 

 

Pyridine-2,6-dicarbonyl dichloride was prepared from pyridine-2,6-dicarboxcylic acid and thionyl 

chloride as previously described.
156

 

 

H2LMe2 was generously provided by Michael Burgess, the preparation of which is reported in his PhD 

thesis.
108

  

 

H2LNH2 was prepared from Pyridine-2,6-dicarbonyl dichloride and 2,6-diaminopyridine in the 

presence of triethylamine, as previously described.
139

 

 

H4LacrA was prepared from H2LNH2 and acryloyl chloride in anhydrous conditions as previously 

described by Horner and Burgess.
139

 

 

H4Len was prepared from H4LacrA and ethylenediamine as described by Horner et al.
139

 It was 

necessary to make some adjustments to the reported method in order to improve the purity of the 

macrocyclic complex, H4LacrA (500 mg, 1 eq.) was suspended in AR ethanol (200 mL) in a 500 mL 

3-necked round-bottomed flask equipped with a reflux condenser and nitrogen bubbler. 

Ethylenediamine (73 μL, 1 eq.) in AR ethanol (50 mL) was added to the solution over a period of 10 

min with no apparent visual change. The mixture was placed under reflux for 24 hours, by the end of 

which a small amount of precipitate was noted in the solution. The mixture was permitted to cool to 

room temperature before filtration and the pale tan residue washed with AR ethanol. The resultant 

pale yellow filtrate was reduced under vacuum to dryness to produce a pale yellow solid. The material 

was further purified by dissolving the solid residue in dichloromethane (50 mL) and extracting away 

trace impurities with water (2 x 50 mL). The organic fraction was collected, dried with anhydrous 

Na2SO4 and evaporated under reduced pressure to dryness, yielding a white solid. Pure H4Len was 

obtained after recrystallisation from dichloromethane and diethyl ether (404 mg, yield 71 %).  

 

RuCl2(dmso)4 was prepared according to the method reported by Wilkinson et al.
157

 

 

  



 

 
134 

RhCl3(LMe2{H}2) 

 

 

 

 

 

 

 

 

 

2-methoxyethanol (10 mL) was freeze-thaw degassed in a dry 1-necked 100 mL round-bottomed flask 

equipped with a N2-tap side-arm, a magnetic stirrer bar and a rubber septum. RhCl3.3H2O (183 mg, 

1.01 eq.) and H2LMe2 (300 mg, 1 eq.) were added to the frozen solvent and the system equipped with 

a reflux condenser before the entire system was placed under vacuum. The thawed mixture was 

heated under reflux for ½ hr, during which time burgundy RhCl3 dissolved and an orange precipitate in 

a yellow solution was formed. The suspension was permitted to cool to room temperature and then 

filtered through a glass sinter followed by washing with 2-methoxyethanol (2 x 5 mL). The 2-

methoxyethanol washings were discarded. The orange crystalline powder was washed further with 

diethyl ether (2 x 10 mL) and then dried under vacuum to give pure RhCl3(LMe2{H}2) (351 mg, yield 

73%).  

 

Anal. Calc. for C19H17Cl3N5O2Rh: C, 41.00; H, 3.08; N, 12.58. Found: C, 40.96; H, 3.04; N, 12.73. MS 

(m/z) Calc. for C19H17
35

Cl2N5O2Rh [M-Cl
-
]
+
: 519.98143 m/z; Found: 519.98157 m/z. MS (m/z) Calc. 

C19H17
35

Cl
37

ClN5O2Rh [M-Cl
-
]
+
: 521.97848 m/z; Found: 521.97931 m/z. 

1
H NMR (300 MHz, d6-

DMSO): δ 14.61 (br s, 2H, H20 & 21), 8.46 (td, 
3
JHH = 7.2 Hz, 

4
JHH = 1.3 Hz, 1H, H4), 8.43 (d, 

3
JHH = 

8.6 Hz, 2H, H9 & 14), 8.32 (d, 
3
JHH = 7.6 Hz, 2H, H3 & 5), 8.27 (t, 

3
JHH = 8.6 Hz, 2H, H10 & 15), 7.42 

(d, 
3
JHH = 7.5 Hz, 2H, H11 & 16), 2.67 (s, 6H, H18 & 19). 

1
H NMR (400 MHz, CDCl3): δ 13.64 (br s, 

2H, H20 & 21), 8.81 (d, 
3
JHH = 8.9 Hz, 2H), 8.29 (d, 

3
JHH = 7 Hz, 2H), 8.22 (t, 

3
JHH = 6.3 Hz, 

4
JHH = 2 

Hz, 1H), 7.95 (t, 
3
JHH = 8.6 Hz, 2H), 7.02 (d, 

3
JHH = 7.5 Hz, 2H), 2.74 (s, 6H). 

13
C{

1
H} NMR (75 MHz, 

d6-DMSO): δ 169.55 (d, 
2
JRhC = 1.6 Hz, CO, C1 & 7), 154.05 (s, Cq-py, C8 & 13), 152.50 (s, Cq-py, 

C2 & 6), 149.38 (s, Cq-py, C12 & 17), 144.92 (s, CH-py, C10 & 15), 140.62 (s, CH-py, C4), 128.14 (s, 

CH-py, C3 & 5), 120.75 (s, CH-py, C9 & 14), 119.69 (s, CH-py, C11 & 16), 18.42 (s, CH3, C18 & 19). 

IR (KBr, Nujol mull, cm
-1

): 1651 vs, 1625 vs, 1603 vs, 1531 s, 1346 s, 1275 s, 1259 s, 1230 w, 1174 

w, 1156 m, 1095 w, 1082 vw, 1033 m, 960 vw, 940 vw, 913 vw, 840 w, 818 vw, 801 m, 784 m 770 m, 

722 w, 709 m, 675 w, 645 br w, 584 vw, 555 vw, 536 vw, 521 vw, 427 vw. 
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RhCl(py)2(LMe2) 

 

To frozen freeze-thaw degassed AR pyridine (25 mL) in a 1-necked 100 mL round-bottomed flask, 

equipped with a N2-tap sidearm and stirrer bar was added RhCl3(LMe2{H}2) (150 mg, 1 eq.). The flask 

was fitted with a reflux condenser and the system degassed once more. The thawed orange solution 

was heated at reflux for 70 hours and the progress of the reaction tracked by 
1
H NMR spectroscopy. 

Once the reaction had reached completion all the solvent was removed under vacuum using an 

isolable vacuum trap chilled by liquid nitrogen. The resultant solid orange residue was purified by 

column chromatography on alumina (15 cm, di 1cm), using 5% MeOH/ DCM as eluant. The orange 

band was collected and evaporated under reduced pressure to dryness. The material was 

recrystallised by gradual evaporation of DCM/ n-hexane to produce pure RhCl(py)2(LMe2) (147 mg, 

yield 85%). 

 

Anal. Calc. for C29H25ClRhN7O2·H2O: C, 52.78; H, 4.12; N, 14.86. Found: C, 52.46; H, 3.81; N, 14.66. 

A corresponding amount of water was observed in the 
1
H NMR spectrum of the material prior to 

elemental analysis. MS (m/z) Calc. for C29H25
35

ClRhN7O2K [M+K]
+
: 680.0445 m/z; Found: 680.0407 

m/z. MS (m/z) Calc. for C29H25
35

ClRhN7O2Na [M+Na]
+
: 664.0706 m/z; Found: 664.0709 m/z. MS (m/z) 

Calc. for C29H26
35

ClRhN7O2 [M+H]
+
: 642.0866 m/z; Found: 642.0866 m/z. MS (m/z) Calc. for 

C24H20
35

ClRhN6O2 [M-py+H]
+
: 563.0391 m/z; Found: 563.0524 m/z. MS (m/z) Calc. for 

C19H16ClRhN5O2 [M-2py+H]
+
: 484 m/z; Found: 484 m/z. MS (m/z) Calc. for C19H15RhN7O2 [M-2py-Cl]

+
: 

448.0281 m/z; Found: 448.0285 m/z. 
1
H NMR (400 MHz, CDCl3): δ 9.86 (d, 

3
JHH = 5.4 Hz, 

4
JHH = 1.2 

Hz, 2H, H20 & 24), 8.19 (m - 2nd order splitting with H4, 2H, H3 & 5), 8.13 (m - 2nd order splitting 

with H3 & 5, 1H, H4), 7.93 (d, 
3
JHH = 5.4 Hz 2H, H25 & 29), 7.80 (tt, 

3
JHH = 7.5 Hz, 

4
JHH = 1.5 Hz, 1H, 

H22), 7.55 (tt, 
3
JHH = 7.6, 

4
JHH = 1.5 Hz 1H, H27), 7.38 (t, 

3
JHH = 8.0 Hz, 2H, H10 & 15), 7.33 (d, 

obscured by other signals, 2H, H9 & 14), 7.36 (t, obscured by other signals, 2H, H21 & 23), 6.82 (tt, 

3
JHH = 6.4 Hz, 

4
JHH = 1.4 Hz, 2H, H26 & 28), 6.76 (dd, 

3
JHH = 7.1 Hz, 

4
JHH = 0.6 Hz, 2H, H11 & 16), 

2.09 (s, 6H, CH3, H18 & 19). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 168.91 (d, 

2
JCP = 1.6 Hz, C=O, C1 & 

7), 158.94 or 155.96 (2 x s, C8 & 12 & 13 & 17, Cq-py), 154.98 (s, CH-py, C20 & 24), 154.79 (s, Cq-

py, C2 & 6), 153.94 (s, CH-py, C25 & 29), 139.36 (s, CH-py, C4), 138.51 (s, CH-py, C22), 137.55 (s, 

CH-py, C10 & 15), 137.01 (s, CH-py, C27), 126.69 (s, CH-py, C3 & 5), 125.37 (s, CH-py, C21 & 23), 

123.07 (s, CH-py, C26 & 28), 119.83 (s, CH-py, C9 & 14), 119.02 (s, CH-py, C11 & 16), 23.84 (s, 

CH3, C18 & 19). IR (KBr, Nujol mull, cm
-1

): 3075 vw, 3042 vw, 3024 vw, 3002 vw, 2960 vw, 2922 vw, 
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2851 vw, 1615 vs, 1599 vs, 1563 vs, 1491 m, 1441 vs, 1421 m, 1405 m, 1367 s, 1340 s, 1308 s, 1285 

m, 1224 s, 1179 m, 1153 s, 1089 m, 1071 s, 1048 m, 1019 m, 992 m, 972 m, 952 w, 939 m, 915 m, 

880 m, 834 m, 823 m, 788 s, 766 s, 758 vs, 739 s, 696 vs, 678 vs, 647 m, 633 m, 601 w, 593 w, 545 

m, 496 w, 479 w, 451 m, 438 w, 424 w, 407 vw, 391 m. 

 

RhCl(en)(LMe2) 

 
RhCl3(LMe2{H}2) (80 mg, 1 eq.) and ethylenediamine (65 micro L, 7.0 eq., distilled and stored over 

molecular sieves) were added to frozen freeze thaw degassed dry acetonitrile (freshly distilled over 

CaH2) in a 1-necked 50 mL round-bottomed flask equipped with a N2-tap sidearm and a stirrer bar. 

The flask was fitted with a reflux condenser and the entire system degassed once more. The thawed 

solution was heated under reflux for 2
1
/2 hours, by which time a yellow precipitate had formed. The 

mixture was cooled to room temperature, filtered through a glass sinter and the precipitate washed 

with acetonitrile (2 x 10 mL). The yellow precipitate was further washed with diethyl ether (2 x 20 mL) 

and characterised as Rh(en)Cl(LMe2). Yield 45%. Further product was obtained when the filtrate was 

purified by alumina column chromatography. A 15 cm (1cm di) column and 5% MeOH/DCM eluant 

were used. A bright yellow band was collected and reduced under vacuum to dryness. This material 

was sonicated in diethyl ether (30 mL) before filtration through a glass sinter followed by washing with 

diethyl ether (2 x 20 mL) and n-hexane (2 x 20 mL). Total mass 53 mg, yield 68%. 

 

Anal. Calc. for C21H23ClN7O2Rh: C, 46.38; H, 4.26; N, 18.03. Found: C, 46.48; H, 4.44; N, 18.00. MS 

(m/z) Calc. for C21H24
35

ClN7O2Rh [M+H]
+
: 544.07350 m/z; Found: 544.07268 m/z. MS (m/z) Calc. for 

C21H24
37

ClN7O2Rh [M+H]
+
: 546.07055 m/z; Found: 546.07009 m/z. 

1
H NMR (300 MHz, d6-DMSO): 

δ 8.32 (t, 
3
JHH = 7.4 Hz, 1H, H4), 8.194 (d, 

3
JHH = 8.4 Hz, 2H, H9 & 14), 8.10 (d, 

3
JHH = 7.7 Hz, 2H, H3 

& 5), 7.54 (t, 
3
JHH = 7.4 Hz, 2H, H10 & 15), 7.29 (br s, 1H, NH, H20), 6.87 (d, 

3
JHH = 7.3 Hz, 2H, H11 

& 16), 5.06 (br s, 1H, NH, H23), 3.06 (s, 6H, H18 & 19), 2.86 (br t, 
3
JHH = 5.4 Hz, 2H, H21) and 2.43 

(br t, 
3
JHH = 4.2 Hz, 2H, H22). 

13
C{

1
H} NMR (75 MHz, d6-DMSO): δ 169.58 (d, 

2
JCP = 6 Hz, C=O, C1 & 

7), 160.66 and 155.12 (2 x s, Cq-py, C8 & 13 or C12 & 17), 154.17 (s, Cq-py, C2 & 6), 139.08 (s, CH-

py, C4), 136.84 (s, CH-py, C10 & 15), 125.72 (s, CH-py, C3 & 5), 117.74 (s, CH-py, C9 & 14), 116.70 

(s, CH-py, C11 & 16), 45.98 (s, CH2, C22), 43.82 (s, CH2, C21), 23.38 (s, CH3, C18 & 19). IR (KBr, 

Nujol mull, cm
-1

): 3274 w, 3207 w, 3109 vw, 1627 s, 1601 vs, 1574 s, 1567 s, 1510 vs, 1504 vs, 1463 

vs, 1442 vs, 1406 w, 1354 s, 1320 vw, 1297 s, 1261 w, 1224 m, 1153 m, 1086 m, 1051 vw, 1033 vs, 



 

 
137 

1006 m, 923 w, 906 w, 883 w, 864 vw, 818 m, 791 vs, 755 m, 735 w, 724 w, 696 w, 679 m, 531 m, 

570 m, 542 w, 528 w, 472 w. 

 

[Rh(en)2(LMe2)][Cl]  

 

RhCl3(LMe2{H}2) (140 mg, 1 eq.) and ethylenediamine (1 mL, 104 eq., distilled and stored over 

molecular sieves) were added to frozen, freeze thaw degassed, dry acetonitrile (freshly distilled over 

CaH2) in a 1-necked 50 mL round-bottomed flask equipped with N2-tap sidearm and a stirrer bar. The 

flask was fitted with a reflux condenser and the entire system degassed once more. The thawed 

solution was heated under reflux for three hours, by which time a clear yellow solution had formed. 

The mixture was cooled to room temperature, filtered through a glass sinter in order to remove a 

small amount of precipitate and this precipitate washed with acetonitrile (2 x 10 mL). The yellow 

filtrate was concentrated under reduced pressure to a low volume. A yellow precipitate formed and 

was further precipitated with diethyl ether before filtration and subsequent washing with diethyl ether 

(2 x 20 mL). The yellow solid obtained was identified as being predominantly [Rh(en)2(LMe2)][Cl] with 

a small quantity of Rh(en)Cl(LMe2). Pure [Rh(en)2(LMe2)][Cl] was obtained by suspending the yellow 

solid in hot dichloromethane (30 mL) and stirring vigorously in order to dissolve the Rh(en)Cl(LMe2). 

The pale yellow suspension was filtered and washed with diethyl ether (2 x 20 mL) followed by n-hex 

(2 x 20 mL) to produce pure [Rh(en)2(LMe2)][Cl] (134 mg, yield 88%). 

 

Anal. Calc. for C23H31ClN9O2Rh•1H2O: C, 44.42; H, 5.35; N, 20.27. Found: C, 44.58; H, 5.10; N, 

20.32. MS (m/z) Calc. for C23H31N9O2Rh [M-Cl]
+
: 568.16557 m/z; Found: 568.16526 m/z. 

1
H NMR 

(300 MHz, d6-DMSO): δ 8.39 (t, 
3
JHH = 7.8 Hz, 1H, H4), 8.16 (d, 

3
JHH = 7.6 Hz, 2H, H3 & 5), 8.16 (d, 

3
JHH = 8.5 Hz, 2H, H9 & 14), 7.64 (t, 

3
JHH = 7.7 Hz, 2H, H10 & 15), 6.95 (d, 

3
JHH = 7.3 Hz, 2H) (H11 & 

16), 6.89 (br s, 2H, H20), 5.00 (br s, 2H, H23), 4.70 (br s, 2H, H24), 2.53 (s, 6H, H18 & 19), H26 

multiplet obscured by DMSO and methyl protons, 2.45 (m, 2H, ethylenediamine CH2, H21), 2.32 (m, 

4H, ethylenediamine CH2, H22 & 25), 2.34 (br s, 2H, H27). 
13

C{
1
H} NMR (75 MHz, d6-DMSO): δ 

169.60 (s, C=O, C1 & 7), 159.51 (s, Cq-py, C8 & 13), 155.81 (s, Cq-py, C12 & 17), 153.76 (s, Cq-py, 

C2 & 6), 139.97 (s, CH-py, C4), 137.40 (s, CH-py, C10 & 15), 126.31 (s, CH-py, C3 & 5), 117.71 and 

117.48 (2 x s, CH-py, C9 & 14 & 11 & 16), 45.43 (s, ethylenediamine CH2, C25), 44.93 (s, 

ethylenediamine CH2, C22), 43.83 (s, ethylenediamine CH2, C21), 40.67 (s, ethylenediamine CH2, 



 

 
138 

C26), 23.48 (s, CH3, C18 & 19). IR (FT-ATR, cm
-1
): 3198 m v(NHasy), 3089 m v(NHsy), 2953 w, 1629 

s, 1596 vs, 1565 vs, 1443 vs, 1424 s, 1410 m, 1373 s, 1359 s, 1342 m, 1304 s, 1253 w, 1231 s, 1183 

vw, 1154 m, 1094 m, 1063 m, 1013 m, 992 w, 972 vw, 936 m, 916 m, 886 w, 833 vw, 820 m, 792 s, 

759 s, 742 s, 697 w, 678 s, 630 s, 604 w, 572 m, 545 m, 527 w, 476 w, 446 vw, 433 m, 446 w, 392 s.  

 

[RhCl2(PPh3)(LMe2)][Cl] 

 

RhCl3(LMe2{H}2) (300 mg, 1 eq.) and PPh3 (424 mg, 3 eq.) were added to freeze-thaw degassed 

frozen acetonitrile (40 mL) in a 1-necked 50 mL round-bottomed flask equipped with a N2-tap side arm 

and stirrer bar. The system was fitted with a reflux condenser and evacuated once more. The thawed 

orange suspension was then refluxed for three hours, during which time the orange solid dissolved 

and a yellow solution was formed. Upon completion of the reaction the cooled solution was reduced to 

a low volume (~ 2 mL) and diethyl ether then added (2 x 10 mL). The resultant yellow precipitate was 

filtered through a glass sinter and washed with diethyl ether (2 x 10 mL) followed by n-hexane (2 x 10 

mL) to give pure [RhCl2(PPh3)(LMe2)][Cl] (437 mg, yield 99%).  

 

Anal. Calc. for C37H32Cl3N5O2PRh·CH2Cl2: C, 50.50; H, 3.79; N, 7.75. Found: C, 50.77; H, 3.83; N, 

7.98. MS (m/z) Calc. for C37H32
35

Cl2N5O2PRh [M-Cl
-
]
+
: 782.07257 m/z; Found: 782.07119 m/z. MS 

(m/z) Calc. for C37H32
35

Cl
37

ClN5O2PRh [M-Cl
-
]
+
: 784.06962 m/z; Found: 784.06921 m/z. MS (m/z) 

Calc. for C37H32
37

Cl2N5O2PRh [M-Cl
-
]
+
: 786.06667 m/z; Found: 786.06751 m/z. 

1
H NMR (300 MHz, 

d6-DMSO): δ 14.07 (br s, 2H, H20 & 21), 8.42 (t, 
3
JHH = 8.1 Hz, 2H, H10 & 15), 8.31 (d, 

3
JHH = 8.4 Hz, 

2H, H9 & 14), 8.20 (t, 
3
JHH = 8.0 Hz, 1H, H4), 7.88 (d, 

3
JHH = 7.6 Hz, 2H,H3 & 5), 7.57 (d, 

3
JHH = 7.5 

Hz, 2H, H11 & 16), 7.39 (m, 9H, PPh3), 7.08 (m, 6H, PPh3), 2.54 (s, 6H, CH3, H18 & 19). 

13
C{

1
H} NMR (75 MHz, d6-DMSO): δ 168.30 (d, 

2
JRh-C = 1.8 Hz, C=O, C1 & 7), 152.28 (s, Cq, C12 & 

17), 150.25 (s, Cq, C2 & 6), 150.13 (s, Cq, C8 & 13), 145.22 (s, CH, C10 & 15), 141.05 (s, CH, C4), 

133.03 (d, 
2
JCP = 9.1 Hz, C23 & 27, CH, o-PPh3), 131.19 (s, C25, CH, p-PPh3), 128.28 (s, CH, C3 & 

5), 128.21 (d, 
3
JCP = 10.7 Hz, C24 & C6, CH, m-PPh3), 126.85 (d, 

1
JCP = 53 Hz, C22, Cq, i-PPh3), 

122.86 (s, CH, C9 & 14), 121.46 (s, CH, C11 & 16), 18.82 (s, CH3, C18 & 19). 
31

P{
1
H} NMR (121 

MHz, d6-DMSO): δ 23.43 (d, 
1
JRh-P = 113.5 Hz). IR (KBr, Nujol mull, cm

-1
): 1651 vs, 1621 vs, 1597 vs, 

1455 vs, 1353 s, 1273 s, 1225 vw, 1172 w, 1146 s, 1092 s, 1046 vw, 1029 vw, 1004 vw, 973 vw, 892 

vw, 867 w, 836 vw, 813 w, 800 m, 769 w, 752 m, 721 m, 695 m, 674 w, 625 vw, 553 w, 528 m, 509 w, 

499 m.  
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[RhCl(LMe2)]2 

 

[RhCl2(PPh3)(LMe2{H}2)][Cl] (160 mg, 1 eq.) and anhydrous sodium acetate (64 mg, 4 eq.) were 

added to hot 
t
BuOH (10 mL) that had been refluxed under a stream of nitrogen for half an hour. The 

yellow solution was heated at reflux for 15 minutes, during which time the colour of the solution 

became dark red-brown. All 
t
BuOH was then removed under reduced pressure to yield a brown solid 

residue. The material was further purified by column chromatography on silica (3cm, di. 3cm, eluant: 

Dichloromethane (100 mL to elute PPh3), 2.5% Methanol/Dichloromethane eluted unreacted starting 

material as a yellow band and then the desired product as a red band). The red band was collected, 

the solvent removed under reduced pressure and the product crystallised from dichloromethane and 

n-heptane. The resultant red needles were washed with hot n-hexane and dried under vacuum to 

produce pure [RhCl(LMe2)]2 (14 mg, yield 15%). 

 

The species [RhCl(LMe2)]2 is an intermediate on the way to [Rh(OAc)(LMe2)][RhCl(LMe2)] and 

[Rh(OAc)(LMe2)]2 in the deprotonation of [RhCl2(PPh3)(LMe2{H}2)][Cl] by base. When more than 4 

eq. of sodium acetate was utilised in the reaction [RhCl(LMe2)]2 was no longer obtained. 

 

Anal. Calc. for C38H30Cl2N10O4Rh2·
1
/2CH2Cl2: C, 45.79; H, 3.09; N, 13.87. Found: C, 46.17; H, 3.12; N, 

14.01. Dichloromethane observed in the X-ray crystal structure and in the 
1
H NMR spectrum of the 

sample sent for elemental analysis. MS (m/z) Calc. for C38H31
35

Cl2N10O4Rh2 [M+H]
+
: 967.00169 m/z; 

Found: 967.00238 m/z. MS (m/z) Calc. for C38H31
35

Cl
37

ClN10O4Rh2 [M+H]
+
: 968.99874 m/z; Found: 

968.99750 m/z. MS (m/z) Calc. for C38H31
37

Cl2N10O4Rh2 [M+H]
+
: 970.99579 m/z; Found: 970.99456 

m/z. 
1
H NMR (300 MHz, CDCl3): δ 8.10-8.06 (m, 2H, CH-py, H4 & 23), 8.03-8.01 (m, 4H, CH-py, H3 

& 5 & 22 & 24), 7.66 (t, 
3
JHH = 8.0 Hz, 2H, CH-py, H15 & 29), 7.56 (d, 

3
JHH = 8.1 Hz, 2H, CH-py, H9 & 

33), 7.35 (t, 
3
JHH = 7.7 Hz, 2H, CH-py, H10 & 34), 7.07 (d, 

3
JHH = 8.0 Hz, 2H, CH-py, H14 & 28), 6.91 

(d, 
3
JHH = 7.8 Hz, 2H, CH-py, H16 & 30), 6.62 (d, 

3
JHH = 7.4 Hz, 2H, CH-py, H11 & 35), 2.55 (s, 6H, 

CH3, H19 & 37), 2.10 (2, 6H, CH3, H18 & 38). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 173.10 (s, C=O, C1 & 

26), 166.80 and 166.77 (s, C=O, C7 & 20), 165.36 & 165.31 (s, Cq, C13 & 27), 161.19 (s, Cq, C17 & 

31), 156.77 (s, Cq, C2 & 25), 156.32 (s, Cq, C12 & 36), 156.00 (s, Cq, C8 & 32), 148.77 (s, Cq, C6 & 
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21), 140.01 (s, CH, C3 & 24), 139.69 (s, CH, C15 & 29), 136.20 (s, CH, C10 & 34), 128.12 (s, CH, C5 

& 22), 126.95 (s, CH, C4 & 23), 122.00 (s, CH, C16 & 30), 120.25 (s, CH, C9 & 33), 118.93 (s, CH, 

C11 & 35), 116.29 (s, CH, C14 & 28), 23.75 (s, CH3, C18 & 38), 22.24 (s, CH3, C19 & 37). IR (FT-

ATR, cm
-1

): 3083 w, 2924 w, 1710 vs, 1627 vs, 1611 s, 1596 s, 1567 vs, 1474 s, 1441 vs, 1407 w, 

1377 w, 1332 vs, 1307 s, 1279 m, 1255 m, 1225 m, 1149 m, 1122 vs, 1092 vs, 1082 vs, 1030 s, 1012 

s, 987 m, 959 m, 923 s, 900 s, 879 w, 837 m, 818 m, 781 vs, 772 s, 760 vs, 732 s, 697 w, 687 vs, 645 

w, 628 m, 603 vw, 590 w, 577 w.  

 

[RhCl(LMe2)][Rh(OAc)(LMe2)] 

 

[RhCl2(PPh3)(LMe2{H}2)][Cl] (108 mg, 1 eq.) and anhydrous sodium acetate (108 mg, 10 eq.) were 

added to hot 
t
BuOH (10 mL) that had been refluxed under a stream of nitrogen for half an hour. The 

yellow solution was heated at reflux for 10 minutes. All 
t
BuOH was then removed under reduced 

pressure to yield a brown solid residue. The material was further purified by column chromatography 

on silica (2cm, di. 1cm, eluant: Dichloromethane (100 mL to elute PPh3), 2.5% 

Methanol/Dichloromethane to elute the desired product). The product was eluted as the second 

orange band, collected and recrystallised from dichloromethane and n-hexane to produce pure 

[RhCl(LMe2)][Rh(OAc)(LMe2)] (5 mg, yield 8%). 

 

Anal. Calc. for C40H33ClN10O6Rh2·
1
/2CH2Cl2: C, 47.07; H, 3.32; N, 13.55. Found: C,47.35; H, 3.49; N, 

13.29. MS (m/z) Calc. for C40H34ClN10O6Rh2 [M+H]
+
: 991.0456 m/z; Found: 991.0467 m/z. 

1
H NMR 

(300 MHz, CDCl3): δ 8.07-7.99 (m, 6H, CH-py, H3 & 4 & 5 & 22 & 23 & 24), 7.68 (t, 
3
JHH = 7.9 Hz, 

1H, CH-py, H15), 7.62 (t, 
3
JHH = 7.9 Hz, 1H, CH-py, H29), 7.61 and 7.50 (d, 

3
JHH = 8.0 Hz, 1H each, 

CH-py, H9 & 33), 7.35 and 7.33 (t, 
3
JHH = 7.5 Hz, 1H each, CH-py, H10 & 34), 7.11 and 7.08 (d, 

3
JHH 

= 8.1 Hz, 1H each, CH-py, H14 & 28), 6.95 (d, 
3
JHH = 7.8 Hz, 1H, CH-py, H16), 6.87 (d, 

3
JHH = 7.7 Hz, 

1H, CH-py, H30), 6.64 and 6.60 (d, 
3
JHH = 7.4 Hz, 1H each, CH-py, H11 & 35), 2.57 (s, 3H, CH3, 

H37), 2.42 (s, 3H, CH3, H19), 2.13 and 2.108 (s, 3H each, CH3, H18 & 38), 1.73 (s, 3H, CH3 acetate, 

H40). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 179.68 (s, C=O acetate, C39), 173.50 (s, C=O, C26), 172.46 
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(s, C=O, C1), 167.35 (d, 
2
JCP = 9 Hz, C=O, C7), 166.67 (d, 

2
JCP = 6 Hz, C=O, C20), 166.24 (d, 

2
JCP = 

15 Hz, Cq-py, C27), 165.33 (d, 
2
JCP = 15 Hz, Cq-py, C13), 161.11 (s, Cq-py, C31), 160.03 (s, Cq-py, 

C17), 157.08 (s, Cq-py, C2), 156.83 (s, Cq-py, C25), 156.21 and 156.16 (s, Cq-py, C8 & 32), 156.04 

(s, Cq-py, C12 & 36 coincident) 150.50 (s, Cq-py, C6), 148.57 (s, Cq-py, C21), 140.17 and 139.85 

(s, CH-py, C3 & 24), 139.68 and 139.60 (s, CH-py, C15 & 29), 136.09 and 136.02 (s, CH-py, C10 & 

C34), 128.07 (s, CH-py, C5), 127.63 (s, CH-py, C22), 126.69 (s, CH-py, C4), 125.77 (s, CH-py, C23), 

121.94 (s, Cq-py, C16), 121.60 (s, CH-py, C30), 120.68 and 120.29 (s, CH-py, C9 & 33), 118.82 (br s, 

CH-py, C11 & 35 coincident), 116.33 (s, CH-py, C14 & 28 coincident), 23.72 and 23.67 (s, CH3, 

C18 & 38), 23.33 (s, CH3 acetate, C40), 22.34 (s, CH3, C37), 20.96 (s, CH3, C19). IR (FT-ATR, cm
-1

): 

1716 s, 1623 vs, 1609 vs, 1595 vs, 1567 vs, 1530 m, 1473 s, 1436 vs, 1338 vs, 1308 vs, 1276 s, 

1263 s, 1245 s, 1225 s, 1190 m, 1157 m, 1120 s, 1094 vs, 1030 w, 1013 w, 999 w, 974 w, 962 w, 924 

m, 905 w, 882 w, 833 vw, 820 m, 785 s, 757 vs, 733 s, 711 w. 

 

[Rh(OAc)(LMe2)]2 

 

[RhCl2(PPh3)(LMe2{H}2)][Cl] (150 mg, 1 eq.) and anhydrous sodium acetate (150 mg, 10 eq.) were 

added to hot 
t
BuOH (10 mL) that had been refluxed under a stream of nitrogen for half an hour. The 

yellow suspension was heated at reflux for 20 minutes. After the 20 minute reflux period all 
t
BuOH 

was removed under vacuum and with heating at 50°C to yield a brown solid residue. The dry residue 

was suspended in dichloromethane (20 mL) and filtered through a glass sinter in order to remove un-

reacted sodium acetate and sodium chloride. The dark red filtrate was reduced to dryness. 

Purification was accomplished by silica gel column chromatography (2 cm, 1 cm di.) using 100% 

dichloromethane (50 mL) to remove free triphenylphosphine, followed by 2.5% MeOH/ 

dichloromethane to elute any by-products. The desired material was eluted as a brown-red band 

when the polarity of the eluant was ramped up to 5% methanol/ dichloromethane. This fraction was 

collected and evaporated to dryness. The red-brown product was recrystallised by slow evaporation 

of a layered n-hexane/ dichloromethane solution, to produce pure [Rh(OAc)(LMe2)]2 (65 mg, yield 

70%). 
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An adequate elemental analysis could not be obtained of this material. MS (m/z) Calc. for 

C42H37N10O8Rh2
+
 [M+H]

+
: 1015.0900; Found: 1015.0884 m/z. MS (m/z) Calc. for C38H31N10O4Rh2

+
 [(M-

OAc+H
-
]
+
: 897.0634; Found: 897.0650 m/z. MS (m/z) Calc. for C19H17N5O2Rh

+
 [(M-OAc)/2+2H]

+
: 

450.0432; Found: 450.0414 m/z. MS (m/z) Calc. for C38H32N10O4Rh2
2+

 [[(M-2OAc)+2H]
2+

/2: 449.0359; 

Found: 449.0348 m/z. MS (m/z) Calc. for C38H30N10O4Rh2
2+

 [[(M-2OAc)]
2+

/2: 448.0276; Found: 

448.0275 m/z. 
1
H NMR (300 MHz, CDCl3): δ 8.07 (t, 

3
JHH = 7.7 Hz, 2H, CH-py, H4 & 23), 7.92 (d, 

3
JHH 

= 8.0 Hz, 2H, CH-py) and 7.86 (d, 
3
JHH = 7.6 Hz, 2H, CH-py) (H3 & 5 & 22 & 24), 7.56-7.49 (m, 4H, 

CH-py, H10 & 15 & 29 & 34), 7.40 (d, 
3
JHH = 7.6 Hz, 2H, CH-py, H14 & 33), 7.14 (d, 

3
JHH = 8.3 Hz, 

2H, CH-py, H10 & 34), 6.77 (d, 
3
JHH = 7.3 Hz, 2H, CH-py, H16 & 30), 6.91 (d, 

3
JHH = 7.7 Hz, 2H, CH-

py, H16 & 30), 6.72 (d, 
3
JHH = 7.5 Hz, 2H, CH-py, H 11& 35), 2.43 (s, 6H, CH3, H19 & 37), 1.83 (s, 

6H, CH3, H18 & 38), 1.70 (br s, 6H, C42 & 40). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 178.95 (s, C=O, C39 

& 41), 169.98 and 167.61 (2 x s, C=O, C1 & 7 & 20 & 26), 163.73 (s, Cq-py, C13 & 27), 161.55 (s, 

Cq-py, C17 & 31), 157.10 (s, Cq-py, C8 & 32), 154.79 and 154.72 (2 x s, Cq-py, C2 & 6 & 21 & 25), 

152.26 (s, Cq-py, C12 & 36), 139.61 and 137.20 (2 x s, CH-py, C10 & 15 & 29 & 34), 136.81 (s, CH-

py, C4 & 23), 126.61 and 126.31 (2 x s, CH-py, C3 & 5 & 22 & 24), 119.51 (s, CH-py, C9 & 33), 

119.28 (s, CH-py, C16 & 30), 118.39 (s, CH-py, C11 & 35), 117.27 (s, CH-py, C14 & 28), 23.36 (s, 

CH3, C40 & 41), 23.07 (s, CH3, C19 & 37), 21.14 (s, CH3, C18 & 38). IR (FT-ATR, cm
-1

): 3081 w, 

2964 w, 2924 w, 1715 m, 1622 vs, 1590 vs, 1559 vs, 1448 vs, 1399 vs, 1354 vs, 1337 vs, 1279 s, 

1260 vs, 1229 s, 1179 w, 1153 s, 1120 w, 1088 vs, 1042 vs, 1017 vs, 971 w, 939 vw, 921 w, 880 m, 

822 m, 789 vs, 762 vs, 741 w, 678 m, 663 vw, 628 w, 591 w, 559 vw, 541 s, 452 vw, 419 vw, 403 vw, 

391 w, 383 w.. 

 

IrCl3(LMe2{H}2) 

 

 

 

 

 

 

 

 

 

2-methoxyethanol (25 mL) was freeze-thaw degassed in a dry 1-necked 100 mL round-bottomed flask 

equipped with a N2-tap side arm, a magnetic stirrer bar and a rubber septum. IrCl3.3H2O (108 mg, 1.3 

eq.) and H2LMe2 (100 mg, 1 eq.) were added to the frozen solvent and the system equipped with a 

reflux condenser before the entire system was degassed once more. The thawed mixture was heated 

at reflux for ½ hr, during which time purple IrCl3 dissolved and a bright orange precipitate formed in a 

red solution. The suspension was permitted to cool to room temperature and then filtered through a 

glass sinter and washed with 2-methoxyethanol (5 mL). The 2-methoxyethanol washings were 
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discarded. The bright orange crystalline powder was washed further with diethyl ether (2 x 10 mL), 

followed by n-hexane (2x10 mL). The material was recrystallised from DCM/ ethanol to produce pure 

IrCl3(LMe2{H}2) (143 mg, yield 77%).  

 

Anal. Calc. for C19H17Cl3IrN5O2: C, 35.33; H, 2.65; N, 10.84. Found: C, 35.03; H, 2.62; N, 10.79. MS 

(m/z) Calc. for C19H17
35

Cl3N5O2
191

Ir [M
+●

]: 643.00539 m/z; Found: 643.00695 m/z. MS (m/z) Calc. for 

C19H17
35

Cl3N5O2
193

Ir [M
+●

]: 645.00773 m/z; Found: 645.00622 m/z. MS (m/z) Calc. for 

C19H17
35

Cl2
37

ClN5O2
193

Ir [M
+●

]: 647.00478 m/z; Found: 647.00470 m/z. 
1
H NMR (300 MHz, d6-DMSO): 

δ 14.55 (br s, 2H, H20 & 21), 8.44 (br s, 2H, H9 & 14), 8.26 (t, 
3
JHH = 7.2 Hz, 2H, H10 & 15), 8.18 (m, 

3H, H3 & 4 & 5), 7.42 (d, 
3
JHH = 7.2 Hz, 2H, H11 & 16), 2.67 (s, 6H, H18 & 19). 

1
H NMR; (300 MHz, 

CDCl3): δ 13.52 (br s, 2H, H20 & 21), 8.88 (d, 
3
JHH = 9.0 Hz, 2H, H9 & 14), 7.94 (td, 

3
JHH =7.5, 

4
JHH =

 

1.4 Hz, 2H, H10 & 15), 8.17 (d, 
3
JHH = 7.6 Hz, 2H, H3 & 5), 8.01 (t, 

3
JHH = 7.7 Hz, 1H, H4), 7.03 (d, 

3
JHH = 7.5 Hz, 2H, H11 & 16), 2.74 (s, 6H, H18 & 19). 

13
C{

1
H} NMR (75 MHz, d6-DMSO): δ 172.53 (s, 

CO, C1 & 7), 155.18 (s, Cq-py, C8 & 13), 152.59 (s, Cq-py, C2 & 6), 150.11 (s, Cq-py, C12 & 17), 

145.61 (s, CH-py, C10 & 15), 139.06 (s, CH-py, C4), 128.97 (s, CH-py, C3 & 5), 120.62 (s, CH-py, C9 

& 14), 120.07 (s, CH-py, C11 & 16), 19.07 (s, CH3, C18 & 19). IR (KBr, Nujol mull, cm
-1

): 3165 w, 

3070 w, 1651 vs, 1623 vs, 1603 vs, 1530 vs, 1344 vs, 1325 s, 1283 s, 1264 m, 1227 vw, 1174 w, 

1153 s, 1095 w, 1082 vw, 1037 w, 1013 w, 961 w, 942 vw, 917 w, 892 vw, 838 m, 819 w, 802 s, 785 

vs, 771 s, 721 m, 710 m, 690 vw, 676 m, 585 w, 558 w, 537 vw, 523 vw, 475 vw, 429 m, 411 w. 

 

IrH(PPh3)2(LMe2) 

 

To frozen freeze-thaw degassed AR isopropanol (20 mL) in a 1-necked 50 mL round-bottomed flask 

equipped with a N2 tap side arm and stirrer bar was added IrCl3(LMe2{H}2) (100 mg, 1 eq.), KOH (54 

mg, 6 eq.) and PPh3 (244 mg, 6eq.). The resultant system was fitted with a reflux condenser and 

evacuated once more. The thawed mixture was heated under reflux for two hours under a nitrogen 

atmosphere. The orange solution became red in colour within the first five minutes of heating, 

followed by rapid precipitation of an orange solid. As reflux continued the amount of precipitate 

reduced in quantity. At the end of the reflux period the mixture was cooled to room temperature. The 

orange precipitate was then removed by filtration through a glass sinter and the red filtrate reduced 

under vacuum to dryness to produce a red-brown solid residue. The residue resulting from the filtrate 
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was suspended in dichloromethane, yielding a brown solid in a yellow solution. The solution was 

filtered through a glass sinter. The resultant yellow solution was reduced under vacuum to dryness to 

produce a yellow solid which was identified as IrH(PPh3)2(LMe2). The material was recrystallised from 

a dichloromethane/n-heptane solution to yield pure IrH(PPh3)2(LMe2) (86 mg, yield 52%).  

 

Anal. Calc. for C55H46IrN5O2P2.
 1
/2CH2Cl2: C, 60.29; H, 4.28; N, 6.33. Found: C, 60.09; H 4.43; N, 6.41. 

MS (m/z) Calc. for C56H46
191

IrN5O2P2 [M+H]
+
: 1062.28111 m/z; Found: 1062.28185 m/z. MS (m/z) 

Calc. for C56H46
193

IrN5O2P2 [M+H]
+
: 1064.28344 m/z; Found: 1064.28395 m/z. 

1
H NMR (400 MHz, 

CDCl3): δ 7.69 (t, 
3
JHH = 7.7 Hz, 1H, H4), 7.52 (d, 

3
JHH = 7.8 Hz, 2H, H3 & 5), 7.39-7.35 (m, 12H, H23, 

m-PPh3), 7.11 (t, 
3
JHH = 7.4 Hz, 6H, H24, p-PPh3), 7.03 (d, 

3
JHH = 8.2 Hz, 2H, H9 & 14), 6.99 (t, 

3
JHH = 

7.6 Hz, 12H, H22, o-PPh3), 6.73 (t, 
3
JHH = 7.8 Hz, 2H, H10 & 15), 6.43 (d, 

3
JHH = 7.3 Hz, 2H, H11 & 

16), 2.07 (s, 6H, H18 & 19), -11.86 (t, 
2
JHP = 15 Hz, 1H, H20). 

13
C{

1
H} NMR (75 MHz, CDCl3): 

δ 170.04 (s, C1 & 7, C=O), 159.17 & 155.32 (s, C8 & 12 & 13 & 17, Cq), 152.91 (s, C2 & 6, Cq), 

135.31 (s, C4, CH), 135.14 (s, C10 & 15, CH), 133.39 (t‟, 
3,5

JCP = 12 Hz, C23, CH, m-PPh3), 130.18 

(t‟, 
1,3

JCP = 52 Hz, C21, Cq, i-PPh3), 129.10 (br s, C24, CH, p-PPh3), 127.40 (t‟, 
2,4

JCP = 10 Hz, C22, 

CH, o-PPh3), 125.92 (s, C3 & 5, CH), 117.22 (s, C9 & 14, CH), 116.97 (s, C11 & 16, CH), 23.55 (s, 

C18 & 19, CH3), Cq‟s C8 & 12 & 13 & 17 cannot be distinguished by the NMR techniques of HMBC or 

HSQC. 
31

P{
1
H} NMR (162 MHz, CDCl3): δ 7.622 (s), 7.616 (s). IR (KBr, Nujol mull, cm

-1
): 2149 m, 

1613 vs, 1594 vs, 1561 s, 1337 s, 1291 m, 1273 vw, 1261 vw, 1224 m, 1152 m, 1098 s, 1076 vw, 

1031 w, 993 vw, 964 vw, 927 vw, 908 w, 860 vw, 829 vw, 790 m, 773 w, 736 w, 722 m, 697 m, 678 

vw, 635 vw, 618 m, 539 vw, 522 s, 514 s.   

 

IrCl(py)2(LMe2) 

 
To frozen freeze-thaw degassed AR pyridine (25 mL) in a 1-necked 100 mL round-bottomed flask, 

equipped with N2-tap sidearm and a stirrer bar was added IrCl3(LMe2{H}2) (150 mg). The flask was 

fitted with a reflux condenser and the system degassed once more. The thawed orange solution was 

heated at reflux for 70 hours and the progress of the reaction tracked by 
1
H NMR spectroscopy. Once 

the reaction had reached completion all the solvent was removed under vacuum using an isolable 

vacuum trap chilled by liquid nitrogen. The resultant solid orange residue was purified by column 

chromatography on alumina (15 cm, di 1cm), using 5% MeOH/DCM as eluant. The orange band was 
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collected and reduced under vacuum to dryness. The product was recrystallised by gradual 

evaporation of DCM/n-hex to produce pure IrCl(py)2(LMe2) (155 mg, yield 91%). 

 

Anal. Calc. for C29H25ClIrN7O2•
1
/2CH2Cl2: C, 45.80; H, 3.39; N, 12.67. Found: C, 45.53; H, 3.50; N, 

12.68. MS (m/z) Calc. for C29H26
35

Cl
191

IrN7O2 [M+H]
+
: 730.1443 m/z; Found: 730.1435 m/z. MS (m/z) 

Calc. for C29H26
35

Cl
193

IrN7O2 [M+H]
+
: 732.1466 m/z; Found: 732.1459 m/z. MS (m/z) Calc. for 

C29H26
37

Cl
193

IrN7O2 [M+H]
+
: 734.1436 m/z; Found: 734.1456 m/z. MS (m/z) Calc. for C24H21ClIrN6O2 

[M-py+H]
+
: 653 m/z; Found: 653 m/z. MS (m/z) Calc. for C19H16ClIrN5O2 [M-2py+H]

+
: 574 m/z; Found: 

574 m/z. MS (m/z) Calc. for C19H15IrN5O2 [M-2py-Cl]
+
: 538 m/z; Found: 538 m/z. 

1
H NMR (400 MHz, 

CDCl3): δ 9.85 (d, 
3
JHH = 5.6 Hz, 2H, CH-py, H20 & 24), 8.10 (d, 

3
JHH = 7.6 Hz, 2H, CH-py, H3 & 5), 

7.99 (d, 
3
JHH = 7.1 Hz, 2H, CH-py, H25 & 29), 7.98 (t, 

3
JHH = 8.3 Hz, 1H, CH-py, H4), 7.76 (tt, 

3
JHH = 

7.3 Hz, 
4
JHH = 1.5 Hz, 2H, CH-py, H22), 7.56 (tt, 

3
JHH =6.6, 

4
JHH =1.6 Hz, 1H, CH-py, H27), 7.39 (t, 

3
JHH = 8.0 Hz, 2H, CH-py, H10 & 15), 7.36 (d, 

3
JHH = 6.3 Hz, 2H, CH-py, H9 & 14), 7.28 (t, 

3
JHH = 6.7 

Hz, 2H, CH-py, H21 & 23), 6.80 (t, 
3
JHH = 7.3 Hz, 2H, CH-py, H26 & 28), 6.75 (d, 

3
JHH = 7.0 Hz, 2H, 

CH-py, H11 & 16), 2.08 (s, 6H, CH3, H18 & 19). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 170.67 (s, C=O, C1 

& 7), 159.02 and 155.93 (s, C8 & 12 & 13 & 17, Cq-py), 155.88 (s, CH-py, C20 & 24), 154.44 (s, CH-

py, C25 & 29), 154,26 (s, Cq-py, C2 & 6), 138.59 (s, CH-py, C4), 138.08 (s, CH-py, C22), 137.64 (s, 

CH-py, C10 & 15), 136.61 (s, CH-py, C27), 126.82 (s, CH-py, C3 & 5), 125.59 (s, CH-py, C21 & 23), 

123.40 (s, CH-py, C26 & 28), 119.29 (s, CH-py, C9 & 14), 118.85 (s, CH-py, C11 & 16), 23.81 (s, 

CH3, C18 & 19). IR (FT-ATR, cm
-1

): 3509 s, 3362 w, 3112 vw, 3081w, 3064 vw, 3031 vw, 3016 vw, 

2998 w, 2957 w, 2922 w, 2839 vw, 2162 vw, 2041 vw, 1964 vw, 1652 vw, 1592 vs, 1562 vs, 1487 m, 

1445 vs, 1410 m, 1372 vs, 1337 s, 1303 m, 1279 w, 1223 m, 1173 w, 1153 m, 1098 vw, 1089 m, 

1069 m, 1048 w, 1018 w, 1000 w, 982 vw, 961 vw, 936 vw, 912 w, 888 vw, 877 w, 819 m, 837 m, 820 

m, 782 s, 767 vs, 735 m, 699 vs, 681 s, 648 w, 636 m, 628 m, 591 w, 549 m, 523 w, 471 s, 459 s, 430 

vw, 418 m. 

 

[IrCl3(LMe2)][K]2 

 

IrCl3(LMe2{H}2) (60 mg, 1 eq.) was added to freeze-thaw degassed dry dichloromethane (30 mL) in 

50 mL 1-necked round-bottomed flask equipped with a N2-tap side arm, stirrer bar and a rubber 

septum. The mixture was thawed to room temperature and then heated until all of the iridium complex 
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had dissolved. Potassium hydroxide (26 mg, 5 eq.) dissolved in degassed ethanol (3 mL) was added 

via cannula to the red dichloromethane solution. Vigorous effervescence of the solution was 

immediately observed. The mixture was stirred at room temperature for one hour over which time the 

solution became more orange in colour. The reaction mixture was then filtered through a sinter and 

the filtrate dried under reduced pressure. The resultant dark orange glass was dissolved in minimal 

ethanol and the product recrystallised as a red solid by the addition of 1,4-dioxane and with slow 

evaporation of the ethanolic phase to produce [IrCl3(LMe2)][K]2 (46 mg, yield 69%). 

 

An adequate elemental analysis could not be obtained of this material. MS (m/z) Calc. for 

C19H17Cl3N5O2Ir [M-K+2H
+
]
+
: 683.9709 m/z; Found: 683.9694 m/z. MS (m/z) Calc. for C19H17Cl2N5O2Ir 

[M-2K
+
+2H

+
-Cl

-
]
+
: 610.0383 m/z; Found: 610.0380 m/z. MS (m/z) Calc. for C19H17N5O2Ir: 540.1006 

m/z; Found: 540.1024 m/z. 
1
H NMR (300 MHz, d6-DMSO): δ 7.81 (t, 

3
JHH = 7.4 Hz, 1H, H4), 7.68 (d, 

3
JHH = 7.6 Hz, 2H, H3 & 5), 7.40 (t, 

3
JHH = 7.7 Hz, 2H, H10 & 15), 7.24 (d, 

3
JHH = 8.0 Hz, 2H, H9 & 14), 

6.82 (d, 
3
JHH = 7.2 Hz, 2H, H11 & 16), 2.39 (s, 6H, H18 & 19). 

13
C{

1
H} NMR (75 MHz, d6-DMSO): δ 

170.22 (s, CO, C1 & 7), 161.06 (s, Cq-py, C8 & 13), 154.19 (s, Cq-py, C12 & 17), 156.08 (s, Cq-py, 

C2 & 6), 135.49 (s, CH-py, C10 & 15), 135.06 (s, CH-py, C4), 124.53 (s, CH-py, C3 & 5), 119.94 (s, 

CH-py, C9 & 14), 117.22 (s, CH-py, C11 & 16), 23.73 (s, CH3, C18 & 19). IR (FT-ATR, cm
-1

): 3030 w, 

2351 vw, 2163 vw, 2023 vw, 1622 s, 1587 vs, 1557 vs, 1445 vs, 1406 m, 1390 m, 1356 s, 1306 m, 

1283 m, 1240 m, 1178 m, 1144 m, 1089 m, 1051 vw, 1019 m, 997 m, 970 w, 939 vw, 915 vw, 896 vw, 

823 m, 803 s, 791 m, 767 s, 741 m, 717 vw, 701 vw, 682 m, 638 w, 627 w, 589 w, 552 m, 515 w, 483 

w, 452 vw, 430 vw, 414 vw, 396 w, 385 m. 

 

[IrCl3(Lopy{Me}2)] 

 

 
 

2-methoxyethanol (10 mL) was freeze-thaw degassed in a dry 1-necked 100 mL round-bottomed flask 

equipped with a N2-tap side arm, a magnetic stirrer bar and a rubber septum. IrCl3.3H2O (57 mg, 1.3 

eq.) and H2Lopy{Me}2 (52 mg, 1 eq.) were added to the frozen solvent and the system equipped with a 

reflux condenser before the entire system was placed under vacuum. The thawed mixture was heated 

at reflux for ½ hr, during which time purple IrCl3 dissolved and a red solution was formed. The 

suspension was permitted to cool to room temperature and then filtered through a glass sinter. The 

red filtrate was concentrated under reduced pressure followed by precipitation of a red solid with the 

addition of diethyl ether. The solid was removed by filtration and washed with diethyl ether. The 
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material was purified further by dissolution in dichloromethane followed by silica gel column 

chromatography (6cm, 1cm di.). An eluant of 5% methanol/dichloromethane eluted a red band which 

was evaporated under reduced pressure to dryness followed by recrystallisation from 

dichloromethane and ethanol to produce [IrCl3(Lopy{Me}2)] (15 mg, yield 16%). 

 

An accurate elemental analysis could not be obtained of the material. ESI-MS(positive) (m/z) Calc. for 

C38H34Cl6IrN10NaO4 [2M+Na]
+
: 1313.0046 m/z; Found: 1312.9981 m/z. MS (m/z) Calc. for 

C19H17Cl3
191

IrN5NaO2: 665.9946 m/z; Found: 665.9950 m/z. MS (m/z) Calc. for C19H17Cl3N5O2
193

Ir: 

667.9969 m/z; Found: 667.9941 m/z. MS (m/z) Calc. for C19H17
35

Cl2
37

ClN5O2
193

Ir: 669.9940 m/z; 

Found: 669.9921 m/z 
1
H NMR (300 MHz, d6-DMSO): δ 8.82 (d, 

3
JHH = 6.3 Hz, 2H, H12 & 17), 8.38 (t, 

3
JHH = 7.8 Hz, 2H, H10 & 15), 8.11 (m, 3H, H3 & 4 & 5), 7.91 (d, 

3
JHH = 7.5 Hz, 1H) and 7.89 (d, 

3
JHH 

= 7.8 Hz, 1H) (H9 & 14), 7.75 (d, 
3
JHH = 6.7 Hz, 2H, H11 & 16), 4.23 (s, 6H, H18 & 19). 

13
C{

1
H} NMR 

(75 MHz, d6-DMSO): δ 170.90 and 170.79 (2 x s, CO, C1 & 7), 157.43 and 157.28 (2 x s, Cq-py, C8 & 

13), 152.03 (s, Cq-py, C2 & 6), 143.78 and 143.73 (2 x s, Cq-py, C10 & 12 & 15 & 17), 127.87 (s, 

CH-py, C9 & 14), 137.63 (s, CH-py, C4), 127.68 (s, CH-py, C3 & 5), 121.98 (s, CH-py, C11 & 16), 

44.51 and 44.49 (s, CH3, C18 & 19). IR (KBr, Nujol mull, cm
-1
): 3073 m, 1622 vs, 1563 m, 1531 m, 

1498 vs, 1447 s, 1408 w,.1366 s, 1301 w, 1273 m, 1183 w, 1156 m, 1091 w, 1069 w, 1044 w, 975 m, 

950 m, 887 m, 833 m, 802 w, 761 vs, 728 vw, 715 w, 698 vw, 677 m, 629 w, 557 w, 568 vw, 519 m, 

488 m, 474 w, 436 m, 427 m, 413 m, 405 m. 

 

[(H4Len)Rh(COD)][Cl] 

 
Dry, degassed dichloromethane (15 mL) was transferred by cannula into a dry 1-necked 25 mL 

round-bottomed flask equipped with a N2-tap side arm and a magnetic stirrer bar which contained 

[Rh(COD)Cl]2 (21 mg, 0.6 eq. ) and H4Len (35 mg, 1 eq.). A clear yellow solution was instantly 

formed. The mixture was permitted to stir at room temperature for 25 hours, during which time a pale 

yellow solid precipitated out of solution. The precipitate was filtered and washed with dichloromethane 

(2 x 10 mL) to produce pure [(H4Len)Rh(COD)][Cl] (27 mg, yield = 50%). 

 

Anal. Calc. for C33H43ClN9O6Rh.2H2O: C, 49.54; H, 5.42; N, 15.76. Found: C, 49.04; H, 5.12; N, 

15.92. MS (m/z) Calc. for C33H39N9O4Rh [M–Cl]
+
: 728.21800 m/z; Found: 728.21731 m/z. MS (m/z) 

Calc. for C25H28N9O4 [(M-Rh-COD-Cl)+H]
+
: 518 m/z; Found: 518 m/z. 

1
H NMR (400 MHz, d6-DMSO): 

δ 10.94 (br s, 2H, NH, H1 & 7), 10.49 (br s, 2H, NH, H18 & 21), 8.47 (d, 
3
JHH = 7.6 Hz, 1H, CH-py, H3 
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& 5), 8.39 (t, 
3
JHH = 7.5 HZ, 1H, CH-py, H4), 8.01 (d, 

3
JHH = 7.9 Hz, 2H, CH-py, C9 & 14) and 7.85 (d, 

3
JHH = 7.6 Hz, 2H, CH-py 11 & 16), 7.96 (t, 

3
JHH = 8.1 Hz, 2H, CH-py, H10 & 15), 5.69 (br s, 2H, NH, 

H24 & 27), 4.07 (br s, 4H, CH-COD, H28 & 29 & 32 & 33), 3.29 (br s, 4H, CH2, H20 & 23), 2.81 (br s, 

4H, CH2, H19 & 22), 2.70 (br s, 4H, CH2, H25 &26), 2.33 (br s, 4H, COD CH2) and 1.81 (br q, 
3
JHH = 

7.6 Hz, 4H, COD CH2)(H30 & 31 & 34 & 35). 
13

C{
1
H} NMR (75 MHz, d6-DMSO): δ 169.42 (s, C=O, 

C18 & 21), 161.21 (s, C=O, C1 & 7), 150.21 and 149.03 (2 x s, Cq-py, C8 & 12 & 13 & 17), 147.86 (s, 

Cq-py, C2 & 6), 140.96 (s, CH-py, C10 & 15), 140.59 (s, CH-py, C4), 125.57 (s, CH-py, C3 & 5), 

109.34 (s, CH-py, C11 & 16), 108.53 (s, CH-py, C9 & 14), 80.68 (m, alkenyl COD CH, C29 & 29 & 32 

& 33), 50.56 (s, CH2, C25 & 26), 45.99 (s, CH2, C19 & 22), 36.45 (s, CH2, C20 & 23), 29.69 and 

27.39 (2 x s, COD CH2, C30 & 31 & 34 & 35). IR (FT-ATR, cm
-1

): 3466 w, 3366 w, 3227 m, 3182 w, 

1688 vs, 1673 vs, 1584 vs, 1524 vs, 1332 w, 1317 s, 1305 m, 1279 m, 1261 vw, 1241 m, 1222 vw, 

1175 w, 1158 w, 1145 w, 1104 w, 1082 vw, 1074 m, 1048 vw, 1016 vw, 1003 w, 980 vw, 889 w, 857 

w, 841 w, 794 vs, 745 s, 729 s, 686 vw, 679 m, 654 w, 618 w, 579 w, 567 vw, 537 vw. 

 

A D2O experiment was conducted in order to determine the position of amine (NH) bonds by the 

addition of one drop of D2O to an NMR sample of the complex.  

 

[(H4Len)RuCl(MeCN)(PPh3)2]Cl 

 

H4Len (100 mg, 1.05 eq.) and RuCl2(MeCN)2(PPh3)2 (143 mg, 1.0 eq.) were added to frozen freeze-

thaw degassed, dry dichloromethane (20 mL) in a 1-necked 50 mL round-bottomed flask equipped 

with a N2 tap side arm and stirrer bar. The system was evacuated once more before being permitted 

to thaw under a nitrogen atmosphere. The resultant yellow suspension slowly dissolved to produce a 

bright yellow coloured solution. The mixture was stirred at room temperature for 66 hours, by which 

time the solution was dark brown in colour. All solvent was removed under vacuum to yield a light 

brown solid residue. The product was recrystallised from dichloromethane/ acetone and the pale 

yellow solid washed with cold acetone (3 x 15 mL) followed by trituration with n-hexane (15 mL) to 

yield pure [(H4Len)RuCl(MeCN)(PPh3)2]Cl (76 mg, yield 33%). 

 

Anal. Calc. for C63H60Cl2N10O4P2Ru•3H2O: C, 57.80; H, 5.08; N, 10.70. Found: C, 57.34; H, 4.93; N, 

11.19. MS (m/z) Calc. for C63H60ClN10O4P2Ru [M-Cl]
+
: 1219.3006 m/z; Found: 1219.2906 m/z. MS 

(m/z) Calc. for C61H57ClN9O4P2Ru [M-Cl-(MeCN)]
+
: 1178.2741 m/z; Found: 1178.2770 m/z. MS (m/z) 

Calc. for C43H42ClN9O4PRu [M-Cl-(MeCN)-(PPh3)]
+
: 916 m/z; Found: 916 m/z. 

1
H NMR (300 MHz, 



 

 
149 

CDCl3): δ 11.34 (br s, 2H, NH, H1 & 7), 10.63 (br s, 2H, NH, H18 & 21), 8.50 (d, 
3
JHH = 7.6 Hz, 2H, 

CH-py, H3 & 5), 8.34 (d, 
3
JHH = 7.9 Hz, 2H, CH-py, H9 & 14), 8.11 (t, 

3
JHH = 7.5 Hz, 1H, CH-py, H4), 

7.91 (d, 
3
JHH = 7.9 Hz, 2H, CH-py, H11 & H16), 7.75 (t, 

3
JHH = 7.9 Hz, 2H, CH-py, H10 & 15), 7.43 (m, 

12H meta CH of PPh3), 7.35 (t, 
3
JHH = 7.3 Hz, 6H, para CH of PPh3), 7.19 (t, 

3
JHH = 7.1 Hz, 12H, ortho 

CH of PPh3), 3.98 (m, 2H, CH2 diastereotopic) and 2.27 (br t, 
3
JHH = 11.0 Hz, 2H, CH2) (H19 & 22), 3.52 

(m, 2H, CH2) and 3.45 (m, 2H, CH2) (H25 & 26), 3.14 (br m, 2H, CH2 diastereotopic) and 1.29 (br t, 
3
JHH = 

11.4 Hz, 2H, CH2)(H20 & 23), 3.14 (br m, 2H, NH, H24 & 27 overlapping with H20 & 23), 2.45 (s, 3H, 

MeCN, CH3). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 169.64 (s, C=O, C18 & 21), 162.42 (s, C=O, C1 & 

C7), 150.36 or 150.20 (s, Cq-py, C8 & 12 & 13 & 17), 148.81 (s, Cq-py, C2 & 6), 140.36 (s, CH-py, 

C10 & 15), 139.05 (s, CH-py, C4), 133.89 (t', 
3,5

JCP = 8.7 Hz, CH, m-PPh3), 133.51 (t‟, 
1,3

JCP = 36.9 

Hz, Cq, i-PPh3) and 132.98 (t‟, 
1,3

JCP = 37.3 Hz, Cq, i-PPh3), 130.11 (s, CH, p-PPh3), 128.27 (t', 
2,4

JCP 

= 8.7 Hz, CH, o-PPh3), 127.96 (s, Cq-CN, C28), 110.96 (s, CH-py, C11 & 16), 110.14 (s, CH-py, C9 & 

14), 48.43 (s, CH2, C19 & 22), 45.74 (s, CH2, C25 & 26), 38.32 (s, CH2, C20 & 23), 5.47 (s, MeCN, 

CH3, C29). 
31

P{
1
H} NMR (121 MHz, CDCl3): 35.45 (br s). IR (FT-ATR, cm

-1
): 3270 vw, 3137 vw, 3060 

vw, 3016 vw, 2956 vw, 2916 vw, 2256 w, 1689 s, 1585 s, 1516 s, 1482 m, 1445 vs, 1434 vs, 1394 m, 

1326 m, 1313 s, 1301 s, 1277 m, 1239 s, 1186 w, 1158 s, 1144 m, 1120 vw, 1103 w, 1087 s, 1014 w, 

1001 m, 963 m, 951 m, 921 vw, 886 w, 855 m, 840 m, 802 s, 782 s, 744 s, 738 s, 696 vs, 674 s, 657 

m, 618 m, 571 s, 535 s, 519 vs, 513 vs, 496 vs, 467 vw, 447 vw, 426 vw, 408 w, 385 vw. 

 

Procedure for the transfer hydrogenation of acetophenone using isopropanol as a hydrogen 

donor 

 

The method used was based upon a protocol published by Werner et al. for transfer hydrogenation.
153

 

The following standard procedure was consistently adopted, except where stated otherwise. To a dry 

2-necked 50 mL round bottomed flask equipped with a reflux condensor, stirrer bar and rubber 

septum was added the metal complex (0.02 mmol, 1 eq.), potassium tertiary butoxide (0.1 mmol, 5 

eq., freshly obtained from a dry box environment) and freeze-pump-thaw degassed isopropanol (4 

mL, freshly distilled over calcium hydride and stored over 4 Å activated molecular sieves). The 

suspension was heated at reflux for one hour, bringing about complete dissolution of all solid 

materials. Acetophenone (2 mmol, 100 eq.) in degassed dry isopropanol (4 mL) was added to the 

bulk reaction mixture via the rubber septum and reflux resumed. Two methods were employed for 

monitoring the progress of reactions. Method A
a
: whereby, aliquots (0.2 mL) were abstracted at 

desired intervals and solvated further with CDCl3 (0.3 mL). 
1
H NMR and 

13
C{

1
H} NMR spectra were 

collected for these samples. Conversion was assessed based upon the relative peak heights of the 

para CH protons of acetophenone versus 1-phenylethanol in the 
13

C{
1
H} NMR spectra of samples 

taken. Peak height was determined using TOPSPIN NMR software. Method B
b
: whereby, aliquots (0.5 

mL) were abstracted at desired intervals, reduced on the rotary evaporator (40°C bath temperature, 
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120 mbar vacuum) and the residue solvated with CDCl3 (0.5 mL). 
1
H NMR spectra were collected for 

these samples. Relative substrate conversions were ascertained from the relative integrals of the alkyl 

CH of 1-phenylethanol versus that for the methyl peak of acetophenone. 

 

Reference signals for acetophenone were ascertained by 
1
H and 

13
C{

1
H} NMR (CDCl3) analysis of the 

pure material. Signals for 1-phenylethanol were determined from the hydrogenation samples and 

referenced to the Spectral Database for Organic Compounds.
158

 For the reader‟s convenience the 

reference signals are compiled in Table 8 below. 

 

 

Table 8: 
1
H and 

13
C{

1
H} NMR (CDCl3) reference signals for acetophenone and 1-phenylethanol 

 
 
 

  

Acetophenone 1-Phenylethanol Acetophenone 1-Phenylethanol

1 2.54 (s, 3H) 1.50 (d, 
3
J HH = 9 Hz, 3H) 1 26.35 (s) 25.59 (s)

2 4.90 (s, 1H) 2 197.89 (s) 70.68 (s)

3 2.40 (br s, 1H) 3

4 4 139.93 (s) 145.98 (s)

5 7.91 (d, 
3
J HH = 6.9 Hz, 2H) 5 128.36 (s) 125.76 (s)

6 6 128.09 (s) 128.67 (s)

7 7 132.89 (s) 127.74 (s)

δ 
1
H NMR (CDCl3) ppm: δ 

13
C{

1
H} NMR (CDCl3) ppm:

7.50-7.37 (m, 3H)
7.36-7.25 (m, 5H)
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Chapter Four 
 

Development of transition metal 
complexes bearing acyclic 

bisbenzimidazol-2-ylidenes 

4 Chapter Four: Development of transition metal complexes bearing acyclic 
bisbenzimidazol-2-ylidenes 

 

This chapter details transmetalation reactions using dimeric silver(I) tridentate 2,6-dimethylpyridine 

bisbenzimidazol-2-ylidene. Several novel palladium(II), rhodium(I) and iridium(I) CDC (CNHC-Donor-

CNHC) pincer complexes were generated using the transmetalation technique. The role of 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 in the hydrolysis of acetonitrile to produce 

[Pd(OC(NH2)Me)(dmp(NHC{Me})2)][OTf]2 is discussed. Two novel dimeric complexes containing 

rhodium(I) or iridium(I) and bridged by a CN
-
 group are reported. The possible origins of free cyanide 

within the reaction mixture are detailed. Analysis of the σ-donor properties of the dmp(NHC{Me})2 

ligand were undertaken through the study of a CO adduct of rhodium(I) bisbenzimidazol-2-ylidene.  

 

All experimental data pertinent to the novel complexes described in Chapter Four is compiled in the 

final section. General synthetic schemes for Chapter Four are compiled in the Appendix 
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4.1 Development of transition metal complexes of the acyclic ligand dmp(NHC{Me})2 
(dmp = 2,6-dimethylpyridine, NHC{Me} = N-methylbenzimidazol-2-ylidene) 

 

Section 4.1 describes and compares transition metal complexes of 2,6-dimethylpyridine 

bisbenzimidazol-2-ylidene prepared during the course of the investigation. The section is organised 

according to the nature of the metal centre involved.  

4.1.1 Preparation of acyclic 2,6-dimethylpyridine bisbenzimidazolium, 
[dmp(bzim{Me})2]X2 (bzim{Me} = N-methylbenzimidazole, X = triflate or iodide) 

 

The 2,6-dimethylpyridine bisbenzimidazolium dication, [dmp(bzim{Me})2]X2, was prepared in a three 

step procedure. Firstly, 2,6-dibromomethyl pyridine (dmpBr2) was prepared via a condensation 

reaction with 2,6-dihydroxymethyl pyridine and hydrobromic acid (48%). DmpBr2 was obtained in 

moderate yields of 50% along with [6-(bromomethyl-pyrid-2-yl]-methanol, as per published 

methods.
159

 It was found that productivity of this step could be improved by carrying out an identical 

reaction in hydrobromic acid with the mono-hydroxy by-product over two days, resulting in a 60% 

yield of the target dmpBr2. Subsequent addition of benzimidazole and basification, yields 

2,6-dimethylpyridine bisbenzimidazole (dmp(bzim)2), which can be N-methylated using either methyl 

triflate or methyl iodide to form [dmp(bzim{Me})2]X2 (where X = OTf
-
 or I

-
). Refer to Figure 136 for a 

diagrammatic representation of the synthesis. The former reactant is a far stronger methylating agent, 

and reaction was found to be complete after two hours at room temperature. In comparison, 

methylation with methyl iodide took two weeks under the same conditions. The difference in the rate 

of methylation is partly due to the limited solubility of reaction intermediates with halide 

counter-anions. A triflate counter-anion greatly improves the solubility of the end-product and mono-

methylated intermediates. Hahn et al.
94

 report the synthesis of a series of 2,6-dimethylpyridine 

N-alkylated benzimidazoliums from reactivity of the N-alkylated benzimidazole with dmpBr2. 

 

Figure 136: Schematic for the formation of dmpBr2, dmp(bzim)2 and [dmp(bzim{Me})2]X2 

 

Pure [dmp(bzim{Me})2][OTf]2 was obtained in quantitative yield by recrystallisation of the crude 

material from dichloromethane and toluene. Imidazolium complexes are typically reported as 

hygroscopic in nature, a property that has frequently made characterisation of these compounds by 

elemental analysis difficult. However, in this case the material was found to be highly crystalline and a 

satisfactory elemental analysis could be obtained.     
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[dmp(bzim{Me})2][OTf]2 is distinguished in the 
1
H NMR (d6-DMSO) spectrum by its imidazolium CH 

resonance at δ 9.59 ppm. The pyridyl and aryl CHs resonate in the typical region of δ 6.0-8.0 ppm, 

while the CH2 linker and methyl signal are observed at δ 5.80 and δ 4.02 ppm respectively. Relative 

integrals and the simplicity of the NMR spectrum indicate that the complex is symmetric on the NMR 

timescale. By 
13

C{
1
H} NMR (d6-DMSO) spectroscopy the imidazolium NCN is observed at δ 142.95 

ppm, while the methylene and methyl signals are seen at δ 50.27 and 33.22 ppm respectively. The 

triflate anion appears at δ -78.86 ppm in the 
19

F NMR (d6-DMSO) spectrum of the benzimidazolium 

ligand.  

 

Similarly, distinctive 
1
H NMR (d6-DMSO) signals for [dmp(bzim{Me})2]I2 are observed at δ 9.68 ppm 

(imidazolium CH), the CH2 linker at δ 5.83 and the methyl signal at δ 4.05 ppm. While in the 
13

C{
1
H} 

NMR (d6-DMSO) spectrum signals at δ 142.87, δ 50.27 and 33.37 ppm are seen, which correspond to 

the imidazolium NCN, methylene and methyl groups respectively.   

 

In the infrared spectrum the benzimidazolium rings present a range of vibrations. Those above 

3000 cm
-1

 are attributable to the CH stretches of the benzene ring and are seen at 3152 and 

3093 cm
-1
 for the triflate analogue. The ring stretches for this compound occur between 

1200-1700 cm
-1

, the most prominent of these being the vibrations at 1465, 1376 and 1306 cm
-1

, while 

those of medium intensity occur at 1663, 1622 and 1573 cm
-1

. In-plane bending modes are observed 

as bands between 1100 and 1238 cm
-1

 and out-of-plane bending modes are seen at 764 and 

780 cm
-1
.
160

 Very strong triflate resonances are observed at 1263, 1029, 639 and 516 cm
-1
. 

 

By FAB-MS each ligand appears as [M-X
-
]
+
 with a peak at 518.1456 m/z (X = triflate) and 496.09928 

m/z (X = iodide). 

 

A crystal of [dmp(bzim{Me})2]I2 suitable for analysis by X-ray diffraction study was grown by vapour 

diffusion of toluene into a chloroform solution of [dmp(bzim{Me})2]I2, crystallising in a monoclinic 

crystal system with space group P21/n and yielding a structure with an R1 value of 3.88 %. The 

asymmetric unit contains two independent molecules of [dmp(bzim{Me})2]
2+

 (referred to as A and B) 

and four iodide counter anions of which two are disordered. It was necessary to weight I3A and I3B at 

0.89 and 0.12 respectively, whereas for I4A and I4B weightings of 0.59 and 0.41 were applied. Also 

present within the asymmetric unit were one molecule of water and six molecules of chloroform, with 

some disorder apparent for one of the halogenated solvent molecules. The single disordered 

chloroform molecule was found to map to two positions which were weighted at 0.14 and 0.86 

occupancy. It was necessary to constrain the distances between several of the carbon and chloride 

atoms of the molecule. Hydrogen atoms were added as appropriate and refined using a riding model. 

The benzimidazolium ligand itself is free of disorder, thus allowing an accurate assessment of bond 

lengths and angles from this data set. The following Figures 137 and 138 illustrate the crystal 

structure of [dmp(bzim{Me})2]I2 and its associated solid state packing characteristics. For clarity, 

disordered solvent has been removed.   
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Figure 137: Crystal structure of [dmp(bzim{Me})2]I2, R1 = 3.88 %  

(chloroform solvent omitted for clarity) 

 

 

 

 

 

 

 

 

 

 

Figure 138: Solid state crystal packing of 

[dmp(bzim{Me})2]I2 
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The aromatic plane of each of the benzimidazolium rings is oriented approximately perpendicular 

relative to the plane of the pyridyl ring at angles of 103.2(1) and 104.8(2)˚ for molecule B, and 

107.5(1) and 112.2(1)˚ for molecule A (see Figure 138). These angles were measured from the 

planes of best fit of the pyridyl ring and imidazolium ring. The benzimidazolium rings of neighboring 

molecules stack together at distances of 3.546(3), 4.365(3), 3.784(3) and 3.623(3) Å (see Figure 138) 

to form linear strands. Within the solid state packing [dmp(bzim{Me})2]I2 molecules are arranged in a 

zig-zagged conformation, interspersed with layers of chloroform solvent. The benzimidazolium NCHN 

protons are directed inwards towards one another within each molecule. 

 

 

 

 

Table 9: Selected bond lengths and 

angles for [dmp(bzim{Me})2]I2 
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4.1.2 Preparation of [Ag(dmp(NHC{Me})2)]2[OTf]2 

 
The silver NHC, [Ag(dmp(NHC{Me})2)]2[OTf]2, was found to be an invaluable intermediate for 

transmetalation reactions with other metals and was prepared according to the method developed by 

Wang and Lin.
84

 Using this technique silver oxide base is reacted with the benzimidazolium salt 

[dmp(bzim{Me})2][OTf]2. During the development of the experimental protocol for 

[Ag(dmp(NHC{Me})2)]2[OTf]2, it became apparent that the conventional mild procedure using 

dichloromethane as a solvent and stirring at room temperature, would not be sufficient. Complete 

reaction, monitored by 
1
H NMR (d6-DMSO) spectroscopy, was only attained in refluxing 

1,2-dichloroethane after approximately 20 hours. Poor solubility of the benzimidazolium salt 

necessitates vigorous reaction conditions which far exceed any examples identified in the literature 

thus far. Other groups
94

 report the inaccessibility of this particular silver carbene when utilising the 

less soluble ligand of [dmp(bzim{Me})2]Br2. Silver NHCs are often light and moisture sensitive, 

therefore it was necessary to use dry solvents and light protected reaction vessels during synthetic 

procedures which involved [Ag(dmp(NHC{Me})2)]2[OTf]2. All subsequent acyclic transmetalation 

reactions described in this chapter were carried out without separation of the silver NHC from the 

crude reaction mixture.   

 

Formation of [Ag(dmp(NHC{Me})2)]2[OTf]2 is indicated by the disappearance of the NCHN 

imidazolium peak at δ 9.59 ppm in the 
1
H NMR (d6-DMSO) spectrum, and the appearance of the 

carbene quaternary at δ 189.43 ppm in the 
13

C{
1
H} NMR (d6-DMSO) spectrum. A slight upfield shift is 

observed for the CH2 and methyl groups relative to the corresponding free ligand, changing to δ 5.66 

and 3.96 ppm respectively. An upfield shift to δ 52.15 and 35.49 ppm is also observed for these 

groups in the 
13

C{
1
H} NMR spectrum. A singlet at δ 78.85 ppm in the 

19
F NMR (d6-DMSO) indicates 

that the complex is cationic and counter-balanced by triflate. Similarly, vibrations corresponding to 

triflate were observed in the infrared spectrum at 1262, 1028, 629 and 513 cm
-1

. Typical infrared 

bands corresponding to benzimidazole ring vibrations are observed at 3081 cm
-1

, and between 1601 

and 1350 cm
-1

. 

 

The ESI mass spectrum of [Ag(dmp(NHC{Me})2)]2[OTf]2 reveals a complicated fragmentation 

pathway with a base peak formulated as [Ag(dmp(NHC{Me})2)]
+
 (A of Figure 139 on the following 

page) at 474.0853 and 476.0855 m/z. The peak (B of Figure 139) at 617.9505 m/z is believed to 

originate after abstraction of chloride from dichloromethane solvent which was used to prepare the 

sample. The reprotonated benzimidazolium ligand is similarly observed in the mass spectrum (C of 

Figure 139) at 518.1417 m/z. The formulation for the base peak suggests that the complex has the 

formula [Ag(dmp(NHC{Me})2)][OTf] within which a silver bridge is formed between two carbenes in a 

monomeric ligand. However, analysis of silver NHCs by mass spectrometry does not always 

illuminate their true composition, with frequent reports of complete decomposition of compounds. 

Materials also have a tendency to undergo rearrangements that do not reflect the solid or solution 

state architectures.
87

 In the case of bisNHCs with non-argentophilic anions, dimeric materials are 
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occasionally observed to rearrange to form 

monomeric species (See (D and E) of 

Figure 140 obtained by ESI-MS).
161

 Youngs 

et al. verified the dimeric nature of (D) 

crystallographically but observed a 

molecular ion corresponding to (E) when the 

complex was analysed by ESI-MS (1:1 

MeCN/ H2O). While a single crystal of 

[Ag(dmp(NHC{Me})2)]2[OTf]2 was not 

obtained, an educated guess can be made 

with regard to its structure based on closely 

related complexes. Due to the linear 

geometry requirements of Ag(I) one would 

expect that a pincer conformation 

(coordination of silver to both carbenes and 

with close proximity to the pyridyl nitrogen) 

would be unlikely. When the counter-anion 

does not favour coordination to silver, as is 

the case for triflate, it is generally observed 

that silver atoms form bridges between 

carbenes of two separate ligands in the solid 

state. Based on the literature precedent 

Structure (F) is proposed as the most likely 

formulation for 

[Ag(dmp(NHC{Me})2)]2[OTf]2.  

 

 

 

Figure 139: ESI mass spectrum of [Ag(dmp(NHC{Me})2)]2[OTf]2 

(solvents for dissolution: DMSO and DCM) 

 

 
Figure 140: Variation in structural information obtained by mass spectrometric techniques 
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Numerous groups have reported crystallographic evidence for this coordination mode when a non-

argentophilic ligand such as tetrafluoroborate, hexafluorophosphate or triflate is available. Cavell et al. 

crystallographically confirmed a bridging binding mode (G) (Figure 140) for [Ag2(CNC)2]2[BF4].
162

  

4.1.3 Preparation and characterisation of palladium carbenes 

4.1.3.1 Nitrile substituted analogues 

 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 and [Pd(PhCN)(dmp(NHC{Me})2)][OTf]2 were prepared 

through the addition of one equivalent of Pd(COD)Cl2 or Pd(PhCN)2Cl2 to an acetonitrile solution of 

the silver carbene, itself created in situ, and allowing the mixture to stir at room temperature. The 

excess silver(I) oxide and any silver salts generated during the reaction were removed by filtration 

through celite. Once all of the acetonitrile was removed from the filtrate it was possible to extract the 

product with dichloromethane and to purify it by crystallisation from dichloromethane and toluene. The 

acetonitrile substituted complex crystallised as a grey-white micro-crystalline material whereas the 

benzonitrile adduct crystallised as a pale pink-grey micro-crystalline solid.  

 

The two species are very similar by 
1
H and 

13
C{

1
H} NMR (d6-DMSO) spectroscopy, with pyridyl 

resonances in the expected δ 8.00–8.30 ppm range and the benzimidazol-2-ylidene signals appearing 

between δ 7.52 and 8.12 ppm. The methylene linkers for both compounds appear as a set of doublets 

at δ 6.28 and 6.16 ppm with a 
2
JHH coupling constant of 15.3 Hz, indicating that protons residing on 

the methylene bridge are diastereotopic. The N-methyls resonate at δ 4.17 ppm, with an extra methyl 

signal appearing at δ 2.07 ppm in the case of [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2, in accordance 

with a coordinated acetonitrile. [Pd(PhCN)(dmp(NHC{Me})2)][OTf]2, conversely, displays extra 

phenyl signals in the range δ 7.59–7.84 ppm. The 
13

C{
1
H} NMR spectra of the two materials reveal 

similar pyridyl and benzimidazol-2-ylidene footprints, as well as methylene and methyl signals of 

about δ 51 ppm and 34 ppm respectively. Notably, the symmetric carbene carbons present as a lone 

singlet far downfield at δ 173 ppm. The acetonitrile substituted complex is distinguished by its 

quaternary nitrile and methyl signals at δ 118.43 and 1.03 ppm respectively, whereas the benzonitrile 

CN is observed at δ 118.60 ppm and bears the additional phenyl resonances in the expected range of 

δ 113–133 ppm.  

 

In the infrared spectra the nitrile vibrations are observed as bands at 2313 and 2286 cm
-1

 for the nitrile 

and benzonitrile palladium adducts respectively. These signals present the classic signs of nitrile 

coordination to a metal, shifting to considerably higher frequencies compared with free acetonitrile 

(2254 cm
-1

) and benzonitrile (2231 cm
-1

).
163

  

 

ESI-MS of [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 reveals a molecular ion [M-(nitrile)-(OTf)]
+
 of mass 

622.0344 m/z. An identical peak at 622.0368 m/z is observed in the case of 

[Pd(PhCN)(dmp(NHC{Me})2)][OTf]2.  
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A single crystal suitable for analysis by X-ray diffraction was grown by diffusion of toluene into a dilute 

dichloromethane solution of [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 containing a few drops of 

acetonitrile. It was found that as the colourless needles of [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 

formed, a black residue of elemental palladium co-precipitated. The crystallographic solution is 

displayed for this species in Figure 141. Due to the poor R1 value attained and the high standard 

uncertainties evident in the connectivities list, bond distances and angles will not be discussed any 

further. 

 

Figure 141: X-ray crystal structure for [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2, R1 = 10.72 % 

(triflate counter-anions omitted for clarity) 

 

All atoms were refined with anisotropic thermal parameters. One of the two triflate molecules was 

disordered and was refined into two possible conformations of 0.51 and 0.49 occupancy. The F and O 

atoms of the disordered triflate were constrained using equal anisotropic displacement parameters 

(EADP). Similarly, SADI restraints were applied to the C-F and S-O bond distances of the disordered 

triflate. One of the benzimidazol-2-ylidene rings exhibited large temperature factors for all carbon 

atoms. However, the two disordered rings did not appear as individual atoms in the difference map, 

therefore these atoms were constrained using EADPs. Lastly, the acetonitrile CN and C-CH3 bond 

lengths were constrained to reasonable bond lengths of 1.12(2) and 1.40(2) Å respectively, the 

references of which were sourced from related compounds reported in the literature.
164,165

 All 

hydrogen atoms were refined in calculated positions using a riding model.  
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4.1.3.2 Hydrolysis of acetonitrile coordinated to [Pd(dmp(NHC{Me})2)][OTf]2 

 

Evidence that these species might act as catalysts for the hydrolysis of acetonitrile to produce 

acetamide, first came in the isolation of a single crystal of [Pd(OC(NH2)Me)(dmp(NHC{Me})2)][OTf]2 

when attempts were made to crystallise [Pd(PhCN)(dmp(NHC{Me})2)][OTf]2. The benzonitrile adduct 

of the palladium NHC was exposed to acetonitrile, methanol and toluene under standard atmospheric 

conditions during the crystallisation attempt. Over a three week period of slow evaporation of the 

acetonitrile and methanolic solvent mixture, a single crystal emerged from the mother liquor and was 

determined to be [Pd(OC(NH2)Me)(dmp(NHC{Me})2)][OTf]2 by X-ray crystallography. The absence of  

a benzamide palladium(II) adduct suggests acetonitrile displaces benzonitrile in the original complex 

to form [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2, which is subsequently hydrolysed (Figure 142).  

Figure 142: Displacement of benzonitrile and subsequent hydrolysis of acetonitrile 

 

The discussion on [Pd(OC(NH2)Me)(dmp(NHC{Me})2)][OTf]2 will henceforth be separated into two 

parts, characterisation of the crystal structure and a probing study into its role in acetonitrile hydrolysis 

reactions. As will soon become evident, the crystal represents a seldom isolated intermediate in the 

hydrolysis pathway which leads from nitriles to amides. 

 

X-ray crystal structure determination 

[Pd(OC(NH2)Me)(dmp(NHC{Me})2)][OTf]2 crystallises in a triclinic crystal system with space group 

P-1. The palladium(II) centre is coordinated by the uncharged bisbenzimidazol-2-ylidene ligand in a 

pincer conformation and the complex counter-balanced by two triflate anions. Within the structure of 

[Pd(OC(NH2)Me)(dmp(NHC{Me})2)][OTf]2 the 

metal centre adopts a slightly distorted square 

planar geometry. The pyridyl ring is observed to 

twist by 42.6(1)° relative to the metal coordination 

plane formed by atoms O1-C3-N5-C10. Similarly, 

the benzimidazol-2-ylidene moieties twist by 

43.4(1)° and 45.4(1)° with respect to the metal 

coordination plane. See Figure 143. 

 

Figure 143: Ligand structural characteristics 

induced by palladium(II) coordination 
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The palladium-CNHC bond 

distances of 2.023(4) and 

2.025(4) Å are similar to a mean 

calculated for bonds of this type 

on the CCDB (average Pd-CNHC 

2.006(41) Å, N = 630). The Pd-

N(5) distance of 2.046(3) Å also 

lies within accepted ranges 

(CCDB average Pd-Npy, 2.052(68) 

Å, N = 5359). The Pd-O(1) bond 

distance is measured as 2.024(4) 

Å, in close agreement with similar 

bond types (CCDB average Pd-O, 

2.08(0.06) Å, N = 134). Relative to 

free acetamide
166

 the coordinated 

O-carboxamide moiety reveals a 

lengthening of the O(1)-C(24) 

carbonyl bond from 1.242(2) to 1.276(6) Å. Bond angles within the 

fragment bear a close resemblance to those displayed by free 

acetamide. 

 

Figure 144: X-ray structure for 

[Pd(OC(NH2)Me)(dmp(NHC{Me})2)]
+
, R1 = 4.85%  

(triflate omitted for clarity) 
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Atoms in the structure were refined anisotropically and the position of hydrogen atoms calculated 

using a riding model. In the case of the NH2 functional group it was not possible to definitively locate 

the hydrogen atoms from the difference map, and as a result these atoms are not present in the final 

solution. Similarly, X-ray diffraction data was not sufficient for the resolution of the oxygen and 

nitrogen atoms due to their similar scattering power. Bond distances between Pd-O and Pd-N bound 

tautomers of acetamide generally reside around 2 Å, therefore this particular distance does not 

provide an adequate indicator as to the binding mode of amide. However, the manner of coordination 

can be deduced from the charge of the cationic portion of the molecule and the remaining relative 

bond lengths of the acetamide group. [Pd(OC(NH2)Me)(dmp(NHC{Me})2)]
+
 is counter-balanced by 

two triflate anions, confirming that the acetamide ligand is neutral and not deprotonated. Upon 

elimination of the negatively charged acetamido anion as a ligand, four possible binding modes still 

remain. Namely, the oxygen or nitrogen bound carboxamides, or alternatively the imidol and iminol 

forms (see Figure 145).   

 

Figure 145: Theoretical binding modes for [Pd(C2ONH5)(dmp(NHC{Me})2)][OTf]2 

 

The iminol tautomer is extremely rare and is not detected in similar systems such as 

[(dien)Pt(OC(NH2)Me)][OTf]2 (dien = diethylenetriamine) which is displayed in Figure 148 on the 

following pages.
167

 The three remaining binding modes were analysed in three separate 

crystallographic refinements and in all cases the D-C distance (D = oxygen or nitrogen donor atom) 

was found to be very short at 1.261(7) Å for the N-bound imidol and 1.276(6) Å for the O-carboxamide. 

These distances are consistent with double bond character and therefore the N-carboxamide can be 

eliminated as a candidate. Within the final crystallographic solution presented on the preceding page 

the acetamide distances are measured as C-C 1.476(7) Å, C-NH2 1.327(7) Å and C=O 1.276(6) Å.  

 

1
H NMR experiments involving the addition of acetamide to [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 in 

weakly coordinating d6-acetone,
168

 were used to further analyse tautomerism of the acetamide ligand 

in the presence of the metal complex. As will be described below, peaks corresponding to the 

O-bound carboxamide were observed in the largest proportions. 
1
H NMR (d6-acetone) samples 

containing [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 and acetamide were aged over several months with 

no significant alteration in the ratio of 
1
H NMR peaks, suggesting that there is an equilibrium between 

the [Pd(O-carboxamide)(dmp(NHC{Me})2)][OTf]2 and [Pd(imidol)(dmp(NHC{Me})2)][OTf]2 

tautomers at neutral pH and under ambient conditions. Crystallisation of the O-carboxamide adduct 
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from solution is deemed the most probable given the relative 2:1 perpetuation of this species in the 

reaction mixture relative to the [Pd(imidol)(dmp(NHC{Me})2)][OTf]2 tautomer. 

 

A series of experiments were designed in order to simulate the conditions for the crystallisation of 

[Pd(OC(NH2)Me)(dmp(NHC{Me})2)][OTf]2. Direct addition of acetamide to 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 was carried out by combining 1.5 equivalents of acetamide with 

one equivalent of palladium complex in a dichloromethane/methanolic solution. Fairlie et al.
168

 

determined that an excess of acetamide was necessary in order to drive the equilibrium of platinum(II) 

O-carboxamide and imidol tautomers towards exclusive formation of [(dien)Pt(H2O)(imidol)]
2+

. The 

mixture was stirred at room temperature for three and a half hours, followed by the addition of toluene 

and the reduction of the combined solvents under low vacuum. A grey precipitate was formed, 

removed by filtration and analysed by 
1
H NMR (d

6
-acetone) spectroscopy. The spectrum, depicted in 

Figure 146 below, indicates the formation of the O-carboxamide complex as evidenced by the broad 

NH signals at δ 9.09 and 8.64 ppm (symbol = ■), and also of the imidol substituted complex, as 

demonstrated by the OH resonance at δ 12.02 ppm and the broad NH signal at δ 8.85 ppm (symbol = 

●). The tautomers manifest in a 2.3:1 ratio, favouring the O-carboxamide. Methyl signals pertaining to 

the amide and imidol are observed at δ 2.49 and 2.60 ppm respectively. A third methyl signal, 

corresponding to the N-carboxamide tautomer, was not observed.   

 

 

Figure 146: 
1
H NMR (d6-acetone) spectrum resulting from reactivity of 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 with acetamide  

 
(expansions of the hydroxyl, amide and methyl regions of the imidol and O-carboxamide 

tautomers)   
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A 
1
H NMR titration of [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 with acetamide was undertaken in 

d6-acetone (Figure 147) in order to better observe the extent of acetamide uptake. 

 

 
Figure 147: 

1
H NMR (d6-acetone) titration of [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 with acetamide 

(■ = O-carboxamide, ● = imidol) 

 

The titrations reveal that the O-carboxamide species forms preferentially, presenting as two broad 

singlets in the 9 ppm range (NH,■) and a broad singlet in the 2.5 ppm region (CH3, ■). However, it 

appears that the imidol is rapidly formed in conjunction with its oxygen bound tautomer, and is 

displayed as a broad singlet at 8.84 ppm (NH2, ●) and a singlet at 2.58 ppm (CH3, ●). The OH group 

is not evident, likely as a result of broadening of this signal. Even after the addition of one equivalent 

of acetamide only partial uptake of the amide by palladium occurred and this was indicated by the 

broad doublets appearing at 6.75 and 6.04 ppm (corresponding to the non-equivalent NH protons of 

free acetamide). The ratio of methyl signals of the O-carboxamide: imidol and free acetamide at this 

point were recorded as 0.46: 0.17: 1.00, indicating approximately 40% total uptake of acetamide by 

the [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 complex. The methyl signal of the NHC ligand for this 

complex further supports the continued survival of [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2. Even after 

the addition of two equivalents of acetamide the following ratio profile is observed - O-carboxamide 

(2.0): imidol (1.0): free acetamide (9.0) and [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 (1.3). 

 

Fairlie et al. similarly investigated the kinetics of amide-imidol tautomerism when acetamide or urea 

were introduced to [(dien)Pt(OH2)][OTf]2 (See Figure 148 on the following page).
169

 Upon reaction of 
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[(dien)Pt(OH2)][OTf]2 with 1,1-dimethylurea only the O-carboxamide complex (A) was formed. 

However, this kinetic species was found to be unstable, rearranging by linkage isomerisation at room 

temperature in acetone to favour the N-coordination product (B). The rearrangement was essentially 

complete after 2 hours by NMR analysis. N-bonded amides (B) are well known for their susceptibility 

to tautomerise into the imidol (C) form.
170,171

 This equilibrium is sensitive to slight electronic changes 

that may be perturbed by the nature of the metal centre, the R substituent and the solvent. However, 

the imidol tautomer was not observed. The two isomers, A and B were isolated independently and the 

spectral characterisation carried out for each (compiled in Table 10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 148: Amide-Imidol tautomerism of a platinum(II) triamine complex  

(R = NMe2/ Me, L = diethylenetriamine) 

 

Table 10: Selected NMR spectral characteristics for [(dien)Pt(DMU)][OTf]2 and 

[(dien)Pt(acetamide)][OTf]2 

[(dien)Pt(DMU)][OTf]2 
A 

O-carboxamide 

B 

N-Carboxamide 
1,1-Dimethylurea 

1
H NMR  

(d
6
-acetone, ppm) 

δ NMe2: 3.02 3.00 2.79 

δ NH2: 6.81 7.07 5.60 

13
C{

1
H} NMR  

(d
6
-acetone, ppm) 

δ NMe2: 36.8 37.7, 37.1 35.7 

[(dien)Pt(acetamide)][OTf]2 
A 

O-carboxamide 

C 

Imidol 
Acetamide 

1
H NMR  

(d
6
-acetone, ppm) 

δ Me: 2.21 2.27 1.85 

δ NH/NH2: 8.49, 8.93 8.46 6.76, 6.16 

δ OH:  12.00  

13
C{

1
H} NMR  

(d
6
-acetone, ppm) 

δ Me: 21.9 21.4 22.2 
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The A and B tautomers of urea coordinated to [(dien)Pt][OTf]2 are readily distinguished by their 

differing δ NH2 resonances, which are shifted further downfield for the N-bound tautomer. 

 

In contrast, reaction of acetamide with [(dien)Pt(OH2)][OTf]2 produces the imidol isomer (C) as the 

thermodynamic product. Increased basicity of the oxygen atom of acetamide relative to urea explains 

promotion of the amide-imidol equilibrium towards this product. The signals pertaining to the amide 

and imidol functional groups are summarised in Table 10. The O-bound carboxamide (A) is easily 

identified by its two inequivalent amide resonances that appear at δ 8.49 and 8.93 ppm. Conversely, 

(C) is distinguished by a broad resonance at δ 12.00 ppm, corresponding to the hydroxyl functional 

group. Fairlie et al.
168

 determined that isomerisation of the O-carboxamide (A) to imidol (C) was 

complete after 70 hours at room temperature in d6-acetone with no observable transition through (B).   

 

Fairlie‟s findings, in the context of acetamide coordination to platinum group metals, gives strong 

precedent for coordination of the O-carboxamide or imidol species to [Pd(dmp(NHC{Me})2)][OTf]2. 

Notably, the (dmp(NHC{Me})2) ligand does not present the same chemical environment as 

diethylenetriamine, and is therefore likely to impose greater steric hindrance upon the ligand binding 

pocket by virtue of the crowding N-methyl substituents. Such crowding might act to restrict linkage 

isomerisation, perhaps preventing it completely. Furthermore, the increased σ-donor quality of the 

trans carbene carbons is likely to have an effect upon the electronic nature of the palladium centre 

relative to the amine nitrogens of diethylenetriamine.  

 

Acetonitrile hydrolysis 

It was anticipated that the complex, [Pd(OC(NH2)Me)(dmp(NHC{Me})2)][OTf]2, represents an 

intermediate in a larger catalytic process leading to the formation of amides. Hydrolysis of acetonitrile 

to produce acetamide was established in 1976 by Firmin et al. as the first step of the biochemical 

pathway used by bacteria to decompose acetonitrile.
172

 
14

C-labelled acetonitrile was introduced to 

Pseudomonas resulting in the accumulation of labeled acetamide after 4.2 hours of incubation. Since 

then a number of reports describing the activity of transition metals as catalysts for the hydrolysis of 

organonitriles have appeared in the literature, such as [(cyclen)Co
III
(OH2)2]ClO4 

173
 and 

[Ru(terpy)(bipy)(NCCH3)]
2+

.
174

 Kostić et al., provide a detailed description of the role played by a 

[Pd(H2O)4]
2+

 complex in the hydrolysis of acetonitrile and acrylonitrile.
175

 More recently, Mao et al.
176

 

describe the mediation of a binuclear silver cryptate in this process, the progress of which was 

tracked over a three month period. 

 

A series of 
1
H NMR experiments in d6-acetone were carried out in order to probe the extent to which 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 could be active in the hydrolysis of acetonitrile to acetamide. 

The choice of solvent was dictated by the coordinating ability of the four species available in the 

reaction mixture, MeCN > H2O > acetamide > acetone.
168

 Three temperature settings were selected 

for the experiment; ambient temperature, 40°C and 50°C. 
1
H NMR samples consisting of 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 (20 mg, 1 eq.), water (10 µL, 24 eq.), acetonitrile (20 µL, 16 eq.), 
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the internal standard hexamethylbenzene and d6-acetone (0.5 mL) were monitored over a 21 day 

period. A singlet pertaining to the methyl group of acetamide was observed at δ 1.85 ppm. All spectra 

that were collected were calibrated to the hexamethylbenzene peak at δ 2.17 ppm and integrated 

using automated integral ranges common to each spectrum. Comparison of the methyl integrals for 

hexamethylbenzene, versus that for acetamide, allowed an assessment of the percent conversion of 

acetonitrile to be made over time. 

 

Meager conversions below 1% were recorded at all temperature profiles. However, the rate of 

conversion of acetonitrile into acetamide was 3.5 times faster at 50°C, and 2.0 times faster at 40°C 

compared to the rate of conversion at room temperature. The turnover frequency of the 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 catalyst was calculated at each temperature profile. Results are 

presented in Table 11 and Figure 149 below. 

 

Table 11: Results for the conversion of acetonitrile into acetamide mediated by 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 (6 mol%) after 21 days 

Temperature (°C) % Conversion of acetonitrile TOF (h
-1

) 

Room temperature 0.2% 5.0 x 10
-5
 

40°C 0.4% 1.3 x 10
-4
 

50°C 0.7% 2.1 x 10
-4
 

 

Figure 149: % Conversion of acetonitrile into acetamide (cat. = 6 mol% 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2) 
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Integrals pertaining to [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 were of equivalent intensity at the 

beginning of the experiment and after 21 days, implying long term stability of the catalyst. There was 

no sign of a [Pd(acetamide)(dmp(NHC{Me})2)][OTf]2 intermediate in the hydrolysis reaction, a fact 

which is likely due to the poor ligating ability of acetamide relative to acetonitrile.  

 

Kostić et al. proposed that internal and external attack mechanisms are viable for [Pd(H2O)4]
2+

 and 

[Pd(NCR)(en)(H2O)]
2+

 complexes, whereas only external attack is probable for their [Pd(NCR)(dien)]
2+

 

complex
175

 (refer to Figure 150). By inference, if the ligand system occupies three of the four available 

coordination sites about the metal centre, then the attack of the nitrile group of 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 most probably occurs via external solvent, as there is no 

possibility that a water molecule may coordinate directly to the metal.    

 

Figure 150: Internal vs. external nucleophilic attack of 

coordinated acetonitrile by water 

 

 

4.1.3.3 Halide and cyano substituted analogues 

 

[Pd(Cl)(dmp(NHC{Me})2)][OTf] was readily obtained with the addition of Pd(COD)Cl2 to an in situ 

solution of [Ag(dmp(NHC{Me})2)]2[OTf]2 (see Figure 151 on the following page). It was necessary to 

add excess lithium chloride towards the end of the reaction, thereby ensuring that chloride was 

available to counteract the halide scavenging tendencies of silver. The high bond enthalpy of 

formation of Ag-Cl (ΔfH°298 = -127.01 kJ mol
-1

) favours abstraction by Ag
+
OTf

-
 of chloride substituents 

attached to palladium(II). The mono-cationic complex was obtained as a white micro-crystalline solid 

by recrystallisation from dichloromethane and toluene. The material presents typical chemical shifts 

by 
1
H and 

13
C{

1
H} NMR (d6-DMSO) spectroscopy and is best distinguished from the other palladium 

NHCs discussed herein, by its methylene linkers (δ 6.20 and 5.94 ppm, 
2
JHH = 16.8 Hz) and N-methyl 

group, which resonates at δ 4.23 ppm. The carbene carbons appear at δ 175.26 ppm, the CH2 linkers 

at δ 51.02 ppm and the methyl groups at δ 34.21 ppm. ESI-MS indicates the presence of a 

coordinated chloride with a molecular ion of 510.01527 m/z [M-OTf]
+
.   

 

Figure 151: Schematic for the formation of [PdCl(dmp(NHC{Me})2)][OTf] and 

[Pd(CN)(dmp(NHC{Me})2)][OTf]  
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Chromatography was investigated as a technique for purification during early attempts to isolate 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 from the reaction mixture containing excess silver(I) oxide, 

[PdCl(dmp(NHC{Me})2)][OTf] and various by-products. Alumina was utilised as the solid support in 

conjunction with a 2.5% methanol, 0.05% acetonitrile and dichloromethane eluant. 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 decomposed on the column to elute a 1:2 mixture of 

[PdCl(dmp(NHC{Me})2)][OTf] and [Pd(CN)(dmp(NHC{Me})2)][OTf]. Infrared analysis of the fraction 

obtained revealed a distinct stretch typical for a terminally bound cyano group, indicating that one of 

the materials present in the mixture must be [Pd(CN)(dmp(NHC{Me})2)][OTf]. Similarly, analysis by 

ESI-MS indicated that the formulation was correct, yielding a molecular ion at 499.0847 m/z which 

corresponded to [Pd(CN)(dmp(NHC{Me})2)]
+
. Selective crystallisation of the chloride adduct from 

chloroform and toluene was then attempted as a means of separating the two species as the solubility 

of [PdCl(dmp(NHC{Me})2)][OTf] in chloroform was determined to be low. The mixture produced a 

single crystal suitable for analysis by X-ray diffraction study which was found to be a 1:2 co-crystallate 

of [PdCl(dmp(NHC{Me})2)][OTf] and [Pd(CN)(dmp(NHC{Me})2)][OTf]. The organic ligand fragments 

and palladium centres of both complexes map to identical positions while the respective chloride and 

cyano substituents were picked out independently and the appropriate weightings applied. The 

chloride substituent was weighted to 0.39 whereas the cyano group weighted to 0.61. The final 

structure converged with an R1 of 2.99 % and is presented on the following page.  

 

Within the crystal structure a triflate anion and one molecule of toluene is observed. Figure 152 on the 

following page depicts the complex‟s structural features (toluene has been omitted for clarity). The co-

crystallate of the two complexes demonstrates that the coordination geometry of palladium is 

approximately square planar. Both angles between the carbene carbons, palladium and the pyridyl 

nitrogen are approximately 87°. The N5-Pd bond length of 2.093(3) Å is comparable to an average 

calculated length for similar bond types from the CCDB (average Pd-Npy distance = 2.052(68) Å, 

N = 5359). Carbene bond lengths of 2.035(3) and 2.032(3) Å are closely symmetric and comparable 

to similar values reported on the CCDB (average Pd-CNHC distance = 2.006(41) Å, N = 630). The 

observed distance from the cyano carbon to the palladium atom is 1.884(10) Å, which lies within a 

range calculated for Pd-C(sp
3
) bond lengths (CCDB average Pd-C(sp

3
) distance = 2.096(123) Å, N = 

1367). The Pd-Cl bond length of 2.383(6) Å is significantly longer than similar bonds (CCDB average 

Pd-Cl distance = 2.331(5) Å, N = 3275). It is evident that upon coordination of the metal to the 

carbene carbons there is a statistically significant lengthening of the corresponding carbon to nitrogen 

bond lengths of the azole ring compared to the protonated benzimidazolium ligand. The C10-N4 

distance exhibits the biggest increase by 0.024(6) and 0.033(6) Å relative to the corresponding bonds 

in the free ligand. It is these bond lengths which appear to undergo the greatest change whilst the 

remainder of the azole ring exhibits only very slight alterations in bond length. The modification in the 

bond lengths about the carbene carbon is indicative of a reduction in π-electron delocalisation. The 

benzimidazolium cation exhibits a greater degree of electron delocalisation in the form of shorter bond 

lengths compared to the corresponding NHC.  
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Figure 152: X-Ray crystal structure for a co-crystallate of [Pd(CN)(dmp(NHC{Me})2)][OTf] and 

[PdCl(dmp(NHC{Me})2)][OTf], R1 = 2.99 %  
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In the solid state the pincer molecules pack together so that the benzimidazol-2-ylidene rings are 

positioned 3.634(3) Å apart (see Figure 153). The stacking distance was measured from the centroid 

of the neighbouring benzimidazol-2-ylidene ring. In order to determine the extent to which the 

benzimidazol-2-ylidene rings twist out of the mean plane formed by the CH2-Cpy-Npy-Cpy-CH2 atoms, it 

was necessary to calculate the centroid of the pyridine and imidazol-2-ylidene rings and to measure 

the angle formed between these rings and the intervening methylene carbon. These are 

approximately the same at 111.0(2) and 110.9(2)˚ out of the plane formed by the pyridyl ring (see 

Figure 153). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 153: Solid state characteristics of the [Pd(CN)(dmp(NHC{Me})2)][OTf] and 

[Pd(CN)(dmp(NHC{Me})2)][OTf] co-crystallate 

 

[Pd(CN)(dmp(NHC{Me})2)][OTf] was prepared independently by chloride abstraction from 

[Pd(Cl)(dmp(NHC{Me})2)][OTf] with silver triflate and with subsequent addition of potassium cyanide. 

The product was recovered in quantitative yield after recrystallisation from chloroform and toluene. 

Coordination of cyanide to palladium is indicated by ESI-MS, with a molecular ion at 499.0843 m/z 

corresponding to [Pd(CN)(dmp(NHC{Me})2)]
+
 or [M-OTf]

+
. Other diagnostic signals for the material 

include two sets of doublets at δ 6.13 and 5.58 ppm in the 
1
H NMR (CDCl3) spectrum, pertaining to 

the hydrogen atoms of the CH2 groups and the methyl signal at δ 4.26 ppm. In the 
13

C{
1
H} NMR 

spectrum of the complex the carbene carbons are detected at δ 175.84 ppm and the quaternary 

carbon of the coordinated nitrile at δ 118.71 ppm. The cyano group manifests in the infrared spectrum 

as a band at 2139 cm
-1

. This value lies directly in the 2000-2200 cm
-1
 range typically attributed to 

terminal cyano bound transition metal complexes.  
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4.1.4 Preparation of rhodium NHCs 

4.1.4.1 [Rh2Cl2(COD)2(dmp(NHC{Me})2)] 

 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)] was prepared by the addition of [Rh(COD)Cl]2 to an acetonitrile 

solution of [Ag(dmp(NHC{Me})2)]2[OTf]2, itself created in situ, and the mixture stirred at room 

temperature for one hour. Excess lithium chloride was added to the suspension and then filtered 

through celite. Purification by silica gel chromatography yielded a diastereomeric mixture of the yellow 

complex [Rh2Cl2(COD)2(dmp(NHC{Me})2)] in high yield, which could be recrystallised from 

dichloromethane and n-hexane. Separation of the diastereomers was not possible by chromatography 

or recrystallisation. 

 

Analysis of the material by infrared spectroscopy revealed signals typical for coordinated 

1,5-cyclooctadiene, with C=C bonds vibrating distinctly at 1435, 1384 and 1322 cm
-1
. Meanwhile, the 

Rh-olefin stretches appear at 486 and 437 cm
-1

. Vibrations at 1594 and 1577 cm
-1

 correspond to 

benzimidazol-2-ylidene ring stretching while the benzene CH stretch is seen as a series of sharp 

medium intensity bands at 3064, 3030, 2986, 2956, 2938, 2909, 2872 and 2829 cm
-1

.  

 

ESI-MS revealed a molecular ion at 882.1084 m/z, which is in agreement with [M+Na
+
]
+
. A second 

peak at 824.1504 m/z conforms to [M-Cl
-
]
+
. 

 

The presence of syn and anti [Rh2Cl2(COD)2(dmp(NHC{Me})2)] diastereomers is indicated in the 
1
H 

and 
13

C{
1
H} NMR spectrum (CD2Cl2) of the complex (see Figures 154 and 157 on the following pages 

for an expansion of the regions discussed). The diastereotopic methylene signals manifest as four 

sets of doublets at δ 6.33 (coincident doublets) and 6.02 and 6.00 ppm with coupling constants of 

approximately 16 Hz. A slight discrepancy is also observed in the benzimidazol-2-ylidene signal 

integrals pertaining to positions H8 and H15 as well as H5 and 12. Based upon the observed 

benzimidazol-2-ylidene 
1
H NMR integrals the ratio of syn to anti isomers is 1:2. Signals corresponding 

to the methyl groups of each diastereomer are coincident, appearing at δ 4.26 ppm. Similarly, proton 

resonances correlating to the COD substituents manifest in the same positions for both isomers. The 

HC=CH alkenyl protons of [Rh2Cl2(COD)2(dmp(NHC{Me})2)] present at δ 5.14, 3.39 and 3.19 ppm, 

upfield relative to free 1,5-cyclooctadiene, which is seen at δ 5.58 ppm (CDCl3 utilised as the NMR 

solvent for these measurements). The shift is indicative of shielding of the alkene fragment upon trans 

coordination to the carbene.  

 

The amount of torsion available about the dimethylpyridine linker governs which diastereomer is 

favoured. Steric interference should be minimised when the Rh-COD fragments are on opposing 

sides of the pyridyl ring. A related set of rhodium NHC complexes prepared by Crabtree et al. reveal 

that increasing the length of the linker from one carbon to four (n = 1/2/3/4) alters the ratio of syn to 

anti isomers. The difference in the ratio of isomers comes about due to the reduction in rotary 
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restrictions experienced by the Rh-CNHC bond (see Figure 155).
177

 When n = 1 only the syn isomer 

was obtained, whereas for n = 4 the two diastereomers were generated in a 50:50 ratio. 

 

Figure 154: Expansion of 
1
H NMR (300 MHz, CD2Cl2) spectrum for 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 155: Syn and anti isomers of [Rh2Cl2(COD)2(dmp(NHC{Me})2)] and Crabtree’s 

imidazol-2-ylidenes  
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Variable temperature 
1
H NMR (VT 

1
H NMR) was utilised in an attempt to determine the barrier to the 

rotational processes that results in interchange of the two diastereomers of 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)]. Coalescence is usually indicated by broadening of some or all 

peaks relating to nuclei affected by the exchange process on the NMR timescale. A 10 gL
-1

 solution of 

pure [Rh2Cl2(COD)2(dmp(NHC{Me})2)] in d6-DMSO produced a 
1
H NMR spectrum in which a unique 

set of pyridyl, benzimidazol-2-ylidene, methylene and methyl resonances were observed for each 

isomer. The solution was subjected to a 20 K incremental increase in temperature, starting from 

300 K and progressing to 360 K. A 
1
H NMR (300 MHz) spectrum was obtained of the material at each 

temperature interval and calibrated to the internal DMSO solvent residual that appears as a quintuplet 

at δ 2.50 ppm. An overlay of the spectra obtained at the four temperatures: 300, 320, 340 and 360 K, 

is displayed in Figure 156 on the following page. 

 

At 300 K the ratio of syn to anti isomers was measured as 1:1.3; as determined by a comparison of 

the integrals corresponding to the non-coincident benzimidazol-2-ylidene protons of each isomer. 

Evidently, the ratio of the two isomers in the respective NMR solvents of CD2Cl2 and d6-DMSO is 

susceptible to change as a result of variation in the stabilisation offered by the different solvent 

molecules. At 300 K the AB pattern corresponding to the methylene bridges was sharp (H17 and 

H23), indicating that no rotation occurs about the Rh-CNHC bond on the NMR timescale. A change in 

integrals was observed when comparing H5 and H12, and H6 and H13 for the two isomers across the 

temperature range. At 320 K the ratio of syn to anti was 1.0:1.1 and at 340 K, 1.0:0.9. The sharp 

nature of all 
1
H NMR signals at room temperature and the very slight changes to the H5 and H12 

integrals across the whole temperature range suggests that the exchange process between the 

diastereomers is very slow. At 340 K the first signs of liberation of the coordinated 1,5-COD moieties 

become evident with two peaks appearing at δ 5.93 and 5.53 ppm corresponding to the HC=CH 

fragment of free COD. At this temperature the signal to noise ratio began to decrease and peaks 

pertaining to unknown decomposition products appeared. At 360 K decomposition was virtually 

complete.  

 

In summary, the VT 
1
H NMR (300 MHz) study of [Rh2Cl2(COD)2(dmp(NHC{Me})2)] reveals that 

decomposition of the complex occurs before coalescence of its syn and anti isomers.  

 

Literature debate has ruled that there is a negligible barrier to rotation for metal-CNHC bonds and that 

any obstruction to rotation is derived solely from steric impediment.
99

 These assertions appear to be 

supported by the observations described above. The benzimidazol-2-ylidene and COD moieties 

provide two significant obstructions towards rotation of the M-CNHC carbene bond and thermal 

promotion of the exchange eventually terminates in release of COD. 
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Figure 156: Variable temperature 
1
H NMR (d6-DMSO, 

300 MHz, 300-360 K) spectra of 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)]  

 
(expansion of pyridyl, benzimidazol-2-ylidene, 

methylene and methyl regions) 

 

 

 
A double-up of signals was seen in the 

13
C{

1
H} NMR spectrum of [Rh2Cl2(COD)2(dmp(NHC{Me})2)] 

(refer to Figure 157 on the next page), supporting the presence of two isomers. The nuclear spin of 

103
Rh (I = 

1
/2) is expressed by the carbon nuclei directly coordinated to rhodium in the 

13
C{

1
H} NMR 

(CD2Cl2) spectrum of [Rh2Cl2(COD)2(dmp(NHC{Me})2)]. Both carbene carbons are observed as 

doublets at δ 197.31 and 197.25 ppm with a large coupling constant of 
1
JRh-C 50.9 Hz displayed for 

each. Similarly, the alkenyl CH elements of the η2
-COD moieties exhibit 

1
JRh-C coupling constants 

around 6 and 14 Hz, appearing as signals at δ 100.49, 100.34, 69.25, 69.11, 68.97 and 68.75 ppm. 

The former two alkenyl signals share a chemical shift not dissimilar to that for free COD (in the vicinity 

of 128 ppm in CDCl3), whereas the latter four signals are distinctive for η2
-COD coordination in a trans 

position with respect to an NHC carbon (vide infra [Ir(COD)(dmp(NHC{Me})2)][OTf]). The methylene 

linkers resonate at δ 54.01 and 53.64 ppm respectively, whereas the N-methyl signal appears at δ 

34.89 ppm. 
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Figure 157: Expansion of the 
13

C{
1
H} NMR (75 MHz, CD2Cl2) 

spectrum for [Rh2Cl2(COD)2(dmp(NHC{Me})2)] 

 

A single crystal appropriate for analysis by X-ray diffraction study 

was grown by isopiestic diffusion of n-hexane into a saturated 

chloroform solution of [Rh2Cl2(COD)2(dmp(NHC{Me})2)]. The 

resultant structure solved with a space group C2/c. All atoms 

associated with the NHC ligand as well as the rhodium and chloride atoms were refined 

anisotropically, as were the atoms associated with the void filling solvent. The material co-crystallises 

with one molecule of chloroform in the asymmetric unit. Solution of the structure was complicated by 

the fact that one chloride atom of the solvent molecule lay exactly upon an axis of symmetry, as did 

part of one of the 1,5-cyclooctadiene rings. The difficulty with the molecule of chloroform was 

overcome by applying a 0.48 weighting to the Cl2 atom in question. However, refinement of the COD 

rings was complicated by slight disorder along one rim of the ring. The following steps were taken to 

model the disordered atoms in the COD moiety. Atoms C27, C26A, C26, C25A, C25, C31A, C31, 

C32A and C32 were refined isotropically whereas atoms C28, C29 and C30 were refined with 

anisotropic displacement parameters. The rim of the COD ring framed by atoms C31, C32, C25 and 

26 were each weighted at 41% occupancy and the alternate rim framed by atoms C31A, C32A, C25A 

and 26A at 59%. Positions were fixed for atoms C25A, C25, C32A and C32, which represent the 

carbon atoms in one of the alkenyl moieties. Bond lengths between C27-C26 and C27-C26A were 

constrained to be the same. The SADI restraint was also used to equalise distances between C32-
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C31 and C32-C31A. Similar complexes reported in the literature were utilised as a reference for 

typical COD C-C connectivities in the context of rhodium NHCs.
178

 Atoms C26 and C26A were given 

equal anisotropic displacement parameters. Lastly, the position of the hydrogen atoms present in 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)] were calculated using a riding model. Due to disorder it was 

deemed inappropriate to fix hydrogen atoms to the cyclooctadiene rings.  

 

Figure 158: X-Ray crystal structure 

for [Rh2Cl2(COD)2(dmp(NHC{Me})2)], 

R1 = 8.49% 

 
 

 

 

 

 

 

Table 12: Selected bond lengths 

and angles for 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)] 
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Due to the high standard uncertainties in the connectivity list only a few bond lengths and angles are 

referenced in the following discussion. Relevant bond lengths and angles are provided in Table 12 on 

the previous page. The Rh-CNHC bond distance of 2.008(9) Å lies on the lower quartile of similar bond 

types compiled on the CCDB (mean Rh-CNHC distance = 2.03(4) Å, N = 283). Rh-COD bond distances 

trans to the chloride substituents are shorter than those bonds that are trans to the carbene carbon. 

The geometry about the metal centre is distorted square planar. 

4.1.4.2 Carbonylation of [Rh2Cl2(COD)2(dmp(NHC{Me})2)] 

 

The formation of a carbonyl derivative is often utilised to estimate the donor strength of NHCs, as 

detailed in the introductory chapter. [Rh2Cl2(COD)2(dmp(NHC{Me})2)] was carbonylated in order to 

determine the carbonyl stretches in the infrared spectrum, and in turn allow an assessment of the 

σ-donor properties of (dmp(NHC{Me})2) to be made. According to the method described by Hermann 

et al.,
179

 a degassed, dry dichloromethane solution of [Rh2Cl2(COD)2(dmp(NHC{Me})2)] was bubbled 

with carbon monoxide and with careful exclusion of air. Liberation of 1,5-cyclooctadiene was indicated 

by a colour change of the yellow solution to orange. The material was promptly worked up under 

anaerobic conditions using degassed n-pentane to remove COD. The orange solid was stable in air 

over days, but demonstrated decomposition in halogenated or DMSO solvent over a 24 hour period. 

Subsequent solid and solution state spectroscopic analysis of the material revealed incongruities in 

the number of carbonyl substituents and their mode of coordination, thus complicating structural 

characterisation. ESI mass spectrometry did not reveal any distinguishing peaks of appreciable 

intensity, presumably due to the lability of the carbonyl substituents and rapid decomposition of the 

complex during ionisation. Two structures are put forward as reasonable formulations for the 

carbonylated material and these are the tetra carbonyl species [Rh2Cl2(CO)4(dmp(NHC{Me})2)] or the 

bridged chloride species [Rh2(µ-Cl)2(CO)2(dmp(NHC{Me})2)]. Refer to Structures 1 and 2 of Figure 

159 for a diagrammatic depiction of these two formulations. 

 

Figure 159: Possible formulations for the cabonylation product of 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)] 
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The elemental analysis results (Anal. Calc. for C27H21Cl2N5O4Rh2·H2O: C, 41.67; H, 3.50; N, 9.00. 

Found: C, 41.81; H, 3.32; N, 9.02%) support the formulation [Rh2Cl2(CO)4(dmp(NHC{Me})2)]·1H2O 

(structure 1 of Figure 159), for which a molecule of water is observed in the 
1
H NMR spectrum of the 

material sent for elemental analysis. Water may have originated from the pentane solvent used during 

purification.  

 

By solid state infrared analysis the carbonylated material displays two carbonyl stretches of disparate 

intensity at 2063 and 1971 cm
-1

 (see Figure 160). Two equal intensity v(CO) bands are generally 

indicative of symmetric and asymmetric stretches of cis-oriented CO groups bound to a metal 

centre.
149

 However, the shape and intensity of the two bands coupled with their appearance at 

unusually low frequencies, suggests that unknown forces are at play within the system. Literature 

reports indicate that similar NHCs are of 

an intermediate basicity. For example, 

Herrmann discloses v(CO) bands of 

2075 and 2001 cm
-1
 for a 

1,3-dimethylbenzimidazol-2-ylidene 

rhodium(I) biscarbonyl chloride (refer to 

(D) of Figure 162).
179

 Similarly v(CO) 

bands of 2074 and 1996 cm
-1
 are 

described for a rhodium 

imidazol-2-ylidene (A, Figure 162).
180

 

The infrared stretches attained for the 

carbonylation product of 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)] imply 

that the benzimidazol-2-ylidene ligand 

rivals even the strongest donor ligands 

on record, such as 

1,3-bis(mesityl)hexahydropyrimidin-2-

ylidene (v(CO) = 2062, 1976 cm
-1

, (E) of 

Figure 162).
181

 These results are at odds 

with the anticipated donor ability of 

benzimidazol-2-ylidenes.  

 

 

Figure 160: Expansion of the 

carbonyl region of the infrared 

spectrum (FT-ATR cm
-1

) of the 

carbonylation product of 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)] 
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Factors that may reduce v(CO) stretching frequencies include: steric or electronic effects which 

lengthen the Rh-CNHC bond and thereby decrease the v(CO) stretching frequencies,
182,183

 bridging 

chloride atoms (Structure 2 of Figure 159), rearrangement into a pincer conformation with only one 

rhodium atom per mole of ligand (Structure 3 of Figure 159) or bridging C=O groups (Structure 4 of 

Figure 159). Structure 3 is eliminated on the basis of the elemental analysis result, which definitively 

indicates that the complex contains two rhodium centres. Structure 4 is not supported by the infrared 

spectrum in which signals distinctive for bridging carbonyls are absent (1900-1800 cm
-1

).
163

 The signal 

at 2063 cm
-1
 could be interpreted as a Rh-Hydride stretch, although its intensity appears inconsistent 

with this formulation. Furthermore, 
1
H NMR analysis of the material at highfield positions was carried 

out and did not reveal any hydride-type resonances.  

 

The infrared results support Structure 1, [Rh2Cl2(CO)4(dmp(NHC{Me})2)], in which it is proposed that 

the symmetric and asymmetric stretches of the carbonyl ligands are influenced by the 

dimethylpyridine nitrogen lone pair. The 
1
H NMR (d6-DMSO) spectrum of the carbonylated product 

presents broad singlets at δ 6.13 and 5.58 ppm, corresponding to the methylene protons. The 

broadness of these signals suggests that there is a decrease in rotary restriction about the Rh-CNHC 

bond compared with [Rh2Cl2(COD)2(dmp(NHC{Me})2)]. However, although it is possible to rule out a 

steric influence upon the Rh-CNHC bond, the effect exerted by the pyridine nitrogen lone pair is 

unclear.   

 

Similarly, [Rh2(µ-Cl)2(CO)2(dmp(NHC{Me})2)] (Structure 2, Figure 159) is a reasonable formulation 

for the carbonylated product. One would expect facile cleavage and reformation of the bridging 

rhodium-chloride bonds in solution, thereby allowing unrestricted rotation about the Rh-CNHC bond. 

Similarly, chloride bridges trans to Rh-CO ligands induce low v(CO) stretching frequencies. Herrmann 

reports dimerisation of (A) (see Figure 162 on the next page) to produce a chloro-bridged species with 

one carbonyl ligand per rhodium centre.
180

 The bridged chloro product (B of Figure 162) reveals a CO 

band which is shifted to the low frequency of 1959 cm
-1
. The manifestation of two v(CO) stretches in 

the carbonylation product of [Rh2Cl2(COD)2(dmp(NHC{Me})2)] could be explained by syn or anti 

isomers of [Rh2(µ-Cl)2(CO)2(dmp(NHC{Me})2)] in which the carbonyl ligands are oriented on the 

same or opposing sides. The effect of the pyridyl nitrogen upon this type of system is also unknown. 

 

In the 
13

C{
1
H} NMR spectrum of the carbonylated product the carbonyl and carbene carbon 

resonances occur as two doublets at δ 181.72 (
1
JRh-C = 71.5 Hz) and 191.24 (

1
JRh-CO = 41.2 Hz) ppm 

(see Figure 162 on the following page). Significantly, a second carbonyl resonance is not observed, 

nor does the spectrum contain any resonances which are consistent with bridged carbonyls. A large 

coupling constant of 71.5 Hz, is usually attributed to carbonyl moieties that are trans to chloride,
177

 

whereas those that are trans to an NHC and susceptible to its larger trans effect appear as doublets 

with coupling constants around 50 Hz. Broadening of the signal corresponding to the CO carbon of 

rhodium-NHCs is reported in the literature but usually relates to the carbon monoxide moiety which is 

trans to chloride.
179,184,185

 Herrmann even reports a sterically encumbered Rh(I)-NHC (F of Figure 
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162), dicarbonylchloro(bis(diisopropylamino)carbene)-

rhodium(I), with only one detected carbonyl resonance at 

δ 186.9 ppm (d, 
1
JRh-CNHC = 74 Hz).

185
 It is possible that 

dissolution of [Rh2Cl2(CO)4(dmp(NHC{Me})2)] in DMSO 

results in liberation of two molecules of CO to produce 

[Rh2Cl2(CO)2(DMSO)2(dmp(NHC{Me})2)]. A bridged 

chloride complex such as 

[Rh2(µ-Cl)2(CO)2(dmp(NHC{Me})2)] is similarly 

accessible after dissociation of CO. 

 

 

 
Figure 161: Selected quaternary carbons for 

[Rh2Cl2(CO)4(dmp(NHC{Me})2)] (
13

C{
1
H} NMR, d6-

DMSO) 

 

 

 

 
Figure 162: Examples of Rh-CNHC dicarbonyl complexes 

 

In summary, the precise formulation for the carbonylation product of 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)] has yet to be determined and requires further study. The evidence 

obtained is consistent with two possible structures and these are the tetra carbonyl species 

[Rh2Cl2(CO)4(dmp(NHC{Me})2)], or the bridged chloride species [Rh2(µ-Cl)2(CO)2(dmp(NHC{Me})2)]. 
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Both formulations present perturbations to the electronic environment of the carbonyl substituent, be it 

in the form of unquantified factors such as the donor influence of the bridging pyridyl ring or through 

the influence of bridging chloride atoms. The absent quaternary carbon in the 
13

C{
1
H} NMR spectrum 

is similarly explained by these two formulations. 

4.1.4.3 [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

 

A cyano bridged complex, [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf], was formed in small amounts 

in the same reaction mixture as [Rh2Cl2(COD)2(dmp(NHC{Me})2)]. It was possible to generate 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] independently through the abstraction of chloride from 

[Rh2Cl2(COD)2(dmp(NHC{Me})2)] using silver triflate and with the subsequent addition of one 

equivalent of potassium cyanide (see Figure 163).  

 
 

 

 

 

 

 

 

 

 

Figure 163: Preparation of [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf]  

 

Infrared analysis of [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] reveals a strong v(CN) stretching 

frequency of 2119 cm
-1
 and a v(MC) of 428 cm

-1
. The v(CN) vibrations of bridged cyano transition 

metal complexes typically appear within the range 2000-2200 cm
-1

,
163

 and demonstrate an increase in 

wavenumber when compared to terminally bound cyano. The rise in frequency is attributed to an 

increase in the σ-donor nature of the CN ligand upon N coordination, which effectively reduces the π 

contribution made by the nitrogen atom to the CN bond. Typically, v(MCN) stretching frequencies are 

observed in the 350-600 cm
-1

 range whilst δ(MCN) is seen between 350 and 500 cm
-1

. The 

benzimidazol-2-ylidene ring stretches are observed distinctly at 1596 and 1578 cm
-1

. The remaining 

signals pertaining to benzimidazol-2-ylidene lie in the same region as those for cyclooctadiene in the 

range 1340 to 1480 cm
-1

. Triflate vibrations are observed at 1266, 1030, 738, 637 and 517 cm
-1

.  

 

By ESI-MS [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] is detected as [M-(OTf)]
+
 with a mass of 

815.1810 m/z.   
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Within the 
1
H NMR spectrum of the complex the bridging diastereotopic methylene groups (H17 and 

H23) manifest as two sets of two doublets (see Figure 164). The diastereotopicity arises because of 

the implicit asymmetry of the molecule and the contrary chemical environments presented to each 

face of the ligand.  

 

Figure 164: Expansion of the 
1
H NMR (300 MHz, CDCl3) spectrum of 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

 

Two sets of the methylene signals are shifted upfield by nearly 1 ppm relative to the opposing set, and 

by about 0.5 ppm compared to [Rh2Cl2(COD)2(dmp(NHC{Me})2)]. The CH of the COD moieties for 

the μ-bridging cyano complex are displayed as a set of seven multiplets at δ 4.92-4.67, 4.26, 4.15 and 

3.59 ppm, indicating that each CH of the alkenyl fragment is in its own unique environment. The N-

methyl substituents are observed as two separate signals at 4.18 and 4.03 ppm. It was not possible to 

distinguish the asymmetric sides of the μ-cyano complex in the NMR spectra due to the lack of 

resolution available in 2D 
3
JCH cross-coupling experiments. The influence of the C versus N donor end 

of the cyano group upon the proton and carbon chemical shifts of the benzimidazol-2-ylidene and 

pyridine substituents could not be easily ascertained. 

 

In the 
13

C{
1
H} NMR spectrum of [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] the carbene carbons 

appear as two doublets at δ 194.44 (
1
JRh-C = 50.5 Hz) and 193.26 (

1
JRh-C = 50.9 Hz) ppm (see Figure 

165). As would be expected, the carbon atom of the bridging cyano group also demonstrates coupling 

to rhodium. The weak doublet of doublets at δ 149.37 displays a 
1
JRh-C coupling constant of 58.8 Hz 
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and a 
2
JRh-C coupling constant of 6.3 Hz to the second rhodium centre. The eight alkenyl protons of 

the 1,5-COD moieties similarly exhibit coupling to rhodium as eight sets of doublets, ranging between 

δ 98.01 and 73.87 ppm, with coupling constants from 6.8–12.8 Hz. Comparatively, eight singlets are 

observed for the CH2 elements of the COD ring. 

Figure 165: Expansion of the 
13

C{
1
H} NMR (75 MHz, CDCl3) spectrum of 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

 

Maitlis et al.
186

 report the synthesis of a dicationic rhodium tetrad bearing two µ-cyano groups. This 

complex serves as a useful comparison against the bridged cyano complex 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf]. [((C5Me5Rh-µ-CH2)2)2(µ-CN)2][PF6] can be prepared by 

stirring [((C5Me5Rh-µ-CH2)2)2(Me)(MeCN)][PF6] with mercury cyanide, resulting in the concomitant 

formation of highly toxic methyl mercury. The quaternary carbon of the cyanide group manifests as a 

doublet of doublets at δ 141.5 (
1
JRh-C = 72 Hz, 

2
JRh-C = 5 Hz, in d6-DMSO) ppm, demonstrating 

coupling to both rhodium centres. The stretching frequency for the cyano group was observed at 2155 

cm
-1
.  

 

 

 

 

 

 

Figure 166: A [((C5Me5Rh-µ-CH2)2)2(µ-CN)2][PF6] dicationic rhodium tetrad with two bridging 

µ-cyano groups  

Selected spectroscopic signals for 

[((C5Me5Rh-µ-CH2)2)2(µ-CN)2][PF6] 

13
C{

1
H} NMR (d6-DMSO) 

ppm 

δ 141.5 (
1
JRh-C23 = 72 Hz, 

2
JRh-C23 = 5 Hz) 

v(CN) cm
-1

 2155 

Rh-C23 (Å) 2.020(13) 
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Slow vapour diffusion of n-hexane into a saturated dichloromethane solution of the complex yielded a 

single crystal suitable for an X-ray diffraction determination. The complex crystallises in space group 

Pn as two independent molecules of [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)]
+
 with their accompanying 

counter-triflate anions. A single molecule of dichloromethane is incorporated into the unit cell. 

Unfortunately, it was not possible to resolve the data below R1 = 7.83 % due to crystal twinning 

(indicated by a β angle close to 90° in the unit cell dimensions) and inherent disorder within the 

benzene portion of the benzimidazol-2-ylidene rings and one of the triflate anions. All atoms apart 

from the two rhodium centres were refined isotropically. Disorder within the structure was modelled in 

the following manner. The planarity of two of the four benzimidazol-2-ylidene rings was restrained and 

the bond lengths of three of the rings restrained to be the same. It was necessary to apply equal 

ADPs to all of the benzene rings. The position of hydrogen atoms were calculated for all suitable 

atoms, with the exception of the benzimidazol-2-ylidene rings, using a riding model.  

 

The solution obtained allowed for visual confirmation of the nature of the material, whilst also 

disclosing several interesting structural features for comment (see Figure 167 on the following page). 

Each molecule contains two rhodium centres occupying essentially square planar coordination 

spheres. Each carbene bond is positioned trans to one of the 1,5-cyclooctadiene olefins while the 

bridging cyanide occupies a trans position relative to the remaining olefin. The two rhodium centres 

are separated by 5.200(2) and 5.235(2) Å. It is evident that in the solid state the bridging pyridine ring 

of dmp(NHC{Me})2 may occupy one of two positions. Two isomers are apparent in the unit cell, one 

in which the pyridyl ring is oriented roughly parallel with respect to the Rh-CNHC bonds, effectively 

capping one complete face of the molecule and lying 3.49(2) Å above the cyanide group. In the other 

isomer the pyridyl group is aligned approximately perpendicular with respect to the Rh-CNHC bonds 

(see Figure 167). Whether this particular „capped‟ structural feature survives in solution is unlikely, 

considering that only one species is observed by NMR spectroscopic analysis. However, should the 

„capped‟ isomer exist in solution, even in a transitory fashion, it could satisfy a dual role in catalytic 

processes. It may regulate the approach of substrates to a particular face of the catalyst whilst also 

protecting the Rh-CNHC bond from decomposition. 

 

Attempts to isolate a rhodium pincer analogous to [Ir(COD)(dmp(NHC{Me})2)][OTf] (vide infra.) were 

unsuccessful, suggesting a preference of the tridentate ligand binding pocket for iridium(I) over 

rhodium(I).  
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Figure 167: X-ray crystal structure 

of the two isomers of 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)]

[OTf] which appear in the solid 

state, R1 = 7.83%  

 

(solvent molecule and triflate 

anions omitted for clarity) 

 

 

 

 

 

4.1.5 Preparation of iridium carbenes 

4.1.5.1 [Ir(COD)(dmp(NHC{Me})2)][OTf] 

 

[Ir(COD)(dmp(NHC{Me})2)][OTf] was prepared by the addition of [Ir(COD)Cl]2 to an acetonitrile 

solution of [Ag(dmp(NHC{Me})2)]2[OTf]2, itself created in situ (see Figure 168 below). Interestingly, 

even when one equivalent of [Ir(COD)Cl]2 was supplied, the major product was still 

[Ir(COD)(dmp(NHC{Me})2)][OTf]. Purification was carried out via column chromatography on silica 

gel and the material recrystallised from a solution of dichloromethane and ethanol.  
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Figure 168: Scheme for the formation of [Ir(COD)(dmp(NHC{Me})2)][OTf] 

 

By ESI-MS molecular ions at 666.2448 m/z and 668.2360 m/z, corresponding to C31H33
191

IrN5
+
 and 

C31H33
193

IrN5
+
, were observed. These are attributed to the cationic fragment 

[Ir(COD)(dmp(NHC{Me})2)]
+
.  

 

Infrared spectroscopy of the material revealed vibrations distinctive for the triflate anion and these 

were seen at 1255, 1029, 739, 634 and 516 cm
-1

. The benzimidazol-2-ylidene CH ring stretches, 

around 3063 cm
-1

, are broadened relative to the free ligand and the other novel metal NHCs reported 

in this thesis. Benzimidazol-2-ylidene ring stretches occur in the usual position at 1603 and 1577 cm
-1
, 

with the remainder of these signals vibrating at similar energies relative to the coordinated COD, 

between 1327 and 1482 cm
-1

. The iridium-olefin vibration is seen at 432 cm
-1

. 

 

Analysis of the material by 
1
H NMR (d6-DMSO) spectroscopy reveals characteristic pyridyl and 

benzimidazol-2-ylidene signals. However, there is a 0.75 ppm disparity in the chemical shifts for the 

diastereotopic methylene protons compared to the other metal NHCs reported here, appearing at 

δ 6.05 and 5.31 (d, 
2
JHH = 15 Hz, 4H, CH2, H17 and H23). NOESY through space correlation 

experiments optimised at 600 ms revealed that the doublet at δ 5.31 ppm correlates with the broad 

CH singlet of coordinated 1,5-cyclooctadiene, therefore allowing unquestionable assignment of these 

protons as those co-habiting the face of the molecule occupied by cyclooctadiene. These protons are 

referred to as H17a and H23a. On the opposing face of the molecule the H17b and H23b protons are 

observed to engage in through space correlation with the meta pyridyl protons (H19 and H21). 

Similarly, the H5 and 12 protons of the benzimidazol-2-ylidene ring participate in through space 

correlation with the methyl protons at δ 4.26 ppm. The cyclooctadiene CH protons are shifted upfield 

to 3.30 ppm relative to free COD as a result of the increased electron density provided by the metal 

centre.  
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Figure 169: NOESY (mixing time of 600 ms) of [Ir(COD)(dmp(NHC{Me})2)][OTf] demonstrating 

through space correlation of the bridging methylene protons 

 

The 
13

C{
1
H} NMR of [Ir(COD)(dmp(NHC{Me})2)][OTf] presents a single resonance for the carbene 

carbons at δ 184.11 ppm whilst the pyridyl quaternary carbon resonance is seen at δ 157.20 ppm. All 

other signals are observed in characteristic positions with the pyridyl CHs residing at δ 139.68 and 

123.87 ppm and the benzimidazol-2-ylidene CHs lying between δ 110 and 135 ppm. The methylene 

carbons are observed as a singlet at δ 51.99 ppm. Significantly, the 1,5-cyclooctadiene CH carbons 

which appear at δ 128.09 ppm in the uncoordinated diene, shift upfield to δ 59.89 ppm upon 

coordination to iridium(I) in the pincer complex. A shift from δ 27.43 to 39.95 ppm is similarly observed 

for the CH2 protons upon incorporation of iridium(I) into the NHC ligand.  

 

[Ir(COD)(dmp(NHC{Me})2)][OTf] displays similar spectroscopic properties compared to other pincer 

NHC complexes described in the literature, although it exhibits remarkable symmetry that is not 

apparent elsewhere. The compound displays perfect symmetry, even through its coordinated 1,5-

COD. An iridium pincer complex bearing a bisbenzimidazol-2-ylidene ligand system bridged by an 

ethanoanthracene backbone was reported by Veige et al. in 2009 (Figure 170).
187

 This material 

displays a greater range of signals for its coordinated COD CH moiety, with 
1
H NMR (CDCl3) signals 

ranging from δ 4.67 to 2.74 ppm and 
13

C{
1
H} NMR signals over the span δ 85.6 to 69.2 ppm. The 

encroachment of the bulky N-isopropyl substituents undoubtedly influences the chemical environment 
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about the coordinated COD in different ways, producing four distinct COD CH 

environments. The carbene carbon signals for this material are similar to that 

of [Ir(COD)(dmp(NHC{Me})2)][OTf] at δ 188.1 and 183.8 ppm.  

 

 

Figure 170: [((DEAM)-IBY)Ir(COD)]
+
 (A), a bisbenzimidazol-2-ylidene 

pincer complex 

 

 

Yellow-orange crystals of the pincer complex [Ir(COD)(dmp(NHC{Me})2)][OTf] were grown by slow 

diffusion of ethanol into a dichloromethane solution of the cation. The crystals were found to be 

appropriate for analysis by X-ray diffraction study. [Ir(COD)(dmp(NHC{Me})2)][OTf] crystallises in a 

monoclinic crystal system with space group P 21/n. The asymmetric unit contains one triflate, an 

accompanying cationic pincer and one molecule of ethanol. Four of the pincer molecules are found 

within the unit cell. A visual depiction of the solid state structure for the compound is provided in 

Figures 171, 172 and 173.  

 

Several steps were taken in order to achieve the crystallographic solution displayed below, and these 

include a SQUEEZE operation to remove the disordered ethanol. Disorder within the triflate counter-

anion was modeled over two positions of weightings 0.37 and 0.63 respectively. It was necessary to 

fix the positions of the atoms corresponding to triflate and to equalise their anisotropic displacement 

parameters. A soft (SIMU) restraint was placed on the C32 and C32A atoms, allowing them to adopt 

similar Uij parameters. The major triflate contributor was refined anisotropically, except for atom C32, 

for which an isotropic thermal parameter was required due to the locality of the second disordered 

triflate. Isotropic refinement was similarly carried out for the lower-weighted triflate. Unfortunately, it 

was not possible to refine the S1A-C32A distance to an appropriate distance due to the inherent 

disorder within the triflate anion. One of the benzimidazol-2-ylidene arms of the pincer exhibits a 

positional shift and has been modeled with 0.46 and 0.54 occupancies. The lesser fragment is 

distinguished in the atom labeling with the suffix A. The two ring systems and their N-methyl groups 

were refined isotropically. The position of hydrogen atoms were calculated using a riding model, 

which in the instance of the C23 methylene protons, required that the position of hydrogen atoms be 

calculated on the basis of the C22, C23 and N4 connectivity. 
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Figure 171: X-ray crystal structure for [Ir(COD)(dmp(NHC{Me})2)][OTf] R1 = 4.9%, view from the 

pincer carbene face (counter-anion omitted for clarity) 

 

Figure 172: X-ray crystal structure for [Ir(COD)(dmp(NHC{Me})2)][OTf] R1 = 4.9%, view from 

the 1,5-cyclooctadiene occupied face (counter-anion omitted for clarity) 
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Within the crystal packing the benzimidazol-2-ylidene rings stack 3.505(5) Å apart. The COD ligands 

are oriented so as to fit within the bowl formed by the dmp(NHC{Me})2 pincer ligand above (at a 

distance of 4.717(5) Å from the iridium centre). See Figure 173 below for a visual depiction of these 

intermolecular interactions. An Ir-N5py „bond‟ is displayed, arising as an artifact of the Mercury and 

ORTEP viewing programs.  

 

Figure 173: Intermolecular crystal packing interactions for [Ir(COD)(dmp(NHC{Me})2)][OTf]: (A) 

the unit cell, (B) viewed along the (-1 16 9) Miller plane 

 

The benzimidazol-2-ylidene rings are forcibly tethered to iridium(I), forming a bowl shape with an apex 

angle of 109.7(5)° (Figure 174, measured from the calculated centroids of each azole ring through the 

iridium centre). Unlike the spatial arrangement observed for the palladium pincer NHCs described in 

this thesis, the methylene linkers lock to the same side of the acyclic ligand within 

[Ir(COD)(dmp(NHC{Me})2)][OTf].  

 

Figure 174: Cone angle exhibited by 

dmp(NHC{Me})2 upon coordination to iridium(I) 

 

In the complex the iridium(I) centre adopts 

distorted square planar geometry. The nitrogen 

atom of the pyridyl ring forms a close approach 

with iridium(I) at a distance of 2.318(6) Å. This 

distance is approximately 0.22 Å longer than the 

average Ir(I)-Npy bond distances calculated for 

bonds of this type which are compiled on the 

CCDB (average Ir-Npy = 2.096(63) Å, N = 1269,). Ir(I)-Npy distances as long as 2.32 Å have been 

reported, generally arising due to the steric influence of ancillary ligands or trans ligands. For 

example, a tridentate tris(pyridyl) amine complex of iridium(I) (species 2
+
 depicted in Figure 175) 

exhibits an Ir-Npy bond length of 2.219(6) Å when the trans ligand is an η2
 bound molecule of 
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ethene.
188

 When this material is chemically oxidised with ferrocenium hexafluorophosphate and 

exposed to coordinating solvents such as acetonitrile, the ethene fragment undergoes a radical-

induced transformation to yield a dimer bridged by ethylene. This species presents a coordinating 

carbon atom with increased sp
3
 character. The augmented p character of the ethylene carbon atom is 

believed to exercise a greater trans influence on the trans Ir-Npy bond, increasing its length to 2.257(5) 

Å (4
4+

), and as much as 2.281(3) Å (5
2+

) where the acetonitrile ligands are exchanged for halides. 

Similarly, Ir-Ir bonds have been observed to induce the same trans effect in dimeric 

Di(pyridinephthalocyaninato(2-)-iridium(II)) [(Irpc
2-

)2] (Figure 175).
189

  

 

 

 

 

 

 

 

 

 

Figure 175: Examples of 

the influence of mutually 

trans ligands and steric 

influence upon Ir-Npy bond 

distances 

 

 

 

 

 

 

 

 

 

The longest literature reported Ir-Npy bond (2.32 Å) is contained within a dimeric species, 

Ir2(µ-CO)(CO)2L2][BF4]2 (L = bis(diphenylphosphino)methyl pyridine), which is reported by Pignolet et 

al. The length of the bond was attributed to steric repulsion between the pyridyl ring and other 

substituents within the ligand (Figure 175).
190

  

 

Based on the limited literature precedent it appears that the Ir-Npy distance within 

[Ir(COD)(dmp(NHC{Me})2)][OTf] should be interpreted as a close approach. In the absence of strong 

trans-labilising ligands a long Ir-Npy bond could only come about due to severe steric constraints 

exerted by the dmp(NHC{Me})2 pincer ligand.    
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Within [Ir(COD)(dmp(NHC{Me})2)][OTf] the Ir-CNHC bond distances of 2.093(7) Å (C3-Ir), 2.044(13) Å 

(C10-Ir) and 2.052(15) Å (C(10A)-Ir) are comparable to an average calculated on the CCDB (average 

Ir-CNHC distance 2.035(38) Å, N = 213). Veige‟s iridium pincer (depicted in Figure 170) exhibits 

comparable Ir-CNHC bond distances of 2.056(9) and 2.081(10) Å, as well as long Ir-CCOD bond 

distances trans to the Ir-CNHC bonds (2.228(11) Å and 2.229(10) Å). In 

[Ir(COD)(dmp(NHC{Me})2)][OTf] the bonds between the COD alkenyl carbons and iridium which are 

placed trans with respect to C3NHC are reasonably short. The C25-Ir bond, which is trans with respect 

to the pyridyl nitrogen, represents the shortest of the two Ir-CCOD bonds at 2.078(7) Å. Selected bond 

lengths and angles are tabulated 

in Table 13 below.  

 

 

 

 

 

 

 
 
 

 

Table 13: Selected bond lengths 

and angles for 

[Ir(COD)(dmp(NHC{Me})2)][OTf]  

 

(Bond lengths and angles within 

the metal coordination sphere 

are highlighted in pink boxes) 
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4.1.5.2 [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] is generated in small amounts in tandem with 

[Ir(COD)(dmp(NHC{Me})2)][OTf]. However, it was found that the yield of this material could be 

increased to 30 % through the addition of seven equivalents of potassium cyanide to crude 

[Ag(dmp(NHC{Me})2)]2[OTf]2, followed by transmetalation with [Ir(COD)Cl]2 (see Figure 176). 

Formation of the µ-cyano adduct in any great yield was hampered by preferential formation of the 

pincer complex, [Ir(COD)(dmp(NHC{Me})2)][OTf]. The material crystallised from dichloromethane 

and toluene to yield vivid orange crystals large enough for analysis by X-ray diffraction study. 

Unfortunately, these were found to be twinned and could not be solved due to the low intensity of the 

data obtained.  

 

Figure 176: Preparation of [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

 

The material was further characterised by ESI-MS and revealed a single molecular ion corresponding 

to [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)]
+
 which reflected combinations of the two natural isotopes of 

iridium (
191

Ir and 
193

Ir) in the structure. [
191

Ir2Ir(µ-CN)(COD)2(dmp(NHC{Me})2)]
+
 is observed as a low 

intensity cluster at 991.2890 m/z, [
191

Ir
193

Ir(µ-CN)(COD)2(dmp(NHC{Me})2)]
+
 at 993.2964 m/z and 

[
193

Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)]
+
 at 995.2985 m/z.  

 

Analysis by infrared spectroscopy reveals a sharp peak corresponding to the bridging cyano group at 

2122 cm
-1 

and a vibration associated with v(MC) at 430 cm
-1
. The stretching frequency of the 

coordinated double bonds of 1,5-cyclooctadiene are observed at 1466 cm
-1

 and the Ir-olefin stretches 

occur at 468 and 451 cm
-1

. Other signals pertaining to benzimidazol-2-ylidene and triflate are similar 

to those previously described. 

 

Characterisation of [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] by 
1
H NMR spectroscopy (CDCl3) 

reveals a similar distribution of signals compared to the rhodium µ-cyano analogue, with the notable 

exception that all signals arising from COD and the N-methyl groups are shifted slightly upfield. 

Stretches resulting from the eight separate COD CH protons are displayed as multiplets at 

δ 4.43-4.28, 4.09, 3.90, 3.41 and 3.24. The methyl groups appear as two distinct peaks at δ 4.05 and 

3.90 ppm. Signals pertaining to the diastereotopic methylene bridges present as four sets of doublets 

at δ 6.18, 5.97, 5.24 and 5.23 and demonstrate coupling to one another at a frequency of 15.7 Hz. 
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NOESY through space correlation experiments optimised at 600 ms indicate that the doublets at 

δ 6.178 and 5.965 ppm (dubbed H17a and H23a) engage in through space correlations with two of the 

COD-CH resonances at δ 3.24 and 3.90 ppm. Similarly, through space correlation is demonstrated 

between the meta pyridyl protons (H19 and H21) at δ 7.52 and 7.46 ppm and the doublets at δ 5.24 

and 5.23 ppm, leading to the designation of these signals as H17b and H23b. Similarly, H17b And 

H23b demonstrate through space correlations to H8 and H15 of the benzimidazole-2-ylidene protons, 

providing further evidence for their position on the face of the molecule that is not occupied by 

cyclooctadiene. 

 

Figure 177: NOESY (mixing time of 600 ms) of [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

demonstrating through space correlation of the bridging methylene protons 

 

The triflate counter-anion manifests as a singlet at δ -79.06 ppm in the 
19

F NMR spectrum (CDCl3) of 

the complex. In the 
13

C{
1
H} NMR spectrum (CDCl3) of [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] (see 

Figure 178) the carbene carbons appear as distinct singlets in the downfield positions of δ 188.35 and 

188.25 ppm, whereas the quaternary carbon of the bridging cyanide presents as a singlet at 

δ 147.00 ppm. These signals lie slightly upfield relative to the equivalent signals of the rhodium-cyano 

analogue, [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf]. There are marked differences between the 

COD-CH carbon signals arising from the two complexes, the iridium-cyano complex demonstrating a 

roughly 10 ppm shift upfield in comparison.    
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Figure 178: Expansion of the quaternary carbon region of the 
13

C{
1
H} NMR spectrum (CDCl3) 

for [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

 

 

 

Figure 179: Overlay of the 
13

C{
1
H} NMR (CDCl3) COD-CH regions for 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] and [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

4.1.5.3 Carbonylation product of [Ir(COD)(dmp(NHC{Me})2)][OTf] 

 

A material tentatively formulated as [Ir(CO)(COD)(dmp(NHC{Me})2)][OTf] was prepared in 

quantitative yield by bubbling a degassed dichloromethane solution of 

[Ir(COD)(dmp(NHC{Me})2)][OTf] with carbon monoxide for half an hour (see Figure 180 on the 

following page). After removal of all the solvent from the reaction mixture the resultant yellow solid 
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was washed with degassed n-pentane. The material was found to be stable as a solid, but in solution 

the CO ligand rapidly dissociated and the starting material was generated once more. The rapid 

reassociation of COD is attributed to the fact that the COD ligand remains coordinated to the iridium(I) 

centre in a monodentate fashion during carbonylation.  

 

 

 

 

 

 

 

 

Figure 180: Scheme for the reversible formation of [Ir(CO)(COD)(dmp(NHC{Me})2)][OTf] 

 

The 
13

C{
1
H} NMR spectrum (CDCl3) of [Ir(CO)(COD)(dmp(NHC{Me})2)][OTf] does not contain a 

signal which corresponds to CO. Similarly, degassed or cooled (0°C) CDCl3 solutions of the material 

reveal instantaneous dissociation of CO to form [Ir(COD)(dmp(NHC{Me})2)][OTf]. Regrettably, it was 

not possible to characterise the compound by NMR spectroscopy due to the instantaneous liberation 

of carbon monoxide which occurred upon dissolution of the solid in solution.  

 

ESI-MS of the material dissolved in dichloromethane reveals a molecular ion for 

[Ir(COD)(dmp(NHC{Me})2)]
+
 at 668.2334 m/z, with no sign of any coordinated carbon monoxide.  

 

The infrared spectrum of the freshly prepared yellow solid reveals a broad signal at 1981 cm
-1

, which 

is associated with a v(CO) stretch. Other signals of note include stretches corresponding to triflate at 

1254, 1028, 634 and 516 cm
-1
, as well as bands at 1327, 1388 and 1438 cm

-1
 which are associated 

with 1,5-cyclooctadiene. The Ir-olefin stretch is seen at 435 cm
-1
. 

4.1.6 The origins of CN– in reaction mixtures of [dmp(NHC{Me})2][OTf]2 and Ag2O 

 

Rhodium(I) and Iridium(I) NHCs generated from the reaction of [Rh(COD)Cl]2 or [Ir(COD)Cl]2 with 

[Ag(dmp(NHC{Me})2)]2[OTf]2 undergo halide abstraction due to the presence of excess Ag
+
. Without 

the addition of excess lithium chloride it was found that low percentages of 

Rh2Cl2(COD)2(dmp(NHC{Me})2) were attained. It was only upon the addition of 10 equivalents of 

lithium chloride, relative to the rhodium dimer, that a 74% yield of Rh2Cl2(COD)2(dmp(NHC{Me})2) 

was isolated.  

 

As formerly described, these transmetalation reactions yielded small amounts of cationic products 

composed of dimeric metal NHCs bridged by cyano substituents. In the case of the iridium 

transmetalation reactions, [Ir(COD)(dmp(NHC{Me})2)][OTf] was formed as the major product along 
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with a small amount of [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf]. The ratio of these two products was 

10:1 respectively. Similarly, transmetalation of [Ag(dmp(NHC{Me})2)]2[OTf]2 with [Rh(COD)Cl]2 

produced Rh2Cl2(COD)2(dmp(NHC{Me})2) and [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] in an 8:1 

ratio. The presence of these interesting bridged cyano complexes prompted consideration of the 

origin of free cyanide in the reaction mixtures. Possible cyanide sources include; decomposition 

products of the benzimidazolium moiety, the acetonitrile solvent used in transmetalation, purification 

by chromatography and AgCN generated from reaction of Ag2O with acetonitrile. The following 

discussion systematically analyses the likelihood of cyanide generation by these methods.  

 

Altering the solvent used in transmetalation reactions from acetonitrile to DMSO was considered a 

fitting test for the role of ligand decomposition products in the formation of the µ-cyano species. 

[Ag(dmp(NHC{Me})2)]2[OTf]2 proved stable enough in hygroscopic d6-DMSO to allow analysis of a 

transmetalation reaction by 
1
H-NMR spectroscopy. [Ir(COD)Cl]2 was added to freshly prepared 

[Ag(dmp(NHC{Me})2)]2[OTf]2 in a flask protected from light and under a nitrogen atmosphere, 

followed by d6-DMSO. The mixture was stirred at room temperature for 10 minutes before rapid 

filtration through a celite plug and transferral to an NMR tube. A 
1
H NMR spectrum was obtained 

immediately and displayed a spectrum corresponding to the formation of 

[Ir(COD)(dmp(NHC{Me})2)][OTf] and [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] in a ratio of 17:1. 

Decomposition of both metal NHCs contained in the NMR sample was observed over the proceeding 

24 hours. However, the ratio of the two materials in solution remained the same with respect to one 

another throughout this period. As this particular transmetalation reaction was not exposed to any 

acetonitrile, cyanide must be generated as a result of trace decomposition of the bisbenzimidazolium 

complex over the 24 hour reflux period in 1,2-dichloroethane and in the presence of excess Ag2O. 

Any cyanide produced would readily complex with free Ag
+
 in the reaction mixture to form AgCN, 

which is itself a source for CN
-
.  

 

The mechanism by which [(dmp(bzim{Me})2)]2[OTf]2 decomposes to produce cyanide is unknown 

but may include steps such as azole hydrolysis and silver catalysed C-N or C-C activation. The acidic 

benzimidazolium proton is susceptible to attack by base, and is necessarily removed in the formation 

of [Ag(dmp(NHC{Me})2)]2[OTf]2. It may be that removal of the proton is the first step towards the 

unraveling of the azole ring. From either the free NHC or Ag-NHC the most likely scenario for ring-

opening of the azole ring under the conditions described would be hydrolysis due to adventitious 

water. Partial hydrolysis of SIPr is reported by Denk et al. (see Figure 181).
191,192

 The authors found 

that the effects of hydrolysis could be mitigated by using a strong base for deprotonation of the 

imidazol-2-ylidene in the presence of molecular sieves.  
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Figure 181: Partial hydrolysis of SIPr.HCl 

 

Hydrolysis of benzimidazolium would yield a ring-opened system bearing formamide and amine 

functional groups (a simplified mechanism is depicted in Figure 182). The acidity of the 

benzimidazolium cation is deemed to be intermediary between imidazolinium and imidazolium 

cations, therefore hydrolysis is a feasible occurrence for this system. Furthermore, the crude 

[Ag(dmp(NHC{Me})2)]2[OTf]2 mixture was found to produce a low intensity signal at 404 m/z by ESI-

MS, which corresponds by mass to the hydrolysis product of [(dmp(NHC{Me})2)]2[OTf]2 (Calc for 

[M+H]
+
 C23H26N5O2

+
: 404 m/z; Found: 404 m/z). 

 

Figure 182: Mechanism for the hydrolysis of the azole ring of benzimidazolium within 

[(dmp(NHC{Me})2)]2[OTf]2 

 

Subsequent transformation of formamide could be mediated by silver(I) in the reaction medium. 

Reduction of silver(I) by formamide is known to occur spontaneously at room temperature and without 

the incorporation of additives
193

 (Equation 1, Figure 183). Upon prolonged contact of formamide with 

silver(I), NH3, CO2 and H2 were detected as products of the reduction reaction. By comparison, 

substituted formamides convert to dimethylamine. For example, Vaska et al. described the reduction 

of N,N‟-dimethylformamide by a platinum(0) cluster in the presence of water at 100 °C and at 

atmospheric pressure, yielding dimethylamine, CO2 and H2 
194

 (Equation 2, Figure 183). Similarly, 

Baswani et al. describe oxidation of DMF to dimethylamine using aquosilver(II) ions in weakly acidic 

aqueous perchlorate at 10 °C (Equation 3, Figure 183).
195
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Figure 183: Transformations of formamide and N,N’-dimethylformamide 

 

In the case of [(dmp(NHC{Me})2)]2[OTf]2 the secondary amine is substituted with a phenyl and a 

methyl group. No literature precedent is provided for generation of cyanide from a secondary amine 

under the experimental conditions described, therefore it is inappropriate to speculate further as to 

mechanistic details for this transformation. Further study is required in order to determine the origin of 

cyanide arising from decomposition of the azole ring under the stated reaction conditions. 

 

In summary, it appears that the source of free cyanide in the transmetalation reaction mixtures is an 

as yet undetermined azole decomposition process. Work-up of [Ag(dmp(NHC{Me})2)]2[OTf]2 involves 

removal of all 1,2-dichloroethane under reduced pressure, leading to evaporation of materials of high 

volatility, such as free hydrogen cyanide. Therefore it is proposed that the cyanide is retained in the 

reaction mixture, to some extent, by silver trapping to form silver(I) cyanide. The precise method for 

the degradation of benzimidazolium cation or benzimidazole-2-ylidene is not currently known, but may 

involve hydrolytic ring-opening of the azole ring.  

4.1.6.1 Alternative sources for cyanide: literature precedent for the generation of cyanide 
from azolium, transition metal NHCs and acetonitrile 

 

Thermolytic degradation of azolium and acetonitrile: 

 

Thermolytic processes are known to break down azole rings, although large energy barriers are 

usually involved. Temperatures in excess of 225°C are necessary for the thermolytic decomposition of 

benzimidazole into volatile products (the identity of which are not described).
196

 N-H and C-H 

cleavage are conventionally considered as the pathways for decomposition of the azolium ring with 

bond dissociation energies of 96-116 and 117-124 kcalmol
-1

 respectively. Similarly, the primary 

product of pyrolysis or combustion of acetonitrile (at ~500 °C) is hydrogen cyanide.
197

 The 

temperature profiles described clearly preclude thermolytic decomposition of 

[(dmp(NHC{Me})2)]2[OTf]2 to produce cyanide.  
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Oxidative addition of C-CN: 

 

The C-CN bond dissociation energy of acetonitrile
198

 is documented as 122.4 kJmol
-1

. The literature 

indicates that C-CN bond cleavage can in some instances be mediated by low valent group 10 

elements, such as nickel(0) and platinum(0) - although other metals such as iron, molybdenum and 

copper have demonstrated similar activity. For example, oxidative addition of the C-CN bond across 

nickel(0) has been observed by Jones et al. 
199

 for a Ni(0) diphosphine complex (see Figure 184).  

 

 

 

 

Figure 184: Oxidative addition of 

a C-CN bond across Ni(0) 

 

 

 

 

Solvothermal reaction conditions in the presence of acetonitrile: 

 

It was considered possible that CN
-
 is sourced from silver cyanide, which may be generated in the 

reaction mixture when [Ag(dmp(NHC{Me})2)]2 is stirred in acetonitrile in the presence of excess Ag2O 

at room temperature. Zheng et al.
200

 reported C-C bond cleavage of acetonitrile when silver nitrate 

and phosphonic acids were reacted together under solvothermal conditions (120°C). See Figure 185 

below. The product contained one pyrophenylphosphonate ligand (ppp
2-

) and three silver atoms, the 

[Ag3(ppp)]
+
 units stacked together in columns inter-connected by μ2-CN

-
 linker groups. Through 

careful observation they noted that a white intermediary powder formed prior to the white crystalline 

product. This material was isolated, analysed and found to be silver cyanide. Independently it was 

found that AgCN could be generated when AgNO3 and acetonitrile were heated together at 120°C 

and under pressure for 48 hours. The cleaved methyl group was presumed to react with water 

generated by the condensation of two equivalents of monophosphonic acid to form methanol. Silver(I) 

plays a vital role in the condensation step, although its exact function remains unknown. 

 

 

 

 

 

 

 

Figure 185: C-C bond cleavage of acetonitrile mediated by silver nitrate 
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C-C bond cleavage of acetonitrile mediated by base and a metal 

 

A report by Zou et al. suggests that anion redistribution processes are important for silver NHCs and 

may be sourced from solvent molecules.
201

 C-C bond cleavage of dichloromethane or acetonitrile 

occurred to yield chloride and cyanide respectively. Ag-NHCs containing AgCl2
-
 or Ag(CN)2

-
 fragments 

were isolated. In particular, a N,N‟-dibutylbenzimidazol-2-ylidene silver cyanide complex was 

prepared from N,N‟-dibutylbenzimidazolium iodide and Ag2O in acetonitrile solvent under ambient 

conditions (Figure 186). The mechanism for C-C bond cleavage is not divulged. 

 

Figure 186: Acetonitrile as a source for cyanide under ambient conditions 

 

Similarly, Liu et al. describe C-CN bond cleavage of acetonitrile mediated by H
-
 from sodium hydride 

and M(II) (M = Ni/ Pd/ Pt), to form a biscyano bisimidazol-2-ylidene complex (refer to Figure 186).
202
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4.2 Conclusions 

   

Several acyclic transition metal complexes containing the [dmp(bzim{Me})2]
2+

 motif, were 

synthesised and characterised. NHC complexes of rhodium(I), iridium(I) and palladium(II) were 

produced via the [Ag(dmp(NHC{Me})2)]2[OTf]2 intermediate, which could be generated in situ. 

 

Palladium pincer complexes of the acyclic NHCs demonstrate interesting solid state characteristics in 

the form of twisting of the methylene linker groups between the pyridine and the 

benzimidazol-2-ylidene moieties. Acetonitrile hydrolysis mediated by 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 was identified after the isolation of a single crystal of 

[Pd(OC(NH2)Me)(dmp(NHC{Me})2)][OTf]2 which was crystallographically verified. 

 

Unusual dimeric rhodium(I) and iridium(I) complexes of the type 

[M2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] were isolated. These materials contain a bridging cyano 

group, which is believed to arise from silver and water mediated ligand decomposition processes. An 

iridium(I) pincer complex, [Ir(COD)(dmp(NHC{Me})2)][OTf] was similarly prepared. A carbonyl 

derivative of Rh2Cl2(COD)2(dmp(NHC{Me})2) presents an unusually low carbonyl stretching 

frequency which is believed to come about due to steric perturbation of the OC-Rh-CNHC environment. 

While the carbonylation product of Rh2Cl2(COD)4(dmp(NHC{Me})2) exhibits CO stretches which 

suggest uncharacteristically strong donor strength of the benzimidazol-2-ylidene groups, 

[Ir(CO)(COD)(dmp(NHC{Me})2)][OTf] spontaneously liberates CO upon dissolution.  
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4.3 Experimental 

 

2,6-dibromomethyl pyridine (dmpBr2) was prepared from 2,6-dihydroxymethyl pyridine (dmp(OH)2) 

and neat hydrobromic acid according to the published method.
159

  

 

2,6-dibenzimidazole methyl pyridine (dmp(bzim)2) was prepared according to the method by Shi and 

Thummel.
203

 

 

[dmp(bzim{Me})2][OTf]2 

 

To a dry 50 mL Schlenck equipped with stirrer bar and rubber septum was added dmp(bzim)2 (100 

mg, 1 eq.). Dichloromethane (10 mL, dried with a commercial solvent purifier) was added to the flask. 

Methyl triflate (100 μL, 3 eq.) was added to the pale yellow solution in a drop-wise fashion. The 

solution rapidly decolourised and was permitted to stir at room temperature and under nitrogen for two 

hours. Analytical grade ethanol (5 mL, not dried) was then added to the solution to react traces of 

methyl triflate and the mixture stirred at room temperature and under nitrogen for 15 minutes. All 

solvent was then removed under vacuum. The resultant white solid residue was recrystallised from 

dichloromethane and toluene to yield pure [dmp(bzim{Me})2][OTf]2 as a white crystalline material 

(197 mg, yield 100%). Care is required during the filtration phase due to the hygroscopic nature of the 

material.  

 

Anal. Calc. for C25H23F6N5O6S2: C, 44.98; H, 3.47; N, 10.49. Found: C, 45.26; H, 3.58; N, 10.19 %. 

MS (m/z) Calc. for C24H23F3N5O3S [M-(OTf)]
+
: 518.1441 m/z; Found: 518.1456 m/z. 

1
H NMR (300 

MHz, d6-DMSO): δ 9.59 (s, 2H, NCHN, H3 & 10), 8.01 (t, 
3
JHH = 7.7 Hz, 1H, CH-py, H20), 7.95 (d, 

3
JHH 

= 8.3 Hz, 2H, CH-bzim, H5 & 12), 7.64 (dt, 
3
JHH = 7.2 Hz, 

4
JHH = 1.0 Hz, 2H, CH-bzim, H6 & 13), 7.64 

(d, 
3
JHH = 5.8 Hz, 2H, CH-py, H19 & 21), 7.55 (d, 

3
JHH = 8.3 Hz, 2H, CH-bzim, H8 & 15), 7.44 (dt, 

3
JHH 

= 7.4 Hz, 
4
JHH = 0.9 Hz, 2H, CH-bzim, H7 & 14), 5.80 (s, 4H, CH2, H17 & 23), 4.02 (s, 6H, N-CH3, H1 

& 2). 
13

C{
1
H} NMR (75 MHz, d6-DMSO): δ 153.06 (s, Cq-py, C18 & 22), 142.95 (s, NCHN, C3 & 10), 

138.74 (s, CH-py, C20), 133.43 (s, CH-bzim, C5 & 12), 133.17 (s, CH-bzim, C8 & 15), 131.30 (s, Cq-

bzim, C4 & 11), 130.80 (s, Cq-bzim, C9 & 16), 126.27 (s, CH-bzim, C6 & 13), 126.25 (s, CH-bzim, C7 

& 14), 122.30 (s, CH-py, C19 & 21), 50.27 (s, CH2, C17 & 23), 33.22 (s, N-CH3, C1 & 2). IR (FT-ATR, 

cm
-1
): 3152 m, 3093 m, 3058 vw, 1663 s, 1622 s, 1573 vs, 1547 w, 1491 w, 1417 w, 1345 vw, 1306 

vs, 1263 vs (OTf
-
), 1238 vs, 1226 vs, 1193 m, 1158 vs, 1141 vs, 1100 m, 1037 vs, 1029 vs (OTf

-
), 984 
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w, 970 vw, 953 vw, 936 vw, 914 w, 883 w, 820 w, 780 m, 764 vs, 735 vw, 722 vw, 662 vw, 639 vs 

(OTf
-
), 609 w, 595 w, 573 m, 516 s (OTf

-
), 425 m. 

 

[dmp(bzim{Me})2]I2 

 

To a dry 50 mL schlenck equipped with stirrer bar and rubber septum was added dmp(bzim)2 (477 

mg, 1eq.). Dichloromethane (20 mL, dried with a commercial solvent purifier) was added to the flask. 

Methyl iodide (1.05 mL, 24 eq.) was added to the pale yellow solution in a drop-wise fashion. The pale 

yellow solution was stirred at room temperature and the methylation of the benzimidazole nitrogens 

tracked by NMR. The alkylation reaction proceeded through the mono-methylated intermediate and 

then finally progressed through to the bi-methylated product. The reaction was completed after 12 

days of stirring at room temperature. AR Ethanol (5mL) was then added and the mixture stirred for 

two hours in order to quench the remaining unreacted methyl iodide. All solvent was removed under 

vacuum to yield a pale yellow solid residue. The iodo salt was far less soluble in dichloromethane 

compared to its triflate analogue, making recrystallisation from dichloromethane/toluene impossible. 

However, refluxing the yellow solid in dichloromethane for 5-10 min followed by filtration, proved a 

successful method for removal of impurities. The pale yellow end-product was further washed with hot 

n-hexane (50 mL) and then dried under vacuum to produce pure [dmp(bzim{Me})2]I2 (876 mg, yield 

82%).  

 

Anal. Calc. for C23H23I2N5: C, 44.32; H, 3.72; N, 11.24. Found: C, 44.52; H, 3.75; N, 11.06%. MS (m/z) 

Calc. for C23H23IN5 [M-I
-
]
+
: 496.09982 m/z; Found: 496.09928 m/z. 

1
H NMR (300 MHz, d6-DMSO): 

δ 9.68 (s, 2H, NCHN, H3 & 10), 8.02 (t, 
3
JHH = 7.7 Hz, 1H, CH-py, H20), 7.97 (d, 

3
JHH = 8.4 Hz, 2H, 

CH-bzim, H5 & 12), 7.62 (t, 
3
JHH = 7.5 Hz, 2H, CH-bzim, H6 & 13), 7.67 (d, 

3
JHH = 8.1 Hz, 2H, CH-py, 

H19 & 21), 7.58 (d, 
3
JHH = 8.3 Hz, 2H, CH-bzim, H8 & 15), 7.44 (t, 

3
JHH = 7.8 Hz, 2H, CH-bzim, H7 & 

14), 5.83 (s, 4H, CH2, H17 & 23), 4.05 (s, 6H, N-CH3, H1 & 2). 
13

C{
1
H} NMR (75 MHz, d6-DMSO): 

δ 152.99 (s, Cq-py, C18 & 22), 142.87 (s, NCHN, C3 & 10), 138.69 (s, CH-py, C20), 131.24 (s, Cq-

bzim, C4 & 11), 130.74 (s, Cq-bzim, C9 & 16), 126.22 and 126.21 (s, CH-bzim, C6 & 7 & 13 & 14), 

122.30 (s, CH-py, C19 & 21), 113.44 (s, CH-bzim, C5 & 12), 113.17 (s, CH-bzim, C8 & 15), 50.27 (s, 

CH2, C17 & 23), 33.37 (s, N-CH3, C1 & 2). IR (FT-ATR, cm
-1

): 1982 w, 1938 w, 1898 vw, 1842 vw, 

1799 w, 1748 w, 1706 w, 1612 m, 1589 s, 1566 vs, 1491 m, 1485 m, 1439 vs, 1421 s, 1375 s, 1352 s, 

1285 m, 1257 vw, 1231 w, 1216 m, 1204 s, 1193 m, 1164 w, 1134 w, 1098 m, 1026 m, 1013 vw, 

1004 w, 994 m, 950 w, 940 vw, 878 m, 855 w, 820 m, 782 s, 761 vs, 754 vs, 748 s, 722 w, 667 m, 

609 m, 584 m, 568 m, 552 m, 533 m, 422 m.   
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[Ag(dmp(NHC{Me})2)]2[OTf]2 

 

To [dmp(bzim{Me})2][OTf]2 (150 mg, 1eq.) and Ag2O (148 mg, 3 eq.) in a dry 2-necked 50 mL round-

bottomed flask equipped with stirrer bar and condenser was added dry 1,2-dichloroethane (25 mL, 

distilled over calcium hydride). The suspension was shielded from light by encasing the flask in foil 

before being placed under reflux. The silver carbene was typically formed after 20 hours of reflux or 

until the NCHN signal at δ 9.59 (s, 2H, d6-DMSO) was no longer present by 
1
H NMR spectroscopy. All 

solvent was then removed under reduced pressure and with heating at 50˚C, to form a grey solid 

residue. The resultant dry, brown residue was further purified by the addition of dry acetonitrile (40 

mL, dried over calcium hydride) and with subsequent filtration through a filtration stick. This type of 

filtration was best achieved by flame-drying a 100 mL 2-necked round bottom flask equipped with a 

nitrogen adaptor, stirrer bar and #3 or #4 filtration stick, itself sealed with a rubber septum. The entire 

system was shielded from light by encasing the flask in tin-foil. The silver containing suspension was 

transferred by cannula to the filtration stick via septum. The filtration stick was quickly replaced by a 

rubber septum while the flask was purged with nitrogen under mercury pressure. All solvent was then 

removed under vacuum. The resultant pale yellow solid residue was recrystallised by adding dry 

dichloromethane (40 mL, dried over calcium hydride) followed by dry toluene (10 mL, dried in a 

commercial solvent purifier). The solvent was reduced under vacuum to a low volume, resulting in the 

precipitation of a pale yellow solid. This material was rapidly filtered in air and washed with dry 

toluene (2 x 20 mL). The sinter was transferred to a wide necked flask encased in silver and dried 

under vacuum for hours to produce pure [Ag(dmp(NHC{Me})2)]2[OTf]2 (72 mg, yield 51%). 

[Ag(dmp(NHC{Me})2)]2[OTf]2 was best generated in situ for further use in transmetalation reactions 

in order to minimise decomposition losses arising from exposure of the sensitive complex to water or 

light.  

 

Anal. Calc. for C48H42Ag2F6N10O6S2·4H2O: C, 43.65; H, 3.82; N, 10.60. Found: C, 43.34; H, 3.32; N, 

10.54%. MS (m/z) Calc. for C23H21AgN5
+
 [(M/2)-OTf]

+
: 474.0842 and 476.0888 m/z; Found: 474.0853 

and 476.0855 m/z. 
1
H NMR (300 MHz, d6-DMSO): δ 7.80 (t, 

3
JHH = 7.8 Hz, 1H, CH-py, H20), 7.67 (d, 

3
JHH = 8.2Hz, 2H, CH-bzim, H8 & 15), 7.45 (d, 

3
JHH = 7.7 Hz, 2H, CH-py, H19 & 21), 7.34 (t, 

3
JHH = 7.5 

Hz, 2H, CH-bzim, H7 & 14), 7.26 (d, 
3
JHH = 8.1 Hz, 2H, CH-bzim, H5 & 12), 7.06 (t, 

3
JHH = 7.7 Hz, 2H, 

CH-bzim, H6 & 13), 5.66 (s, 4H, CH2, H17 & 23), 3.96 (s, 6H, N-CH3, H1 & 2). 
13

C{
1
H} NMR (75 MHz, 
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d6-DMSO): δ 189.43 (s, NCN, C3 & 10), 154.47 (s, Cq-py, C18 & 22), 138.22 (s, CH-py, C20), 133.29 

(s, Cq-bzim, C9 & 16), 133.09 (s, Cq-bzim, C4 & 11), 123.50 (s, CH-bzim, C7 & 14), 123.37 (s, CH-

bzim, C6 & 13), 121.44 (s, CH-py, C19 & 21), 111.59 (s, CH-bzim, C8 & 15), 111.31 (s, CH-bzim, C5 

& 12), 52.15 (s, CH2, C17 & 23), 35.49 (s, N-CH3, C1 & 2). 
19

F NMR (282 MHz, d6-DMSO): δ -78.85 

(s, OTf
-
). IR (FT-ATR, cm

-1
): 1633 m, 1595 m, 1577 m, 1483 m, 1463 s, 1438 s, 1393 s, 1347 m, 1252 

vs (OTf
-
), 1224 vs, 1156 vs, 1131 s, 1094 m, 1028 vs (OTf

-
), 996 m, 937 w, 853 w, 816 m, 792 s, 747 

vs, 689 vw, 636 vs (OTf
-
), 610 w, 574 s, 549 w, 516 s (OTf

-
), 431 m, 403 w, 396 vw. 

 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 

 

[Ag(dmp(NHC{Me})2)]2[OTf]2 was formed as previously described, from [(dmp(NHC{Me})2)][OTf]2 

(150 mg, 1 eq.) and Ag2O (130 mg, 2.5 eq.), before removal of all solvent under reduced pressure 

and with heating at 50˚C, to form a grey solid residue. Pd(COD)Cl2 (67 mg, 1.04 eq.) was added to 

the residue as a solid and the flask fitted with a rubber septum. Dry acetonitrile (25 mL, distilled over 

calcium hydride) was added to the flask via the septum and the resultant suspension stirred at room 

temperature for 3
1
/2 hours, by which time the yellow colouration of the suspension had disappeared. 

The dark grey suspension in an acetonitrile solution was filtered through celite twice. The solvent was 

removed from the filtrate under reduced pressure to yield a grey solid residue. Dichloromethane (2 x 

20 mL) was added to the solid and sonicated for one minute before filtration through a celite pad. To 

the resultant pale yellow filtrate was added a few drops of acetonitrile and a small amount of toluene. 

Crystallisation was effected by gradual reduction of the dichloromethane phase on a rotary evaporator 

before allowing the solution to stand in a darkened cupboard overnight. Pure 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 was obtained as a grey micro-crystalline solid, removed by 

filtration and washed with toluene (2 x 10 mL) followed by n-hexane (2 x 10 mL) (128 mg, yield 70 %). 

 

Anal. Calc. for C27H24F6N6O6PdS2: C, 39.89; H, 2.98; N, 10.34. Found: C, 39.50; H, 2.87; N, 10.06 %. 

MS (m/z) Calc. for C24H21F3N5O3PdS [M-(MeCN)-OTf
-
]
+
: 622.0347 m/z; Found: 622.0344 m/z. 

1
H 

NMR (300 MHz, d6-DMSO): δ 8.23 (t, 
3
JHH = 7.4 Hz, 1H, CH-py, H20), 8.12 (d, 

3
JHH = 7.8 Hz, 2H, CH-

bzim, H8 & H15), 8.03 (d, 
3
JHH = 7.7 Hz, 2H, CH-py, H19 & H21), 7.86 (d, 

3
JHH = 7.6 Hz, 2H, CH-bzim, 

H5 & H12), 7.57 (t, 
3
JHH = 7.2 Hz, 2H, CH-bzim, H7 & H14), 7.53 (t, 

3
JHH = 7.2 Hz, 2H, CH-bzim, H6 & 

H13), 6.28 (d, 
2
JHH = 15.3 Hz, 2H, CH2, H17 & H23), 6.16 (d, 

2
JHH = 15.5 Hz, 2H, CH2, H17 & H23), 

4.17 (s, 6H, CH3, H1& H2), 2.07 (s, 3H, CH3, MeCN). 
13

C{
1
H} NMR (75 MHz, d6-DMSO): δ 173.35 (s, 

NCN, C3 & C10), 156.11 (s, Cq-py, C18 & C22), 142.43 (s, CH-py, C20), 134.07 (s, Cq-bzim, C4 & 

C11), 132.38 (s, Cq-bzim, C9 & C16), 125.76 (s, CH-py, C19 & C21), 124.49 or 124.43 (s, CH-bzim, 
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C6 and C13 coincident with C7 and C14), 118.43 (s, CN quaternary, C24), 112.07 (s, CH-bzim, C5 

& C12), 111.38 (s, CH-bzim, C8 & C15), 51.10 (s, CH2, C17 & C23), 33.99 (s, CH3, C1 & C2), 1.03 (s, 

CH3, C25, MeCN). 
19

F NMR (376 MHz, d6-DMSO): δ -78.87 (s, OTf
-
). IR (FT-ATR, cm

-1
): 2313 w 

(vCN), 1606 m, 1575 w, 1499 w, 1485 w, 1461 s, 1425 m, 1411 m, 1362 m, 1346 m, 1273 vs (OTf
-
), 

1251 vs, 1221 vs, 1028 vs (OTf
-
), 977 w, 938 w, 899 vw, 850 w, 833 vw, 807 m, 795 s, 745 vs, 701 

vw, 671 vw, 634 vs (OTf
-
), 591 w, 572 s, 543 m, 516 vs (OTf

-
), 463 w, 431 m, 392 w.   

 

[Pd(PhCN)(dmp(NHC{Me})2)][OTf]2 

 

 

[Ag(dmp(NHC{Me})2)]2[OTf]2 was formed as previously described, from [(dmp(NHC{Me})2)][OTf]2 

(150 mg, 1 eq.) and Ag2O (130 mg, 2.5 eq.), before removal of all solvent under reduced pressure 

and with heating at 50˚C, to form a grey solid residue. Pd(PhCN)2Cl2 (86 mg, 1.0 eq.) was added to 

the residue as a solid and the flask fitted with a rubber septum. Dry acetonitrile (25 mL, distilled over 

calcium hydride) was added to the flask via the septum and the resultant suspension stirred at room 

temperature for one hour, by which time the yellow colouration of the suspension had disappeared. 

The dark grey suspension was filtered through dry celite and the pad further washed with acetonitrile 

(2 x 10 mL). All solvent was then removed from the filtrate by rotary evaporation, at room 

temperature, to yield a grey solid residue. Free benzonitrile was removed by sonicating the grey solid 

in chloroform (2 x 20 mL) and filtering through a glass sinter. The resultant brown solid collected in the 

sinter was washed through into a clean round-bottomed flask using dichloromethane (2 x 15 mL). To 

the resultant brown filtrate was added toluene and crystallisation effected by gradual removal of the 

dichloromethane under vacuum before allowing the solution to stand in a darkened cupboard 

overnight. The cream coloured micro-crystalline powder was removed by filtration and washed with 

toluene (2 x 10 mL) followed by diethyl ether (2 x 10 mL) and n-hexane (2 x 10 mL) to produce 

[Pd(PhCN)(dmp(NHC{Me})2)][OTf]2 (29 mg, yield 15%). 

 

An adequate elemental analysis could not be obtained of this material due to its hygroscopic nature. 

MS (m/z) Calc. for C24H21F3N5O3PdS [M-(PhCN)-OTf
-
]
+
: 622.0347 m/z; Found: 622.0368 m/z. 

1
H NMR 

(300 MHz, d6-DMSO): δ 8.23 (t, 
3
JHH = 7.7 Hz, 1H, CH-py, H20), 8.11 (d, 

3
JHH = 7.9 Hz, 2H, CH-bzim, 

H8 & H15), 8.03 (d, 
3
JHH = 7.7 Hz, 2H, CH-py, H19 & H21), 7.86 (d, 

3
JHH = 7.5 Hz, 2H, CH-bzim, H5 & 

H12), 7.84 (d, 
3
JHH = 7.8 Hz, 2H, CH-Ph, H26 & H30), 7.73 (td, 

3
JHH = 7.5, 

4
JHH = 1.2 Hz, CH-Ph, H28), 
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7.59 (t, 
3
JHH = 7.5 Hz, 2H, CH-Ph, H27 & H29), 7.57 (m, 2H, CH-bzim, obscured by phenyl signals, H7 

& H14), 7.52 (t, 
3
JHH = 7.3 Hz, 2H, CH-bzim, H6 & H13), 6.28 (d, 

2
JHH = 15.3 Hz, 2H, CH2, H17 & 

H23), 6.16 (d, 
2
JHH = 15.3 Hz, 2H, CH2, H17 & H23), 4.17 (s, 6H, CH3, H1& H2). 

13
C{

1
H} NMR (75 

MHz, d6-DMSO): δ 173.37 (s, NCN, C3 & C10), 156.13 (s, Cq-py, C18 & C22), 142.46 (s, CH-py, 

C20), 134.08 (s, Cq-bzim, C4 & C11), 133.27 (s, CH-Ph, C28), 132.39 (s, Cq-bzim, C9 & C16), 

129.40 (s, CH-Ph, C27 & C29), 125.76 (s, CH-py, C19 & C21), 124.44 (s, CH-bzim, C6 and C13), 

124.50 (s, CH-bzim, C7 and C14), 123.13 (s, CH-Ph, C26 & C30), 118.75 (s, CN quaternary, C24), 

113.45 (s, Ph quaternary, C25), 112.09 (s, CH-bzim, C5 & C12), 111.39 (s, CH-bzim, C8 & C15), 

51.11 (s, CH2, C17 & C23), 4.17 (s, CH3, C1 & C2). 
19

F NMR (376 MHz, d6-DMSO): δ -78.87 (s, OTf
-
). 

IR (FT-ATR, cm
-1

): 2286 w (vCN), 1609 m, 1576 m, 1482 m, 1459 s, 1421 m, 1404 m, 1356 w, 1346 

m, 1246 vs (OTf
-
), 1223 vs, 1152 vs, 1134 vs, 1025 vs (OTf

-
), 937 w, 832 vw, 793 s, 743 vs, 701 m, 

683 w, 632 vs (OTf
-
), 590 vw, 572 s, 545 w, 516 s (OTf

-
), 467 vw, 432 m, 412 vw, 392 vw, 383 vw.  

 

Hydrolysis of acetonitrile to acetamide 

 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 (20 mg, 1 eq.) and hexamethylbenzene (2 mg, 0.5 eq.) were 

dissolved in d6-acetone (0.5 mL) and transferred to an NMR tube. Dry acetonitrile (20 µL, 16 eq.) and 

deionised water (10 µL, 24 eq.) were added to the mixture. Three such samples were prepared and 

subjected to different temperature regimes over a 21 day period. Tube one was monitored at room 

temperature, tube two at 40°C and tube three at 50°C. Tubes two and three were heated in oil baths 

maintained at the respective temperatures of 40°C and 50°C. 
1
H NMR spectra were periodically 

collected for the respective samples over a 21 day period. The relative methyl integrals of 

hexamethylbenzene and acetamide were compared using common automated integral ranges which 

were established using the TOPSPIN program. Chemical shifts for these materials were acquired 

from published sources
158

 and these are compiled in the table below for the reader‟s convenience.  

 

Table 14: 
1
H NMR (d6-acetone, ppm) chemical shifts for acetamide, hexamethylbenzene and 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 

 
Acetamide Hexamethylbenzene [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 

6.76 (br s, 1H, NH), 6.16 

(br s, 1H, NH), 1.85 (s, 3H, 

CH3) 

2.17 (s, 12H, CH3) 8.30 (t, 
3
JHH = 9.0 Hz, 1H), 8.20 (d, 

3
JHH = 6.0 Hz, 2H), 8.14-8.11 (m, 2H), 

7.85-7.82 (m, 2H), 7.59-7.54 (m, 4H), 

6.39 (s, 
2
JHH = 15.0 Hz, 2H), 6.24 (s, 

2
JHH = 15.0 Hz, 2H), 4.33 (s, 6H, CH3),  
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[PdCl(dmp(NHC{Me})2)][OTf] 

 

[Ag(dmp(NHC{Me})2)]2[OTf]2 was formed as previously described, from [(dmp(NHC{Me})2)][OTf]2 

(150 mg, 1 eq.) and Ag2O (151 mg, 3 eq.), before removal of all solvent under reduced pressure and 

with heating at 50˚C, to form a grey solid residue. Pd(COD)Cl2 (67 mg, 1.04 eq.) was added to the 

residue as a solid and the flask fitted with a rubber septum. Dry acetonitrile (25 mL, distilled over 

calcium hydride) was added to the flask via the septum and the resultant suspension sonicated for 5 

minutes. The mixture was then stirred at room temperature for one hour, by which time the yellow 

colouration of the suspension had disappeared. Lithium Chloride (95 mg, 10eq) was rapidly added to 

the suspension as a solid and stirring of the reaction mixture at room temperature continued for 
1
/2 an 

hour. All solvent was then removed at room temperature to yield a grey solid residue. 

Dichloromethane (2 x 50 mL) was added to the solid and sonicated for one minute before filtration 

through a celite pad. To the resultant pale yellow filtrate was added a small amount of toluene and 

crystallisation effected by gradual reduction of the dichloromethane phase on a rotary evaporator. A 

white micro-crystalline solid formed and was removed by filtration and washed with toluene (2 x 10 

mL) followed by n-hexane (2 x 10 mL) to produce pure [PdCl(dmp(NHC{Me})2)][OTf] (59 mg, yield 

40%). 

 

Anal. Calc. for C24H21ClF3N5O3PdS: C, 43.78; H, 3.21; N, 10.64. Found: C, 44.13; H, 3.46; N, 10.33%. 

MS (m/z) Calc. for C24H21F3N5O3PdS [M-OTf
-
]
+
: 510.05244 m/z; Found: 510.01527 m/z. 

1
H NMR (300 

MHz, d6-DMSO): δ 8.23 (t, 
3
JHH = 7.6 Hz, 1H, CH-py, H20), 8.11 (dd, 

3
JHH = 7.2 Hz, 

4
JHH = 1.5 Hz, 2H, 

CH-bzim, H8 & H15), 8.06 (d, 
3
JHH = 7.5 Hz, 2H, CH-py, H19 & H21), 7.78 (dd, 

3
JHH = 7.2 Hz, 

4
JHH = 

1.9 Hz, 2H, CH-bzim, H5 & H12), 7.53 (td, 
3
JHH = 7.3 Hz, 

4
JHH = 1.2 Hz, 2H, CH-bzim, H7 & H14), 

7.49 (td, 
3
JHH = 7.3 Hz, 

4
JHH = 1.2 Hz, 2H, CH-bzim, H6 & H13), 6.20 and 5.94 (two br d, 

2
JHH = 16.8 

Hz, 2H, CH2, H17 & H23), 4.23 (s, 6H, N-CH3, H1& H2). 
13

C{
1
H} NMR (75 MHz, d6-DMSO): δ 175.26 

(s, NCN, C3 & C10), 155.28 (s, Cq, C18 & C22), 141.97 (s, CH-py, C20), 134.25 (s, Cq-bzim, C4 & 

C11), 132.30 (s, Cq-bzim, C9 & C16), 125.45 (s, CH-py, C19 & C21), 124.13 (s, CH-bzim, C6 and 

C13 coincident with C7 and C14), 111.84 (s, CH-bzim, C5 & C12), 111.14 (s, CH-bzim, C8 & C15), 

51.02 (s, CH2, C17 & C23), 34.21 (s, N-CH3, C1 & C2). 
19

F NMR (376 MHz, d6-DMSO): δ -78.91 (s, 

OTf
-
). IR (FT-ATR, cm

-1
): 1607 m, 1575 w, 1481 m, 1412 m, 1400 s, 1344 m, 1258 vs (OTf

-
), 1224 m, 

1161 s, 1132 w, 1105 w, 1030 vs (OTf
-
), 935 w, 844 vw, 794 s, 745 vs, 718 vw, 698 vw, 638 s (OTf

-
), 

590 vw, 573 w, 547 w, 517 w (OTf
-
), 431 w.   
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[Pd(CN)(dmp(NHC{Me})2)][OTf] 

 

 
To a dry, degassed dichloromethane solution (20 mL) of [PdCl(dmp(NHC{Me})2)][OTf] (110 mg, 1 

eq.) in a 1-necked round-bottomed flask equipped with stirrer bar, nitrogen adaptor and rubber 

septum was added silver triflate (33 mg, 1 eq.) dissolved in methanol (3 mL). The pale straw coloured 

solution was protected from light and stirred at room temperature for one hour. During this time a 

precipitate of silver chloride was generated. The precipitate was permitted to settle before transferral 

of the supernatant by cannula filtration into an already prepared methanolic (2 mL) solution of KCN 

(33 mg, 1.02 eq.) in a 1-necked round-bottomed flask equipped with rubber septum, stirrer bar and 

nitrogen adaptor. The solution was protected from light and permitted to stir at room temperature for 1 

½ hours before removal of all the solvent under reduced pressure to yield a pale yellow solid. The 

product was separated from salts by suspension in chloroform and with filtration through a celite pad. 

Toluene was then added to the filtrate and crystallisation effected by slow reduction of the chloroform 

phase. The resultant pale yellow solid was removed by filtration and washed with toluene (2 x 20 mL) 

followed by diethyl ether (2 x 20 mL) to produce pure [Pd(CN)(dmp(NHC{Me})2)][OTf] (108 mg, yield 

100%). 

 

Anal. Calc. for C25H21F3N6O3PdS·4/5 Toluene·1H2O: C, 49.62; H, 4.00; N, 11.35. Found: C, 49.75; H, 

4.02; N, 11.08%. MS (m/z) Calc. for C24H21N6Pd [M-OTf
-
]
+
: 499.0857 m/z; Found: 499.0843 m/z. 

1
H 

NMR (300 MHz, CDCl3): δ 8.13 (d, 
3
JHH = 7.7 Hz, 2H, CH-py, H19 & 21), 8.00 (dd, 

3
JHH = 7.1 Hz, 

4
JHH 

= 1.2 Hz, 2H, CH-bzim, H8 & 15), 7.91 (t, 
3
JHH = 7.8 Hz, 1H, CH-py, H20), 7.50 (dd, 

3
JHH = 7.2 Hz, 

4
JHH = 1.5 Hz, 2H, CH-bzim, H5 & 12), 7.49 (td, 

3
JHH = 7.1 Hz, 

4
JHH = 1.4 Hz, 2H, CH-bzim, H6 & 13), 

7.45 (td, 
3
JHH = 7.0 Hz, 

4
JHH = 1.3 Hz, 2H, CH-bzim, H7 & 14), 6.13 & 5.58 (2 x d, 

2
JHH =14.9 Hz, 2H, 

CH2, H17 & 23), 4.26 (s, 6H, CH3, H1 & 2). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 175.84 (s, NCN, C3 & 

10), 154.08 (s, Cq-py, C18 & 22), 142.41 (s, CH-py trans CN, C20), 134.36 (s, Cq-bzim, C4 & 11), 

133.04 (s, Cq-bzim, C9 & 16), 126.44 (s, CH-py, C19 & 21), 125.19 (s, CH-bzim, C7 & 14), 124.88 (s, 

CH-bzim, C6 & 13), 118.71 (s, CN, C24), 111.44 (s, CH-bzim, C8 & 15), 111.28 (s, CH-bzim, C5 & 

12), 51.37 (s, CH2, C17 & 23), 35.74 (s, CH3, C1 & 2). 
19

F NMR (282 MHz, CDCl3): δ -79.36 (s, OTf
-
). 

IR (FT-ATR, cm
-1

): 2139 m (vCN), 1607 m, 1577 w, 1483 m, 1454 s, 1419 m, 1403 s, 1359 w, 1347 

m, 1264 vs (OTf
-
), 1224 s, 1153 vs, 1131 m, 1107 w, 1030 vs (OTf

-
), 972 vw, 939 w, 845 w, 795 s, 

746 vs, 733 vs, 697 m, 674 vw, 651 vw, 636 vs (OTf
-
), 590 w, 573 m, 547 w, 516 s (OTf

-
), 462 w, 442 

vw, 430 m, 407 vw, 397 w, 385 vw.   
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Rh2Cl2(COD)2(dmp(NHC{Me})2) 

 
[Ag(dmp(NHC{Me})2)]2[OTf]2 was formed as previously described, from [(dmp(NHC{Me})2)][OTf]2 

(197 mg, 1 eq.) and Ag2O (171 mg, 2.5 eq.), before removal of all solvent under reduced pressure 

and with heating at 50˚C, to form a grey solid residue. [Rh(COD)Cl]2 (111 mg, 1eq.) was added to the 

residue as a solid and the flask fitted with a rubber septum. Dry acetonitrile (30 mL, distilled over 

calcium hydride) was added to the flask via the septum and the resultant suspension sonicated for 5 

minutes. The mixture was then stirred at room temperature for one hour, by which time the yellow 

colouration of the suspension had disappeared. Lithium chloride (150 mg, 10eq.) was rapidly added to 

the solution and stirring at room temperature continued for half an hour prior to filtration through celite. 

The resultant orange filtrate was reduced under vacuum to dryness. To the dry orange residue was 

added chloroform and the solution filtered through a glass sinter in order to remove salts. The filtrate 

was once again reduced under vacuum to dryness. The material was purified by silica gel column 

chromatography (3 cm, di. 1 cm). An eluant of 100% dichloromethane eluted a yellow band 

corresponding to unreacted [Rh(COD)Cl]2. 5% acetone/ dichloromethane eluted the product which 

was reduced on the rotary evaporator. Pure Rh2Cl2(COD)2(dmp(NHC{Me})2) was obtained after 

recrystallisation of the crude product from DCM/ n-hex (194 mg, yield 74 %). 

 

A small quantity of a second compound, [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf], was eluted from 

the column using 10-20% Acetone/Dichloromethane. In an effort to produce greater quantities of the 

nitrile bridged species a new synthetic procedure was developed and is outlined on the proceeding 

pages. 

 

Anal. Calc. for C41H49Cl6N5Rh.2CH2Cl2: C, 47.79; H, 4.79; N, 6.80. Found: C, 48.28; H, 4.76; N, 

6.88%. MS (m/z) Calc. for C39H45Cl2N5NaRh2 [M+Na]
+
: 882.1054 m/z; Found: 882.1080 m/z. MS (m/z) 

C39H45ClN5Rh2 Calc.[M-Cl]
+
: 824.14736 m/z; Found: 824.14709 m/z. 

1
H NMR (300 MHz, CD2Cl2): δ 

7.69 (t, 
3
JHH = 7.5 Hz, 2H, py-CH, H20), 7.53 & 7.51 (d, 

3
JHH = 6.1 Hz & 

3
JHH = 7.6 Hz respectively, 2H 

each, py-CH, H19 & 21), 7.30 (d, 
3
JHH = 8.0 Hz, 1H, bzim-CH, H5&12), 7.21 (d, 

3
JHH = 7.2 Hz, 3H, 

bzim-CH, H5 & 12), 7.18 (td, 
3
JHH = indistinct, 

4
JHH = 1.0 Hz, 1H, bzim-CH, H6 & 13), 7.16 (td, 

3
JHH = 

8.1 Hz, 
4
JHH = 1.0 Hz, 3H, bzim-CH, H6 & H13), 7.00 (td, 

3
JHH = 8.2 Hz, 

4
JHH = 1.4 Hz, 3H, bzim-CH, 

H7 & 14), 6.93 (td, 
3
JHH = 8.2 Hz, 

4
JHH = 1.0 Hz, 1H, bzim-CH, H7 & 14), 6.88 (d, 

3
JHH = 8.1 Hz, 3H, 

bzim-CH, H8 & 15), 6.77 (d, 
3
JHH = 8.1 Hz, 1H, bzim-CH, H8 & 15), 6.33 (br d, 

2
JHH = 16.1 Hz, 2H, 

CH2-linker, H17 & 23), 6.02 (d, 
2
JHH = 16.0 Hz, 1.5H, CH2-linker, H17 & 23), 6.00 (d, 

2
JHH = 16.0 Hz, 

0.5H, CH2-linker, H17 & 23), 5.02 (m, 7H, COD-CH), 4.26 (s, 12H, CH3, H1 & 2), 3.38 (m, 1H, COD-
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CH), 3.15 (m, 6H, COD-CH), 2.56-2.25 (m, 12H, COD-CH2), 2.10-1.90 (m, 16H, COD-CH2), 1.78-1.54 

(m, 6H, COD-CH2). 
13

C{
1
H} NMR (75 MHz, CD2Cl2): δ 197.31 (d, 

1
JRh-C = 50.9 Hz, NCN, C3 & 10), 

197.25 (d, 
1
JRh-C = 50.9 Hz, NCN, C3 & 10), 156.35 and 156.27 (s, Cq-py, C18 & 22), 138.23 and 

138.19 (s, CH-py, C20), 135.96 and 135.77 (s, Cq-bzim, C9 & 16), 135.15 and 135.06 (s, Cq-bzim, 

C4 & 11), 122.56 and 122.51 (s, CH-bzim, C6 & 13), 122.45 (br s, CH-bzim, C7 & 14), 121.83 and 

121.81 (s, CH-py, C19 & 21), 110.94 and 110.81 (s, CH-bzim, C5 & 12), 109.75 and 109.67 (s, CH-

bzim, C8 & 15), 100.49 (d, 
1
JRh-C = 6.5 Hz, COD CH), 100.34 (d, 

1
JRh-C = 6.3 Hz, CH-COD), 69.25 (d, 

1
JRh-C = 14.3 Hz, CH-COD), 69.11 (d, 

1
JRh-C = 14.3 Hz, CH-COD), 68.97 (d, 

1
JRh-C = 14.3 Hz, CH-

COD), 68.75 (d, 
1
JRh-C = 14.4 Hz, CH-COD), 54.01 and 53.64 (s, CH2, C17 & 23), 34.89 (s, CH3, C1 & 

2), 33.50 (s, CH2-COD), 32.76 (s, CH2-COD), 29.37 (s, CH2-COD), 29.22 (s, CH2-COD), 28.99 (s, 

CH2-COD), 28.87 (s, CH2-COD). IR (FT-ATR, cm
-1

): 3064 w, 3030 w, 2986 w, 2956 w, 2938 w, 2909 

w, 2872 w, 2829 w, 1594 w, 1577 m, 1532 vw, 1482 m, 1460 s (COD C=C), 1435 s, 1384 vs, 1341 s, 

1323 s, 1304 vw, 1271 m, 1253 m, 1229 vw, 1218 vw, 1181 s, 1152 vw, 1131 m, 1094 m, 1032 m, 

1014 w, 993 s, 962 s, 925 m, 902 w, 890 vw, 866 m, 847 vw, 816 m, 804 vw, 796 vw, 788 m, 771 w, 

757 w, 729 vs, 694 vs, 671 vw, 625 m, 602 vw, 576 s, 556 w, 541 w, 504 vw, 486 m (Rh-olefin), 437 s 

(Rh-olefin), 406 vw, 398 vw, 386 vw.  

 

Carbonylation product of Rh2Cl2(COD)2(dmp(NHC{Me})2 

 

Dry dichloromethane (20 mL) was freeze-thaw degassed three times in a dry 1-necked round bottom 

flask equipped with a stirrer bar, nitrogen adaptor side-arm and rubber septum. 

Rh2Cl2(COD)2(dmp(NHC{Me})2) (60 mg, 1 eq.) was added to the frozen solvent and the system 

degassed once more. The mixture was then thawed. The resultant yellow solution was bubbled with 

CO for half an hour with stirring and the discharge purged through a paraffin bubbler in order to 

exclude air. Over the half hour period the yellow colour of the solution appeared to brighten. All 

solvent was removed in vacuo. at the end of the reaction to produce an orange solid residue. 

Removal of 1,5-cyclooctadiene was accomplished by sonicating the residue with degassed n-pentane 

(3 x 5 mL), followed by filtration and washing with n-pentane (3 x 5 mL). The resultant micro-
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crystalline orange solid was dried in vacuo (45 mg, yield 85% based on the formulation 

Rh2Cl2(CO)4(dmp(NHC{Me})2)). The material was observed to decompose in air over time. 

 

Anal. Calc. for C27H21Cl2N5O4Rh2·H2O: C, 41.67; H, 3.50; N, 9.00. Found: C, 41.81; H, 3.32; N, 

9.02%. MS (m/z) the material does not present any signals of appreciable intensity by ESI-MS due to 

a presumed lability of the CO ligands. The molecular ion is not observed and complete degradation 

appears to occur. 
1
H NMR (300 MHz, d6-DMSO): δ 8.17 (t, 

3
JHH = 8.1 Hz, 1H, py-CH, H20), 8.08 (dd, 

3
JHH = 6.8 Hz, 

4
JHH = 1.6 Hz, 2H, bzim-CH, H8 & 15), 8.02 (d, 

3
JHH = 7.7 Hz, 2H, py-CH, H19 & 21), 

7.77 (dd, 
3
JHH = 6.8 Hz, 

4
JHH = 1.8 Hz, 2H, py-CH, H5 & 12), 7.49 (td, 

3
JHH = 7.4 Hz, 

4
JHH = 1.4 Hz, 2H, 

bzim-CH, H7 & 14), 7.45 (td, 
3
JHH = 7.3 Hz, 

4
JHH = 1.4 Hz, 2H, bzim-CH, H6 & 13), 6.13 and 5.58 (2 x 

broad singlets, 4H, CH2, H17 & 23), 4.09 (s, 6H, CH3, H1 & 2). 
13

C{
1
H} NMR (75 MHz, d6-DMSO): δ 

191.24 (d, 
1
JRh-C = 41 Hz, NCN, C3 & 10), 181.72 (d, 

1
JRh-C = 71 Hz, CO, C24 & 25 & 26 & 27), 

155.36 (s, Cq-py, C18 & 22), 141.67 (s, CH-py, C20), 134.21 (s, Cq-bzim, C4 & 11), 133.26 (s, Cq-

bzim, C9 & 16), 124.65 (s, CH-py, C19 & 21), 123.48 (s, CH-bzim, C6 & 7 & 13 & 14), 111.43 (s, CH-

bzim, C5 & 12), 110.40 (s, CH-bzim, C8 & 15), 50.20 (s, CH2, C17 & 23), 34.499 (s, CH3, C1 & 2), 

34.480 (s, CH3, C1 & 2). IR (FT-ATR, cm
-1

): 3027 vw, 3053 vw, 2991 vw, 2941 vw, 2872 vw, 2063 vs 

(CO), 1971 vs (CO), 1659 w, 1606 m, 1574 w, 1481 m, 1459 m, 1438 s, 1405 s, 1390 s, 1338 s, 1266 

m, 1251 w, 1190 w, 1172 w, 1153 vw, 1130 m, 1092 m, 1030 m, 1016 w, 1002 m, 967 w, 936 m, 843 

w, 792 s, 736 vs, 678 vw, 653 w, 642 w, 617 m, 596 m, 573 w, 548 m, 527 m, 491 s, 430 m, 401 vw, 

391 vw.   

 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

 

A small quantity of [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] was generated in the synthesis of 

Rh2Cl2(COD)2(dmp(NHC{Me})2). In an effort to produce greater quantities of the nitrile bridged 

species a new synthetic procedure was developed and is outlined below. 

 

To a degassed dichloromethane solution (10 mL) of Rh2Cl2(COD)2(dmp(NHC{Me})2) (71 mg, 1 eq.) 

was added silver triflate (42 mg, 2.0 eq.) in methanol (2 mL). The yellow solution was protected from 

light and stirred at room temperature for two hours during which time a white precipitate of AgCl was 

formed. The precipitate was permitted to settle at the bottom of the flask before filtration by cannula 

into a flask containing potassium cyanide (5 mg, 1.0 eq.). The mixture was protected from light and 

stirred vigorously at room temperature for three hours. The yellow solution was then reduced under 

vacuum to dryness, yielding a yellow solid residue. Purification of the raw material was carried out by 
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silica gel column chromatography (3 cm, di. 1 cm). 5% Acetone/Dichloromethane eluted the product, 

which was reduced on the rotary evaporator to dryness. A yellow micro-crystalline powder was 

obtained by slow evaporation of a dichloromethane and n-heptane solution. Pure [Rh2(µ-

CN)(COD)2(dmp(NHC{Me})2)][OTf] was removed by filtration, washed with n-hexane (2 x 5 mL) and 

dried under vacuum (25 mg, yield 31%).  

 

Anal. Calc. for C41H45F3N6O3Rh2S·1 ½ CH2Cl2: C, 46.74; H, 4.43; N, 7.70. Found: C, 46.74; H, 4.43; 

N, 7.70%. MS (m/z) Calc. for C40H45N6Rh2 [M-OTf]
+
: 815.1810 m/z; Found: 815.1780 m/z. 

1
H NMR 

(300 MHz, CDCl3): δ 7.90 (t, 
3
JHH = 7.7 Hz, 1H, CH-py, H20), 7.59 & 7.53 (2 x d, 

3
JHH = 7.7 Hz, 1H 

each, CH-py, H19 & 21), 7.12 & 7.08 (2 x d, 
3
JHH = 8.1 Hz, 1H each, CH-bzim, H5 & 12), 6.95 & 6.94 

(2 x td, 
3
JHH = 7.7 Hz, 

4
JHH = 0.9 Hz, 1H each, CH-bzim, H6 & 13), 6.72 & 6.67 (2 x td, 

3
JHH = 8.1 Hz, 

4
JHH = 0.9 Hz, 1H each, CH-bzim, H7 & 14), 6.48 & 6.43 (d, 

3
JHH = 8.1 Hz, 1H each , CH-bzim, H8 & 

15), 6.35 & 6.14 & 5.29 & 5.26 (4 x d, 
2
JHH = 15.7 Hz, 1H each, CH2 linker, H17 & 23), 4.92-4.67 (m, 

4H, CH-COD), 4.26 (m, 1H, CH-COD), 4.18 & 4.03 (s, 6H, CH3, C1 & 2), 4.15 (m, 1H, CH-COD), 3.59 

(m, 1H, CH-COD), 3.45 (m, 1H, CH-COD), 2.53-1.92 (m, 16H, CH2-COD).
13

C{
1
H} NMR (75 MHz, 

CDCl3): δ 194.44 and 193.26 (2 x d, 
1
JRh-C = 50.5 and 50.9 Hz respectively, NCN, C3 & 10), 155.26 & 

155.08 (2 x s, Cq-py, C18 & 22), 149.37 (dd, 
1
JRh-C = 58.8 Hz, 

1
JRh-NC = 6.3 Hz, µ-CN, C24), 137.32 (2 

x s, CH-py, C20), 134.17 & 134.03 (2 x s, Cq-bzim, C11 & 4), 133.82 & 133.66 (2 x s, Cq-bzim, C16 

& 9), 122.89 & 122.74 (2 x s, CH-bzim, C13 & C6), 122.46 & 122.36 (2 x s, CH-bzim, C14 & C7), 

121.54 & 121.47 (2 x s, CH-py, C21 & C19), 109.57 & 109.48 (2 x s, CH-bzim, C12 & C5), 109.12 & 

109.04 (2 x s, CH-bzim, C15 & C8), 98.01 (d, 
1
JRh-C = 6.8 Hz, CH-COD), 97.38 (d, 

1
JRh-C = 7.0 Hz, CH-

COD), 92.40 (d, 
1
JRh-C = 7.0 Hz, CH-COD), 91.99 (d, 

1
JRh-C = 7.0 Hz, CH-COD), 90.67 (d, 

1
JRh-C = 8.7 

Hz, CH-COD), 89.06 (d, 
1
JRh-C = 8.5 Hz, CH-COD), 75.81 (d, 

1
JRh-C = 12.8 Hz, CH-COD), 73.87 (d, 

1
JRh-C = 12.7 Hz, CH-COD), 52.23 (s, CH2 linker, C17 & 23), 37.72 & 34.69 (s, CH3, C1 & 2), 32.69 & 

31.85 & 31.32 & 30.90 & 30.47 & 29.91 & 29.44 & 28.58 (8 x s, CH2-COD). IR (FT-ATR, cm
-1

): 2119 s 

(vCN), 1708 w, 1596 m, 1578 m, 1483 s, 1464 vs (COD C=C), 1438 vs, 1398 vs, 1366 s, 1339 m, 

1311 w, 1266 vs (OTf
-
), 1222 s, 1207 vw, 1191 w, 1154 vs, 1146 vs, 1094 m, 1076 w, 1030 vs (OTf

-
), 

994 m, 961 m, 920 vw, 890 w, 863 m, 813 vw, 800 s, 738 vs, 637 vs (OTf
-
), 572 m, 545 vw, 517 m 

(OTf
-
), 475 vw, 452 w (Rh-olefin), 429 m (δMCN).    

 

[Ir(COD)(dmp(NHC{Me})2)][OTf] 
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[Ag(dmp(NHC{Me})2)]2[OTf]2 was formed as previously described, from [(dmp(NHC{Me})2)][OTf]2 

(152 mg, 1 eq.) and Ag2O (130 mg, 2.5 eq.), before removal of all solvent under reduced pressure 

and with heating at 50˚C, to form a grey solid residue. [Ir(COD)Cl]2 (151 mg, 1 eq.) was added to the 

residue as a solid and the flask fitted with a rubber septum. Dry acetonitrile (30 mL, distilled over 

calcium hydride) was added to the flask via the septum and the resultant suspension stirred at room 

temperature for one hour, by which time the orange colouration of the suspension had disappeared. 

Lithium chloride (95 mg, 10 eq.) was rapidly added to the solution and stirring at room temperature 

continued for 15 minutes prior to filtration through celite. The resultant orange filtrate was reduced 

under vacuum to dryness. To the dry orange residue was added chloroform and the solution filtered 

through a glass sinter in order to remove salts. The filtrate was once again reduced under vacuum to 

dryness. The material was purified by silica gel column chromatography (8cm, di. 1cm). An eluant of 

100% dichloromethane eluted an orange band corresponding to unreacted [Ir(COD)Cl]2. 20% 

Acetone/ dichloromethane eluted two orange bands, the second of which contained the product and 

was reduced on the rotary evaporator to dryness. Pure [Ir(COD)(dmp(NHC{Me})2)][OTf] was 

recrystallised from dichloromethane and n-heptane, the crystals removed by filtration and washed 

with n-hexane (94 mg, yield 64 %). 

 

Anal. Calc. for C32H33F3IrN5O3S·H2O: C, 46.03; H, 4.11; N, 8.39. Found: C, 46.15; H, 4.11; N, 8.23 %. 

MS (m/z) Calc. C31H33
191

IrN5 [M-(OTf)]
+
: 666.2342 m/z; Found: 666.2448 m/z. (m/z) Calc. 

C31H33
193

IrN5 [M-(OTf)]
+
: 668.2360 m/z; Found: 668.2370 m/z. 

1
H NMR (300 MHz, CDCl3): δ 7.94 (br 

„s‟, 2H), 7.77 (d, 
3
JHH = 8.4 Hz, 2H), 7.40-7.28 (m, 7H), 5.85 (d, 

2
JHH = 15.0 Hz, 2H), 5.39 (d, 

2
JHH = 

14.7 Hz, 2H), 4.30 (s, 6H, CH3), 3.32 (br s, 4H, COD), 2.33 (m, 4H, COD), 1.91 (q, 
3
JHH = 8.1 Hz, 4H, 

COD). 
1
H NMR (300 MHz, d6-DMSO): δ 8.10 ('dd', 

3
JHH = 6.9 Hz, 

4
JHH = 1.4 Hz, 1H, CH-py, H20), 

7.98 (d, 
3
JHH = 6.8 Hz, 2H, CH-py, H19 & 21), 7.98-7.95 (m, 2H, CH-bzim, H7 & 14), 7.65 (d, 

3
JHH = 

7.0 Hz, 1H, CH-bzim, H5 or H12), 7.64 (d, 
3
JHH = 6.2 Hz, 1H, CH-bzim, H5 or H12), 7.37-7.28 (m, 4H, 

CH-bzim, H6 & H8 & H13 & H15), 6.06 & 5.31 (d, 
2
JHH = 15 Hz, 4H, CH2, H17 & H23), 4.26 (s, 6H, 

CH3, H1 & H2), 3.30 (br s, 4H, CH-COD, H24 & H27), 2.30 (br q, 
3
JHH = 9.6 Hz, CH2-COD, H25 or 

H26) 1.78 (br q, 
3
JHH = 8.4 Hz, CH2-COD, H25 or H26). 

13
C{

1
H} NMR (75 MHz, d6-DMSO): δ 184.22 

(s, NCN, C3 & C10), 157.20 (s, Cq-py, C18 & C22), 139.68 (s, CH-py, C20), 134.63 (s, Cq-bzim, C4 

& C11), 134.25 (s, Cq-bzim, C9 & C16), 123.87 (s, CH-py, C19 & C21), 122.82 (s, CH-bzim, 

coincident C6 & C8 & C13 & C15), 110.94 (s, CH-bzim, C5 & C12), 110.18 (s, CH-bzim, C7 & C14), 

59.89 (s, CH-COD, C24 & C27), 51.99 (s, CH2, C17 & C23), 35.45 (s, CH3, C1 & C2), 32.95 (s, CH2-

COD, C25 & C26). 
19

F NMR (282 MHz, d6-DMSO): δ -78.85 (s, OTf
-
). IR (FT-ATR, cm

-1
): 2925 m, 

2863 vw, 2841 vw, 2810 vw, 1604 m, 577 w, 1482 m, 1467 w (COD C=C), 1436 m, 1404 m, 1389 m, 

1378 m, 1341 m, 1327 m, 1255 vs (OTf
-
), 1224 s, 1182 w, 1149 vs, 1127 m, 1096 m, 1079 m, 1029 

vs (OTf
-
), 1007 w, 968 vw, 947 vw, 911 m, 870 vw, 829 vw, 802 m, 791 m, 751 s, 739 vs, 667 m, 634 

vs (OTf
-
), 572 s, 546 m, 516 s (OTf

-
), 477 w, 432 s (Ir-olefin), 419 vw, 407 w, 396 w, 390 vw. 
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[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

A small quantity of [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] was generated simultaneously in the 

synthesis of [Ir(COD)(dmp(NHC{Me})2)][OTf]. However the material was prepared in greater 

quantities in the following way: 

 

[Ag(dmp(NHC{Me})2)]2[OTf]2 was formed as previously described, from [dmp(bzim{Me})2][OTf]2 (80 

mg, 1.0 eq.) and Ag2O (69 mg, 2.5 eq.). All the solvent was removed under reduced pressure and 

with heating at 50˚C. KCN (55 mg, 7.0 eq.) was added to the solid residue and the light protected 

vessel placed under vacuum. To the re-equilibrated flask was added dry acetonitrile (30 mL, distilled 

over calcium hydride) via septum and the resultant suspension stirred at room temperature for half an 

hour. [Ir(COD)Cl]2 (81 mg, 1.01 eq.) was added to the residue directly under a flow of nitrogen. The 

mixture was stirred under nitrogen for four hours before filtration through celite and reduction of the 

orange filtrate to dryness. The material was purified by silica gel column chromatography (8cm, di. 

1cm). An eluant of 100% dichloromethane eluted an orange band corresponding to unreacted 

[Ir(COD)Cl]2. 10% Acetone/ dichloromethane eluted an orange band containing 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf]. n-Heptane was added directly to the eluant and 

crystallisation effected by gradual reduction of the dichloromethane and acetone solvent to produce 

pure [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] (41 mg, yield 30%).  

 

Anal. Calc. for C41H45F3Ir2N6O3S·1/3 C7H8: C, 44.31; H, 4.10; N, 7.16. Found: C, 44.01; H, 4.26; N, 

7.03%. MS (m/z) Calc.  for C40H45
191

Ir2N6 [M-(OTf)]
+
: 991.2912 m/z; Found: 991.2890 m/z. MS (m/z) 

Calc.  for C40H45
191

Ir
193

IrN6 [M-(OTf)]
+
: 993.2937 m/z; Found: 993.2964 m/z. MS (m/z) Calc.  for 

C40H45
193

Ir2N6 [M-(OTf)]
+
: 995.2963 m/z; Found: 995.2985 m/z. 

1
H NMR (300 MHz, CDCl3): δ 7.84 (t, 

3
JHH = 7.5 Hz, 1H, CH-py, H20), 7.52 & 7.46 (2 x d, 

3
JHH = 7.5 Hz, 2H, CH-py, H19 & 21), 7.16 & 7.11 

(2 x d, 
3
JHH = 8.2 and 8.1 Hz respectively, 2H, CH-bzim, H5 & 12), 6.98 and 6.94 (2 x t, 

3
JHH = 7.4 and 

7.8 Hz respectively, 2H, CH-bzim, H6 & H13), 6.78 & 6.70 (2 x t, 
3
JHH = 7.5 Hz each, 2H, CH-bzim, H7 

& H14), 6.56 & 6.47 (2 x d, 
3
JHH = 8.1 Hz, 2H, CH-bzim, H8 & H15), 6.18 & 5.97 (2 x d, 

2
JHH = 15.7 Hz 

each, 2H, CH2, H17 & H23), 5.24 & 5.23 (2 x d, 
2
JHH = 15.7 Hz each, 2H, CH2, H17 & H23), 4.43-4.28 

(m, 4H, CH-COD), 4.09 (m, 1H, CH-COD), 3.90 (m, 1H, CH-COD), 4.05 & 3.90 (s, 6H, CH3, H1 & 

H2), 3.90 (m coincident with methyl, 1H, CH-COD), 3.41 (m, 1H, CH-COD), 3.24 (m, 1H, CH-COD), 

2.37-2.10 (m, CH2-COD), 2.06-1.74 (m, CH2-COD). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ 188.35 and 

188.25 (s, NCN, C3 & C10), 155.18 & 154.91 (s, Cq-py, C18 & C22), 147.00 (s, µ-CN, C24), 137.163 

(s, CH-py, C20), 134.214 & 134.082 (s, Cq-bzim, C4 & C11), 133.957 & 133.765 (s, Cq-bzim, C9 & 

C16), 123.135 & 123.032 (s, CH-py, C6 & C13), 122.734 & 122.685 (s, CH-bzim, coincident C7 & 
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C14), 121.720 & 121.642 (s, CH-bzim, C19 & C21), 109.905 & 109.746 (s, CH-bzim, C5 & C12), 

109.336 & 109.290 (s, CH-bzim, C8 & C15), 84.379 & 84.073 & 81.044 & 79.298 & 79.145 & 79.014 

& 62.403 & 60.354 (s, CH-COD), 51.914 (s, CH2, C17 & C23), 34.289 (s, CH3, C1 & C2), 33.422 & 

32.416 & 32.301 & 31.901 & 30.896 & 30.390 & 30.207 & 29.114 (s, CH2-COD, C25 & C26). 
19

F NMR 

(282 MHz, CDCl3): δ -79.06 (s, OTf). IR (FT-ATR, cm
-1
): 2953 m, 2918 m, 2882 m, 2850 w, 2835 vw, 

2122 m (vCN), 1631 vw, 1593 w, 1578 w, 1484 m, 1466 m (COD C=C), 1401 m, 1389 s, 1365 m, 

1342 m, 1328 w, 1260 vs (OTf), 1223 s, 1200 m, 1151 vs, 1093 m, 1076 w, 1030 vs (OTf), 995 m, 

971 w, 913 w, 885 w, 866 m, 841 w, 813 vw, 800 m, 735 vs, 634 vs (OTf), 572 m, 546 w, 516 m 

(OTf), 493 vw, 468 w (Ir-olefin), 451 w (Ir-olefin), 431 w (δMCN), 404 vw, 395 w. 

 

The carbonylation product of [Ir(COD)(dmp(NHC{Me})2)][OTf] 

 

 

[Ir(COD)(dmp(NHC{Me})2)][OTf] (30 mg, 1 eq.) dissolved in dry, degassed dichloromethane (10 mL) 

was bubbled with carbon monoxide for half an hour. The yellow solution paled in colour upon 

exposure to a CO atmosphere. Upon completion of the reaction all the solvent was removed. The 

resultant yellow residue was washed with three consecutive portions of degassed n-pentane (10 mL) 

and filtered. The micro-crystalline solid was then dried under high vacuum (31 mg, yield 100% based 

on the formulation [Ir(CO)(COD)(dmp(NHC{Me})2)][OTf]). The material was found to be unstable in 

solution, demonstrating rapid transformation back into [Ir(COD)(dmp(NHC{Me})2)][OTf].  

 

An adequate elemental analysis could not be obtained of this material. MS (m/z) Calc. C31H33
191

IrN5 

[M-(CO)-(OTf)]
+
: 666.2342 m/z; Found: 666.2293 m/z. (m/z) Calc. C31H33

193
IrN5 [M-(CO)-(OTf)]

+
: 

668.2360 m/z; Found: 668.2334 m/z. NMR analysis of the material could not be carried out due to the 

lability of the CO substituent upon dissolution of the solid. Displacement of the CO substituent was 

similarly reflected in the mass spectral data obtained. IR (FT-ATR, cm
-1

): 3061 vw, 3018 vw, 2925 m, 

2870 w, 2835 w, 2067 vw, 1981 br s, 1605 m, 1578 w, 1482 m, 1467 m, 1438 m, 1406 m, 1388 m, 

1378 m, 1340 m, 1327 m, 1254 vs (OTf), 1223 s, 1151 vs, 1081 m, 1028 vs (OTf), 968 vw, 955 vw, 

930 vw, 891 vw, 868 vw, 854 vw, 831 vw, 804 m, 791 m, 743 vs, 690 vw, 665 w, 634 vs (OTf), 616 s, 

573 s, 548 m, 516 s, 474 w, 435 s, 403 vw, 395 vw. 
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Chapter Five 
 

Development of transition metal 
complexes bearing macrocyclic 

bisbenzimidazol-2-ylidenes 

5 Chapter Five: Development of transition metal complexes bearing 
macrocyclic bisbenzimidazol-2-ylidenes 

 

Research into the simple acyclic complexes of dmp(NHC{Me})2 led to the development of a 

macrocyclic ligand system bearing the acyclic fragment, dmp(NHC)2 in its tail end and a pyridine 

dicarboxamide moiety in its head group. Synthesis of two mercury derivatives of macrocyclic NHCs is 

discussed, the pincer complex [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] and the dimeric species 

[H4L(C2H4)2HgBr2((NHC)2{macro})]2. Subsequent transmetalation was carried out with these 

complexes to synthesise the macrocyclic palladium(II) NHC pincer 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6]. 

 

Lastly, all experimental data pertinent to the novel complexes described in Chapter Five is compiled in 

the final section. General synthetic schemes for Chapter Five are compiled in the Appendix.



 

 
220 

5.1 Development of macrocyclic ligands bearing bisbenzimidazoliums 

 

Section 5.1 describes the preparation and characteristics of macrocyclic ligands containing 

bisbenzimidazolium functional groups. 

5.1.1 Synthesis of H4L(C2H4)2(bzim)2 

 

The macrocyclic complex, [H4L(C2H4)2(bzim2{macro})][Br]2, was formed in a multi-step procedure 

(see Figure 187 below). Firstly, pyridine-2,6-dicarbonyl dichloride was prepared by refluxing 

2,6-pyridine dicarboxcylic acid in neat thionyl chloride for 6 hours. Subsequent addition of 

2,6-diaminopyridine in the presence of triethylamine yielded the acyclic complex H2LNH2. H4LacrA 

was formed through the addition of two equivalents of acryloyl chloride to H2LNH2
139

 followed by an 

aza-catalysed Michael addition with two equivalents of benzimidazole to form the neutral acyclic 

complex, H4L(C2H4)2(bzim)2.  

 

Figure 187: General schematic for the formation of H4L(C2H4)2(bzim)2 

 

DBU is utilised as a catalyst in the aza-Michael reaction, demonstrating superior catalysis in these 

circumstances compared to other tertiary amines because of the stable nature of the β-ammonium 

enolate intermediate that is formed between DBU and the Michael acceptor. 
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Figure 188: Mechanism for the aza-Michael addition 

 

Kim et al.
204

 screened a number of tertiary amines in this catalytic role, including; DABCO, DMAP and 

DBU and found that use of 0.5 eq. of DBU was sufficient to catalyze several aza-Michael reactions in 

high yield (95% conversion was obtained for a reaction between methyl acrylate and dibenzylamine at 

room temperature) versus yields below 30% for other bases. A decreased yield was obtained when 

the proportion of DBU was lowered. The authors further investigated the effect of solvent upon the 

reaction and found that in the presence of acetonitrile product yields were 10% greater than those for 

reactions carried out in DMF or toluene. A conjugate addition of particular relevance to work 

undertaken in this thesis was described in the work by Kim et al., namely the aza-Michael addition 

between protonated imidazole and methyl acrylate, proceeding in 95% yield. The similarity of 

functional groups suggested direct applicability of the methodology to H4LacraA and benzimidazole.  

 

It was found that vigorous reaction conditions were required in order to accomplish respectable yields 

of the desired material, unlike those reactions reported by Kim et al. When the reaction was carried 

out at room temperature it was found that after three weeks only 30% pure material could be obtained 

and only after a tedious purification process requiring multiple chromatography columns in order to 

remove trace DBU, benzimidazole and a by-product bearing similar ethylene signals in the 
1
H NMR 

spectrum. The unknown material was difficult to separate from the product and as a result its true 

identity could not be determined. The overall yield of the reaction was greatly improved when the 

reaction was carried out in refluxing acetonitrile for 24 hours. Depending upon the scale of the 

reaction the product often simply precipitated out of the mixture upon formation and could then be 

recrystallised from methanol and diethyl ether. In the event that precipitation failed to occur, invariably 

due to the presence of DBU and its ability to improve the solubility of the complex, chromatography 

was carried out to produce H4L(C2H4)2(bzim)2 in 66% yield.  

 

The material is distinguished in the 
1
H NMR spectrum (CDCl3) by its NH amide resonances, which 

manifest as two broad singlets at δ 10.16 and 9.25 ppm. The pyridyl and aryl signals for the complex 

appear in the usual range between δ 7.14 and 8.14 ppm and the NCHN resonance arising from the 

benzimidazole moieties manifests at δ 7.97 ppm. The ethylene linkers are observed as two broad 

triplets at δ 4.45 and 2.75 ppm with a coupling constant of about 6 Hz. Two equivalents of water are 

observed at δ 2.25 ppm, a chemical shift which is markedly downfield compared to the conventional 

δ 1.56 ppm signal typically observed for unassociated water. Addition of D2O, followed by agitation 



 

 
222 

resulted in immediate subsidence of the peak, indicating exchange of the water protons for deuterons. 

The downfield shift is probably indicative of associative interactions with the hydrogen bonding 

receptors present within the extended acyclic system. In the 
13

C{1H} NMR spectrum (CDCl3) the 

carbonyl carbons are seen at δ 168.80 and 162.54 ppm whereas the benzimidazole NCHN carbon 

appears at δ 143.01 ppm. The ethylene signals appear at 40.96 and 37.80 ppm. 

 

The amide bands are observed at 1693, 1616, 1584 and 1523 cm
-1

 in the infrared spectrum of 

H4L(C2H4)2(bzim)2. By ESI-MS the molecular ion is observed as [M+H]
+
 with a molecular mass of 

694.26381 m/z (Calc. for C37H32N11O4 [M+H]
+
: 694.26387 m/z). 

 

A crystal of H4L(C2H4)2(bzim)2 suitable for an X-ray diffraction determination was grown by slow 

evaporation of a dilute solution containing methanol, diethyl ether and dichloromethane. The material 

crystallised in a triclinic crystal system with space group P-1.  

 

The bond lengths for all three pyridyl rings are as expected, exhibiting short C-N bond lengths in the 

range 1.334(3)-1.340(3) Å and with the remaining distances in the range 1.382(3)-1.401(3) Å. The 

bond distance between the carbonyl carbon and the pyridine quaternary carbons is observed as long 

single bond lengths around 1.51 Å. A longer C-C distance of 1.524(3) Å is observed extending to the 

ethylene linker. As mentioned in Chapter One, it is believed that imidazolium groups are somewhat 

aromatic and this is reflected in their NCN bond lengths which range between 1.324 and 1.333 Å 

([dmp(bzim{Me})2]I2 which is discussed in Section 4.1.1 was used as a reference for this figure). 

H4L(C2H4)2(bzim)2 exhibits N8-C24 (1.363(3) Å) and N10-C31 (1.362(3) Å) linkages as short single 

bonds, whereas the N9-C24 (1.318(3) Å) and N11-C31 (1.310(3) Å) distances are consistent with 

intermediate double bonds. Pertinent bond lengths and angles are tabulated in Figure 189 on the 

following page, along with a labelled diagram of the complex. 
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Figure 189: X-ray crystal structure 

for H4L(C2H4)2(bzim)2, R1 = 5.8% 

(solvent molecules omitted for 

clarity)  
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Hydrogen bonding is a prominent feature in the crystal packing, the shortest of these interactions 

being methanolic contacts with an OH---N11 distance of 2.763(3) Å, and an OH---O1 length of 

2.832(2) Å. A water molecule is situated 2.871(2) and 2.855(2) Å from the amide N6 and N7 nitrogens 

(measured from the oxygen atom of the water molecule to the amide nitrogens). It was not possible to 

locate the hydrogen atoms for the water molecule in the difference map. Within the solid state the 

H4L(C2H4)2(bzim)2 molecules pack together so that the benzimidazole groups of neighbouring 

molecules align in a parallel fashion at a distance of 3.607(2) Å. This distance lies beyond the typical 

range observed for π–π stacking (2.5-3.5 Å).
205

 See Figure 190 for a graphical depiction of these 

measurements. 

 

 

Figure 190: Hydrogen bonding interactions and solid state packing characteristics of 

H4L(C2H4)2(bzim)2 

 

Viewed along the blue plane defined by the Miller index (6 8 0) and occupied by the methanolic 

hydroxyl groups, it becomes apparent that the head group pyridyl of the acyclic molecule (red plane) 

orientates itself diagonally at a 35° angle with respect to the plane extended through the water 

molecules. Refer to Figure 191 for a visual representation of the discussion. The head group portion 

of the molecule is itself slightly bowed in order to allow for amide hydrogen bonding interactions with a 

water molecule. Water and methanolic portions of the crystal packing have been displayed in spacefill 

mode in Figure 191 in order to facilitate their visibility. 
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Figure 191: Solvent occupation in the crystal 

packing of H4L(C2H4)2(bzim)2  

 

(water molecules are depicted in spacefill mode) 

 

 

5.1.2 Synthesis of H4L(C2H4)2(imid)2 

 

The imidazole adduct, H4L(C2H4)2(imid)2, is similarly obtained when the aza-catalysed Michael 

addition is carried out with two equivalents of imidazole. This material is more difficult to separate 

from DBU via chromatography and is only obtained in pure form in 48% yield when the product 

precipitates out of a cooled concentrated reaction mixture. In the 
1
H NMR spectrum (d6-DMSO) 

chemical shifts of δ 11.09 and 10.28 ppm are displayed by the amide NH groups. The imidazole 

backbone appears as two broad signals at δ 7.60 and 7.12 ppm that integrate for two protons each. 

The NCHN hydrogen is observed at δ 6.87 ppm whereas the ethylene linkers manifest as two broad 

triplets with a coupling constant of approximately 6.5 Hz at chemical shifts of δ 4.27 and 2.91 ppm.  

 

The carbonyl carbons are observed at δ 169.42 and 162.02 ppm in the 
13

C{1H} NMR spectrum (d6-

DMSO) of the complex. The signals at δ 137.16 and 119.21 ppm pertain to the imidazole backbone 

and the signal at δ 128.28 ppm is assigned to the imidazole NCHN chemical shift. The assignment of 

carbonyl chemical shifts and amide protons was established on the basis of 
2
J and 

3
J C-H correlations 

which are exhibited between C18 and C21 and the ethylene protons H20, H23, H19 and H22. H20 

and H23 could be discerned independently on the basis of 
3
JCH coupling interactions with the 

imidazolium NCHN protons H24 and H27 and with H25 and H28 of the imidazole backbone. Refer to 

Figure 192 for an expansion of the HMBC 
13

C-
1
H correlation spectrum of H4L(C2H4)2(imid)2. 
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Figure 192: HMBC 
13

C-
1
H correlation experiment with H4L(C2H4)2(imid)2  

(optimised to 8.33 Hz or 
3
JC-H, d6-DMSO, 75 MHz) 

 

Much the same as its benzimidazole adduct, H4L(C2H4)2(imid)2 amide bands are observed at 1695, 

1672, 1585 and 1514 cm
-1

 in the infrared spectrum. The sharp stretches at 3378 and 3328 cm
-1

 are 

assigned to the amide NH groups. 

 

By ESI mass spectrometry the compound is detected as [M+H]
+
 with a mass of 594.23219 m/z 

(C29H28N11O4 [M+H]
+
 Calc.: 594.23257 m/z). 

 

Ring-closure of H4L(C2H4)2(bzim)2 or H4L(C2H4)2(imid)2 is accomplished by refluxing these acyclic 

materials with one equivalent of 2,6-dibromolutidine in 1,4-dioxane for 20 hours, to form 

[H4L(C2H4)2(bzim2{macro})][Br2] or [H4L(C2H4)2(imid2{macro})][Br2] (see Figure 193 on the 

following page). Both macrocyclic complexes are recrystallised from hot chloroform and toluene in 

order to remove impurities. 
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Figure 193: Schematic for the formation of macrocyclic imidazolium and benzimidazolium 

salts 

5.1.3 Synthesis of [H4L(C2H4)2(bzim2{macro})]Br2 and 

[H4L(C2H4)2(imid2{macro})][Br]2 

 

Successful production of the macrocyclic complex [H4L(C2H4)2(bzim2{macro})][Br]2 is indicated by a 

downfield shift of the imidazole NCHN signal to δ 9.97 ppm (d6-DMSO), explained by a reduction in 

electron density of the imidazole ring upon N-alkylation. Similarly, there is a downfield shift of the 

ethylene linkers which move to δ 4.73 and 3.31 ppm. The appearance of an additional singlet at 

δ 5.85 ppm is indicative of the new dimethylpyridine linker introduced to the macrocyclic system.  

 

By infrared spectroscopy, ring closure and the formation of [H4L(C2H4)2(bzim2{macro})][Br]2, is 

observed to bring about a slight reduction in the amide stretching frequencies compared to the acyclic 

precursor, H4L(C2H4)2(bzim)2. Amide bands for the macrocyclic material are displayed at 1681, 1583 

and 1515 cm
-1

. By ESI-MS the molecular ion for the macrocyclic compound is observed as [M-Br]
+
, 

with a molecular mass of 877.23061 m/z (C44H38
79

BrN12O4 [M-Br
-
]
+
 Calc.: 877.23223 m/z). 

 

A crystal of [H4L(C2H4)2(bzim2{macro})][Br]2 was grown by isopiestic diffusion of toluene into a 

saturated chloroform solution containing the complex. The compound crystallised in a monoclinic 

crystal system with space group P21/c. Two independent molecules are evident within the asymmetric 

unit. Unfortunately, despite the fact that more than 24,000 independent reflections were detected, 

approximately 75% of these fell below the sigma threshold. With the remaining data it was possible to 

solve the structure, the final refinement converging to an R1 value of 16.21%. It was necessary to 
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apply DELU restraints upon carbon atoms in two of the benzimidazolium rings and four of the pyridyl 

rings present within the asymmetric unit.  

 

An explicit discussion of the bonding characteristics of [H4L(C2H4)2(bzim2{macro})][Br]2 is impractical 

given the low bond precision associated with the connectivities list. However, a snapshot of the 

general physical characteristics of the compound is displayed here in order to provide information 

about the solid state structure of [H4L(C2H4)2(bzim2{macro})][Br]2 (see Figure 194). The presence of 

water is evidently important to the crystal packing, with seven of these molecules being identifiable 

within the asymmetric unit. The head group amide nitrogens of the macrocyclic ring engage in 

hydrogen bonding with a water molecule (N13-O12 and N15-O12 distances of 2.89(2), 2.92(1), 

2.98(2) and 2.97(2) Å, within range of literature verified NH---O hydrogen bonding distances).
148

 

Similarly, one of the bromide counter-anions forms hydrogen bonds with the amide protons in the 

centre of the macrocycle which are 3.42(2), 3.46(1), 3.35(1) and 3.47(1) Å long, whilst the remaining 

bromide anion is located 3.46(2) and 3.61(3) Å from the benzimidazolium NCHN proton. Typical NH---

Br hydrogen bonds are 3.37(15) Å long.
132

 

 

The macrocycle possesses a flexible dmp(bzim) tail section and can twist about the ethylene and 

methylene linker groups. By comparison the pyridine carboxamide head group retains planarity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 194: Crystal structure of [H4L(C2H4)2(bzim2{macro})][Br]2, R1=16.21% 

(some solvent molecules omitted for clarity)   
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Each molecule in the asymmetric unit bends at the position occupied by the bridging ethylene 

carbons, to form an L-shaped and a V-shaped structural isomer. The angle associated with the 

L-shaped molecule was measured as 75°, as determined from the angle between calculated planes 

for the amide nitrogens (N13-N15-N19-N18, red plane) and the ethylene-benzimidazole bridge (C64-

C86-N24-N20, blue plane). In the L-shaped isomer the tail end pyridyl group is oriented in a 

downward fashion whereas for the V-shaped isomer this group is aligned upwards. The crystal 

structure of the free macrocyclic ligand reveals that in the solid state each benzimidazolium ring is 

twisted 117, 113, 110 and 114° out of the mean plane formed by the tail end pyridyl groups (see 

Figure 195). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 195: Intramolecular angles of [H4L(C2H4)2(bzim2{macro})][Br]2 in the solid state 

 

By comparison, the macrocyclic imidazolium analogue, [H4L(C2H4)2(imid2{macro})][Br]2, reveals two 

broad amide signals in the 
1
H NMR (d6-DMSO) spectrum at δ 11.00 and 10.46 ppm. The imidazolium 

proton appears at δ 9.34 ppm, demonstrating a marked downfield shift for the NCHN signal compared 

to H4L(C2H4)2(imid)2 upon N-alkylation. The bridging methylene protons of H30 and H36 appear at 

δ 5.59 ppm and the ethylene protons as broad triplets at δ 4.59 and 3.31 ppm, with coupling constants 

of 6.4 and 6.8 Hz respectively. The imidazolium backbone of the complex undergoes a slight 
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downfield shift from δ 7.60 and 7.12 ppm to 7.93 and 7.66 ppm upon formation of the macrocyclic 

ring. See Figure 196 for a visual representation of the spectroscopic changes described. 

 

 

 

Figure 196: Overlay of the 
1
H NMR spectra (d6-DMSO) for [H4L(C2H4)2(imid)2 and 

[H4L(C2H4)2(imid2{macro})][Br]2  

(tracking the changes to chemical shifts upon macrocyclisation) 

 

In the 
13

C{1H} NMR (d6-DMSO) spectrum of [H4L(C2H4)2(imid2{macro})][Br]2 the carbonyl chemical 

shifts are virtually unchanged upon cyclisation, remaining at δ 161.75 and 168.60 ppm. The 

imidazolium NCHN carbon at δ 136.94 ppm and the methylene carbon at δ 52.26 ppm signal the 

formation of the macrocyclic ring. 

 

Infrared analysis of [H4L(C2H4)2(imid2{macro})][Br]2 reveals amide bands at 1679, 1583 and 

1519 cm
-1
, whereas the NH vibrations are observed as weak bands at 3252, 3132, 3101 and 

3018 cm
-1
. By ESI-MS the [M-Br]

+
 molecular ions of the complex are presented at 779.1994 and 

777.2008 m/z, corresponding to molecular formulae in which the two isotopes of bromine are 

represented. The masses calculated for C36H34
79

BrN12O4 and C36H34
81

BrN12O4 are 777.20093 m/z and 

779.19889 m/z respectively. 

 

It is anticipated that the imidazolium macrocyclic complex, [H4L(C2H4)2(imid2{macro})][Br]2 will 

undergo similar reactions to those described for [H4L(C2H4)2(bzim2{macro})][Br]2 in the proceeding 

text.  
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5.2 Development of macrocyclic bisbenzimidazol-2-ylidene complexes of transition 
metals 

 

Section 5.2 outlines the synthesis and characteristics of macrocyclic transition metal complexes of 

bisbenzimidazol-2-ylidene. Three NHC complexes of this type are described, respectively containing 

mercury(II) or palladium(II) centres. 

5.2.1 Synthesis of [H4L(C2H4)2HgBr2((NHC)2{macro})]2 and 
[H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] 

 

Deprotonation of [H4L(C2H4)2(bzim2{macro})][Br]2 was attempted using either a strong base such as 

potassium tertiary butoxide, or the service of an internal base such as acetate in palladium acetate or 

butoxide in Ir2(O
t
Bu)2Cl4. These methods were found to be generally unsuccessful, producing 

intractable materials displaying broad and indistinct 
1
H NMR spectra. It is highly likely that strong base 

could promote decomposition pathways, either via deprotonation of the internal amide groups within 

the macrocyclic ring or of the methylene groups α to the imidazolium nitrogen, which are themselves 

reasonably acidic.
81

    

 

Attempts were made to prepare a macrocyclic silver carbene complex akin to the acyclic material, 

[Ag(dmp(NHC{Me})2)]2[OTf]2, by refluxing a light protected 1:3 mixture of 

[H4L(C2H4)2(bzim2{macro})][Br]2 and Ag2O together in dry 1,2-dichloroethane. After 24 hours a 

sample abstracted from the reaction mixture indicated disappearance of the benzimidazolium NCHN 

signal at δ 9.97 ppm, as observed for the acyclic model complex. Furthermore, only two amide NH 

resonances were visible in the 
1
H NMR (d6-DMSO) spectrum at δ 11.14 and 10.43 ppm. Subsequent 

transmetalation with palladium(II) was carried out by direct addition of Pd(COD)Cl2 to the crude 

mixture, followed by the addition of dry acetonitrile. The 
1
H NMR (d6-DMSO) spectrum of the mixture 

was not very clean but did reveal only two amide NH signals at δ 11.10 and 10.21 ppm as well as a 

series of doublets in the range δ 5.0-6.5 ppm, distinctive for the diastereotopic methylene protons 

which are generated after transmetalation. Unfortunately all attempts at purification were 

unsuccessful. 

 

Another candidate for transmetalation was required at this point, bearing in mind that the macrocyclic 

system did not tolerate aggressive silver metalation techniques. Although ligand transfer from mercury 

reagents is a common place technique within the synthetic community, to the author‟s knowledge 

there has been only one recorded case in which a mercury(II) NHC was used as a transmetalation 

agent. In this case the Hg(II)-NHC was used to access a palladium(II) bisimidazol-2-ylidene 

pyridinophane.
79

 Given certain common attributes of organomercury complexes, such as their rather 

weak Hg-C bonds coupled with their resilience to air or water, pursuance of this line of research was 

deemed worthwhile.
206

 Furthermore, recently within our research group, mercury (II) acetate was 

reacted with a smaller ligand containing carboxamide functional groups using mild conditions. In that 
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complex deprotonation of the carboxamide NH with the attending acetate resulted in the formation of 

a helical mercury dimer.
108

 It was anticipated that the higher Ka of the benzimidazolium proton of 

[H4L(C2H4)2(bzim2{macro})][Br]2 might render it the favoured site of deprotonation in the macrocyclic 

ligand, thus leaving all amides intact. Indeed, such was the case and the resultant mercuration 

product, [H4L(C2H4)2HgBr2((NHC)2{macro})]2, was formed cleanly in near quantitative yields after 

precipitation with diethyl ether. Mercuration was carried out by drop-wise addition of a concentrated 

methanolic solution of Hg(OAc)2 to a dilute solution of [H4L(C2H4)2(bzim2{macro})][Br]2 in a 

chloroform and methanol solvent mixture (1:1 ratio of the macrocyclic material to the mercury salt). 

The reaction mixture was protected from light and permitted to stir at room temperature for two hours. 

 

By infrared analysis several distinctive peaks are observed for [H4L(C2H4)2HgBr2((NHC)2{macro})]2. 

The v(NH) vibrations appear as a broad peak at 3268 cm
-1

 while the amide stretches are seen at 

1684, 1583 and 1520 cm
-1

 and compare closely to the equivalent frequencies recorded for 

[H4L(C2H4)2(bzim2{macro})][Br]2 (3250, 1688, 1583 and 1519 cm
-1
 respectively).  

 

The 
1
H NMR spectrum (d6-DMSO) of [H4L(C2H4)2HgBr2((NHC)2{macro})]2 indicates that there is an 

axis of symmetry within the complex which renders both macrocyclic rings of the dimer equivalent on 

the 
1
H NMR time scale. Deprotonation of the benzimidazolium substituents is indicated in the 

1
H NMR 

spectrum by disappearance of the singlet at δ 9.97 ppm, whereas the amide protons remain intact 

and appear as broad singlets at δ 11.18 and 10.49 ppm. The head group pyridyl protons lie downfield 

of all other aromatic signals, between δ 8.41-8.31 ppm, while the remainder are distributed across the 

range δ 8.23-7.70 ppm. The bridging methylene protons appear as a singlet at δ 6.01 ppm. By 

comparison, the acyclic model complexes of the type [ML(dmp(NHC{Me})2)]
n+

 present diastereotopic 

protons due to enforced spatial arrangement which induce disparity in the chemical environments of 

these protons. The bridging ethylene groups lying between the benzimidazol-2-ylidene and pyridyl 

substituents are displayed as two broad singlets with indistinct splitting characteristics.  

 

In the 
13

C{1H} NMR (d6-DMSO) spectrum of [H4L(C2H4)2HgBr2((NHC)2{macro})]2 the carbene 

carbons are exhibited as a singlet at 182.80 ppm, marking a 14.1 ppm downfield shift upon 

coordination of the carbon to mercury relative to [H4L(C2H4)2(bzim2{macro})][Br]2. The carbonyl 

carbons in the head group of the macrocyclic complex appear at δ 161.39 ppm whereas those in the 

tail end occur at δ 169.22 ppm. The methylene bridges are seen at δ 50.24 ppm and the ethylene 

linkers at δ 43.38 and 36.73 ppm. 

 

There are essentially two likely formulations for [H4L(C2H4)2HgBr2((NHC)2{macro})]2 based upon 

crystallographic literature precedent: a neutral dimeric structure bridged by HgBr2 fragments, or a 

monomeric complex which is cationic (see Figure 197).
79,207,208
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Figure 197: Two possible formulations for [H4L(C2H4)2HgBr2((NHC)2{macro})]2 

 

Analysis of [H4L(C2H4)2HgBr2((NHC)2{macro})]2 by ESI-MS provided useful information about the 

nature of the complex, indicating that it must take a dimeric form. Molecular ions of [M+H]
+
 appear as 

a cluster with the greatest intensity peak at 2315.2121 m/z, corresponding to 

C88H73
79

Br2
81

Br2
200

Hg
202

HgN24O8
+
 (Calc: 2315.2120 m/z) (see Figure 198 on the following page). 

Mercury has seven stable naturally abundant isotopes, of which 
200

Hg and 
202

Hg are found in greatest 

abundance at 23.10% and 29.86% respectively. 
79

Br and 
81

Br are found in 51 and 49% abundance. 

The exact mass calculated for the general formula C88H73Br4Hg2N24O8
+
 is 2313.2184 m/z and is 

observed experimentally at 2313.2145 m/z. A cluster corresponding to C88H72Br3Hg2N24O8 [M-Br]
+
 is 

seen in Figure 199 at 2233.2858 m/z (Calc. 2233.2928 m/z).  

 

The dimeric material, [H4L(C2H4)2HgBr2((NHC)2{macro})]2, is believed to fragment and rearrange 

during electrospray ionisation to produce a monomeric species which is detected at 1077.1838 m/z 

(Calc for C44H36BrHgN12O4
+
: 1077.1861 m/z) (see Figure 200 on the following pages). The cluster 

contains peaks separated by only one mass unit and therefore does not correlate to a +2 ion. 
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Figure 198: Expansion of the [M+H]
+
 (2313.2145 m/z) fragment of 

[H4L(C2H4)2HgBr2((NHC)2{macro})]2, ESI-MS 
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Figure 199: Expansion of the [M-Br]
+
 (2233.2858 m/z) fragment of 

[H4L(C2H4)2HgBr2((NHC)2{macro})]2, ESI-MS 
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Figure 200: Expansion of the monomeric fragment (C44H36BrHgN12O4
+
) of 

[H4L(C2H4)2HgBr2((NHC)2{macro})]2, ESI-MS 

 

Crystals suitable for analysis by X-ray diffraction study were grown by isopiestic diffusion of acetone 

into a DMSO solution of [H4L(C2H4)2HgBr2((NHC)2{macro})]2 over a two week period. Remarkably, 

the structure acquired after resolution of the crystallographic data was not dimeric in nature. Instead, 

a monomeric cationic pincer was observed wherein a mercury centre is coordinated between two 
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benzimidazol-2-ylidenes. The +2 charge of the molecule is counter-balanced by a [HgBr4]
2-

 anion. 

ESI-MS reveals a molecular ion at 1077.1841 m/z, consistent with 

[H4L(C2H4)2HgBr((NHC)2{macro})]
+
. No peak is observed at 2233.2858 m/z, suggesting that the 

crystalline material takes an alternative molecular form compared to the crude material from which it is 

grown. It is believed that over time, and in the presence of DMSO, the dimeric mercury complex 

undergoes reorganisation to incorporate mercury between the two carbene carbons.  

 

It was necessary to SQUEEZE out a cluster of disordered water molecules in the final crystallographic 

solution (depicted in Figure 202 on the following page). All atoms were refined anisotropically, apart 

from those corresponding to a disordered void-filling acetone, which maps to two positions of half 

weighting each and which directly overlay the carbonyl functional groups of the molecule. A methyl 

group (C202) of the disordered acetone lies very near to a unit cell axis and therefore bears a 

weighting of 0.12. It was necessary to fix the position of this atom in order to present a sensible 

depiction of the acetone molecule‟s connectivity. The distance between the carbonyl atoms 

(O100-C101 and O200-C201) were fixed to 1.215(0.010) Å, in line with known bond lengths for 

acetone.
209

 These atoms were also permitted to have equal coordinates, thereby allowing their mutual 

occupation of the same space in the final refinement. A SADI bond distance restraint was used for all 

carbon-carbon connectivities in the acetone molecule and the four atoms O100, C101, C200 and 

C202 restrained to the same planarity. The C25-C30 and C25A-C30A atoms of the disordered 

benzimidazol-2-ylidene ring were refined to two positions of 0.45 and 0.55 weightings respectively. It 

was necessary to constrain the thermal parameters of the atoms in this ring to be equal to one 

another. The positions of hydrogen atoms were calculated using a riding model, except in the case of 

the water molecules where they were located individually and fixed in space, and in the case of C202, 

for which identification of the methyl protons was complicated by the nearness of this atom to a cell 

axis.  

 

Within the pincer tail a mercury centre adopts approximately T-shaped geometry, forming an angle of 

167.7(2) Å between the carbene carbons and mercury centre with Hg-CNHC bonds which are 2.082(6) 

and 2.099(6) Å in length. These bond lengths lie within the bounds of all mercury-carbon NHC bonds 

described on the CCDB (average Hg-CNHC distance = 2.08(2) Å, N=28). The pyridyl ring containing 

N12 is oriented to suggest the participation of the nitrogen atom in a long 2.540(5) Å coordinate bond 

with mercury. This type of „T-shaped‟ bonding interaction with mercury(II) is highly unusual. Generally 

speaking mercury(II) prefers to adopt either linear or tetrahedral geometry, depending upon the steric 

restrictions present. In some cases trigonal planar anions of the type [Hg(SPh)3]
-
 or [Hg(TePh)3]

-
 are 

described.
210,211

 Bochmann et al.
212

 reported a mercury complex with two thiolato ligands, 

[Hg(SC6H2
t
Bu3)2(py)], in which mercury(II) demonstrates T-shaped geometry (see Figure 201). The 

S-Hg-S angle is virtually linear in this complex and pyridine coordinates in a perpendicular fashion. 

The Hg-N bond length is measured as 2.677(7) Å, 0.137(9) Å longer than that detected for 

[H4L(C2H4)2Hg((NHC)2{macro})][HgBr4]. By comparison, the Hg-N12 bond distance in 

[H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] is 0.420(2) Å longer than the Hg-N bond length which is 
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reported for the linear complex [Me-Hg-py]
+
 (2.12(2) Å).

213
 A second T-shaped mercury(II) complex 

with 4-pyridylethynyl ligands exhibits mutually trans Hg-C bonds which are 2.02(3) Å in length, and a 

perpendicular bond to the pyridyl nitrogen of a neighbouring molecule which is 2.64(3) Å long (see 

Figure 201).
214

 The CCDB suggests that the length of Hg-Npy bonds is very much dependent upon the 

geometry of the metal and that for 3-coordinate mercury complexes the Hg-N distance has a mean of 

2.5(2) Å (N=67). 

 

 

Figure 201: Examples of 

T-shaped geometry 

exhibited by mercury(II) 

 

 

 
 

 

 

Figure 202: Crystal structure of [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4], R1 = 4.8% 

(some solvent molecules omitted for clarity)  
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Table 15: Selected bond lengths and angles for [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] 
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The benzimidazol-2-ylidene rings of [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] twist 119.8(5) and 

140.7(3)° with respect to the tail end pyridyl group in order to allow for coordination with the mercury 

centre. The macrocyclic ring takes on an L-shaped arrangement (see Figure 203). Br3 (of the 

tetrahedral [HgBr4]
2-

 fragment) projects into the macrocyclic cavity to suggest short contact 

interactions with the N6 and N7 amide protons at a distance of 3.444(5) and 3.488(5) Å respectively. 

While these distances lie within three standard deviations of the literature defined range (3.37(15) Å) 

for NH---Br hydrogen bonding interactions,
132

 the orientation of the N6 amide hydrogen does not 

support the presence of a hydrogen bond. The fragment, which exhibits slightly distorted tetrahedral 

geometry, tilts 6.9(2)° with respect to the plane of the macrocyclic cavity (as determined from the 

plane formed by the remaining three bromine atoms of the anion and the head group pyridyl). The 

head group of the macrocyclic ring retains planarity and is occupied by a single molecule of water 

(O5) which is placed 2.923(7) and 2.909(7) Å away from the N3 and N1 amide nitrogens and 2.930(7) 

and 2.965(7) Å from the pyridyl nitrogens (see Figure 203 below). Typical N-H---O hydrogen bond 

distances are 2.9 Å long.
148

 

 

Figure 203: Placement of the tetrabromomercurate anion within 

[H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] 
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The length of the macrocyclic cavity measured from the head group pyridyl nitrogen (N2) to mercury 

is measured as 10.252(5) Å, whereas the width between the amide carbons C18 and C21 is 

7.88(1) Å. Within the solid state packing for [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] the macrocyclic 

rings are stacked perpendicular with respect to one another, so that the NHC pincer is laid out above 

the length of the cavity and the anions ensconced between them. 

 

The pincer complex is synthesised independently by stirring the macrocyclic ligand with an equimolar 

quantity of mercuric acetate and bis(tetramethylammonium) tetrabromomercurate over a three day 

period. The product precipitates from the reaction mixture and can be purified by filtration followed by 

a cold methanolic wash, which removes residual tetramethyl ammonium bromide. The spectral data 

for the pincer complex is very similar to that of the dimer with amide resonances at δ 11.31 and 

10.27 ppm as well as methylene protons at δ 6.01, 5.11 and 3.67 ppm in the 
1
H NMR spectrum 

(d6-DMSO). Similarly, the carbene carbon is observed at δ 182.11 ppm in the 
13

C{1H} NMR spectrum 

(d6-DMSO).  

 

ESI-MS reveals a molecular ion at 1077.1841 m/z corresponding to [M+Br-HgBr3]
+
 and no fragments 

indicating the presence of a dimer are observed. The mercury pincer complex similarly demonstrates 

transmetalation with Pd(COD)Cl2 over a six hour period. The rate of transmetalation with this species 

is slower compared to that of [H4L(C2H4)2HgBr2((NHC)2{macro})2], for which transmetalation is 

instantaneous (see Section 5.2.2).  

 

Work by Baker et al.
79

 eloquently describes the structural features of a number of mercury(II) 

imidazol-2-ylidene substituted cyclophanes and pyridinophanes (see Figure 204). One of the ligand 

systems utilised possesses a seven atom bridge from CNHC to CNHC and has a pyridyl functional group. 

The nature of this complex was verified crystallographically, therefore allowing meaningful 

comparisons to be made with the work described here. All mercury NHCs discussed in Baker‟s paper 

are attained by the addition of mercury(II) acetate to an imidazolium salt and under various solvent 

and temperature regimes. Two structures are described for the resultant mercury NHC products 

produced after deprotonation of the imidazolium ring, the expression of which is predominantly 

dependent upon the nature of the counter-anion for the imidazolium salt and the characteristics of the 

aromatic head group. Whenever the counter-anion PF6
-
 was present mercury was incorporated into 

the macrocyclic ring in a pincer conformation to form a dicationic complex; with the exception of the o-

cyclophane, which only bears six atom spacers between carbene carbons and adopts a dimeric 

structure bridged by Hg(solv)2 fragments. Similarly, a dimeric pyridinophane bridged by two HgBr2 

fragments was obtained when the pyridinophane bromide salt was utilised. However, it was noted that 

this material existed in equilibrium with a mercury pincer dication. The two products were inseparable 

from each other but could be distinguished by NMR spectroscopy and mass spectrometry (LRMS: 

FAB m/z). 
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Figure 204: Mercury(II) 

bisimidazol-2-ylidene substituted 

cyclophanes and pyridinophanes 

 
 
 
 
 
 
 
 
 
 
 

5.2.2 Preparation of the palladium macrocyclic NHC, 
[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] 

 

It was found that addition of [H4L(C2H4)2HgBr2((NHC)2{macro})]2 to Pd(COD)Cl2 in dry acetonitrile 

resulted in the formation of the macrocyclic complex [H4L(C2H4)2PdCl((NHC)2{macro})]Br. The poor 

solubility of the mercury complex dictates that the reaction be carried out under reflux, however, it was 

noted that in a small scale NMR experiment using d6-DMSO as solvent, transmetalation occurred 

instantaneously at room temperature to yield the Pd macrocyclic pincer complex. Due to the presence 

of water in the NMR solvent a peak at δ 9.97 ppm, corresponding to a hydrolysis product of 

[H4L(C2H4)2(bzim2{macro})][Br]2, was also observed. It was noted during the early stages of 

development that a mixture of chloride and bromide substituted products were obtained via an anion 

re-distribution process, as indicated by the molecular ions of 937.1701 and 983.1206 m/z in the ESI 

mass spectrum (see Figure 205 on the following page). Through the addition of excess lithium 

bromide or chloride at the start of the reaction it was possible to promote formation of one complex 

over the other.  

 

Upon completion of the reaction the product was extracted from the mercury halide by-products with 

boiling tetrahydrofuran. Pure [H4L(C2H4)2PdCl((NHC)2{macro})][PF6] was obtained by exchanging 

the halide counter-anion for hexafluorophosphate and crystallising the material from a 

tetrahydrofuran, ethanol and toluene mixture. Infrared stretches corresponding to the amide NH 



 

 
243 

bonds are seen at 3363 and 3270 cm
-1

. The amide bands are much the same as those observed for 

[H4L(C2H4)2HgBr2((NHC)2{macro})]2 at 1683, 1586 and 1517 cm
-1
. 

 
Figure 205: ESI-MS of [H4L(C2H4)2PdX((NHC)2{macro})]

+
(X=Cl or Br)   
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Unfortunately, an adequate elemental analysis could not be obtained of this material, presumably due 

to the propensity of the macrocyclic ring to engage in hydrogen bonding interactions with solvents of 

crystallisation. Within the X-ray crystal structure (discussed in the following pages) many such 

void-filling solvent associations are evident between the macrocyclic ring, THF, water and toluene. 

 

Several significant changes are observed in the 
1
H NMR (d6-DMSO) spectrum of 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] compared with that of [H4L(C2H4)2HgBr2((NHC)2{macro})]2. 

Due to the pincer coordination adopted by palladium, the diastereotopic methylene bridges in the tail 

end of the macrocycle present as two sets of doublets at δ 6.27 and 6.02 ppm with coupling constants 

of 15 Hz (H38 and H44). Contrary to the mercurated macrocyclic complex, 

[H4L(C2H4)2HgBr2((NHC)2{macro})]2, [H4L(C2H4)2PdCl((NHC)2{macro})][PF6] exhibits three separate 

resonances for the ethylene protons (H19, H22, H20 and H23). These appear as two broad triplets at 

δ 5.20 and 4.60 ppm with coupling constants of 11.7 and 11.5 Hz, and a multiplet at δ 3.45 ppm. The 

torsion exhibited by the macrocyclic ring translates through to positions C20 and C23 of the ethylene 

bridge, thereby rendering them inequivalent. See Figure 206 for a spectroscopic depiction.  

 

 

Figure 206: Stacked overlay of the 
1
H NMR (d6-DMSO) 

spectra for [H4L(C2H4)2(bzim2{macro})][Br]2, 

[H4L(C2H4)2HgBr2((NHC)2{macro})]2 and 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] 
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Upon exchange of mercury for palladium the CNHC carbon signal moves upfield to δ 176.07 ppm in the 

13
C{1H} NMR spectrum (d6-DMSO) of the complex. No significant changes are observed for the 

carbonyl resonances but a 2.7 ppm downfield shift is observed for the tail end pyridyl quaternary 

carbons, C39 and C43. See Figure 207 for a spectroscopic depiction. 

 

 

Figure 207: Stacked overlay of the Carbene, C=O and pyridyl quaternary ranges for 

[H4L(C2H4)2(bzim2{macro})][Br]2, [H4L(C2H4)2HgBr2((NHC)2{macro})]2 and 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] 
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Crystals of the palladium NHC macrocyclic system were grown from tetrahydrofuran, ethanol and 

toluene in the presence of ammonium hexafluorophosphate over a two week period. The single 

yellow crystal used for X-ray diffraction determination was square prismatic in shape and required 

cutting in order to provide a crystal suitable for analysis by X-ray diffraction. 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] crystallised in the space group P-1. The asymmetric unit 

contains one macrocyclic ring, counter-balanced by a hexafluorophosphate anion. Atoms in the 

macrocyclic ring, along with its hexafluorophosphate counterion, were refined anisotropically. One of 

the benzimidazol-2-ylidene rings (encompassing atoms C32-C37 and C32A-C37A) was found to map 

to two positions which were modeled at 0.67 and 0.33 occupancy respectively. Where appropriate 

hydrogen atoms were affixed in calculated positions using a riding model.  

 

Five void-filling solvent molecules were located, two of which are expressed with 100% occupancy 

within the crystal lattice. It was necessary to model disorder within the remaining solvent. The THF 

rings containing O5 and O10 were free of disorder and could be refined with anisotropic thermal 

parameters. The atom connectivity of the well resolved O5 containing ring was utilised as a reference 

for other THF rings within the structure. Atom bond lengths of the remaining THF rings were 

restrained to be the same as that of the ideal THF ring. The central amide protons tether a molecule 

of THF each. The THF ring containing O9 is observed to map to two positions of 0.43 and 0.57 

weighting respectively. Carbon atoms were granted equal ADPs for this particular disordered 

fragment. Similarly, the THF ring containing atom O6 mapped to two sites of 0.47 and 0.53 

weightings. A SUMP command was used to model three exiguous solvent molecules lying within 

close proximity of each other (two THF molecules at 0.14 and 0.51 occupancies and one molecule of 

toluene at 0.16 occupancy), thereby giving atoms within these molecules reasonable temperature 

factors. The planarity of the disordered toluene molecule was restrained as were the distances 

between the carbon atoms. Where appropriate the position of hydrogen atoms pertaining to the 

solvent molecules were calculated using a riding model. 

 

A large Q-peak (Q1) and a medium intensity 

Q peak (Q14) were observed in the head 

group of the macrocycle during the structure 

refinement. See Figure 208 for a 

diagrammatic depiction of the solution for 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] 

prior to refinement of Q peaks 1 and 14. 

Bond distances: N2-Q1 = 1.776 Å, 

N1-Q1 = 2.453 Å, N3–Q1 = 2.069 Å, 

Q1-Q14 = 1.422 Å. 

Figure 208: Solution 0, R1 = 7.4%, GooF = 1.058 
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The origin of the Q1 peak could be explained by several possible scenarios. Crystallographic 

solutions for these were examined individually, with a view towards elucidating a sensible 

crystallographic and chemical explanation for the unexpected Q1-peak. The findings are presently 

described. Summarily, the intensity of the peak was determined to correspond to a metal contributing 

three electrons to the final refinement. Lithium(I) at full occupancy or a metal such as palladium(II) or 

mercury(II) at partial occupancy satisfy the crystallographic requirements. Strong experimental 

literature precedent is provided for palladium(II) in this type of coordination pocket and fulfills a net 

neutral charge for the pyridine dicarboxamide head group. On this basis the crystallographic solution 

presented contains two palladium centres, one in the NHC pincer pocket at full occupancy and 

another palladium(II) in the pyridine dicarboxamide pincer pocket at 4% occupancy. 

 

The fact that the N1 and N3 amide protons could be easily located in the difference map for 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6], suggests that a bimetallic species of the type 

[H4LPd(C2H4)2PdCl((NHC)2{macro})][PF6] is sparsely represented within the crystal lattice. See Figure 

209 for a visual depiction of this structure. With such meager representation in the crystal lattice it is 

not surprising that this species escaped detection by mass spectrometry and NMR spectroscopy. 

Similarly, as only 4% of the total reflections used are devoted to the expression of the bimetallic 

complex within the crystal lattice, it is not unreasonable to expect bond lengths and distances 

pertaining to this species to be inaccurate and unstable during refinement. A Q(14) peak was located 

1.453 Å from the Pd2 atom and probably represents the remaining ligand (such as H2O) in the square 

planar coordination sphere of this metal. The final crystallographic solution for 

[H4LPd(C2H4)2PdCl((NHC)2{macro})][PF6] is presented in Figure 210 on the following page. 

 

 

 

 

 

 

 

 

 

 

Figure 209: Proposed structure for a bimetallic complex of 

[H4LPd(C2H4)2PdCl((NHC)2{macro})][PF6] 
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The final crystallographic solution for [H4L(C2H4)2PdCl((NHC)2{macro})][PF6] 

 

 

 

 

 

 

 

 

 

Figure 210: Simplified view of the 

macrocyclic cavity of 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6]  

 

(selected bond lengths and angles 

for 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] 

provided in the table) 
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Figure 211: X-ray crystal structure for [H4L(C2H4)2PdCl((NHC)2{macro})][PF6], views of the two 

coordination pockets, R1 = 6.5%, GooF = 1.054  

(solvent molecules omitted for clarity) 

 

Palladium(II) exhibits slightly distorted square planar geometry. The N12-Pd1 bond length of 

2.041(3) Å, is slightly shorter than that measured for [PdCl(dmp(NHC{Me})2)][OTf], but still within one 

standard deviation of a calculated CCDB average for similar bond types (average Pd-Npy 

distance = 2.052(68) Å, N = 5359). Pd-CNHC bond distances of 2.008(4) and 2.019(3) Å are similar to 

other reported values calculated on the CCDB (average Pd-CNHC distance = 2.006(41) Å, N = 630). 
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Similarly, the Pd-Cl bond length of 2.3084(11) Å lies within CCDB listed ranges for such bonds (vide 

infra). The proposed 4% occupation of the pyridine dicarboxamide head group by palladium(II) is 

addressed in the proceeding text. 

 

The head and tail end coordination pockets (N2-N3-N1-Pd2) and (N12-C31-Cl-C24) are twisted 

63.3(1)° from another (See Table 16 for tabulated intramolecular angles). The twist originates from the 

transoid conformation of the benzimidazol-2-ylidene groups on each side of the tail end pyridyl group. 

These rings are oriented at 114.5(1) above and 124.3(5)° below the plane of the pyridyl ring 

(N12-C43-C42-C41-C40-C39). This effect translates through to the head group coordination pocket 

which exhibits an 18.4(2) and 36.3(2)° tilt of the flanking pyridyl groups relative to the head group 

pyridyl ring (C2-N2-C6-C5-C4-C3).  

 

The macrocyclic ring spans 18.288(6) Å in length and is 10.419(8) Å wide, while the internal cavity is 

9.003(5) Å long and 7.468(6) Å at its widest point. The width of the NHC pincer is 13.07(1) Å while the 

pyridine carboxamide pincer is 10.419(8) Å wide. 

 
Table 16: Tabulated intramolecular characteristics of 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] 

 

The macrocyclic rings are arranged head-to-tail so that 

the benzimidazole-2-ylidene rings are stacked 3.77(4) Å 

apart. The space available for THF between the two 

macrocycles within each unit cell is 10.475(2) Å, as 

measured between the N6-N7-C18-C21 planes of each 

ring. This plane represents the widest part of the 

macrocyclic cavity and is also the approximate central position from which the ring is observed to 

twist.  

 

Void-filling THF solvent molecules are observed to congregate in the vicinity of the macrocyclic cavity. 

Two molecules of THF participate in hydrogen bonding interactions with the N6 and N7 amide protons 

of the ring system with a contact distance of 2.942(6) and 2.904(6) Å respectively. The two 

macrocyclic rings form a „catcher‟s mitt‟ whereby solvent molecules are collected within the 

complementary twist of each ring. As such the crystal is organised into alternating macrocyclic layers, 
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interspersed by layers of THF. See Figure 212 for a visual description of the solid state characteristics 

that occur in the crystal packing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 212: Solid state packing characteristics of void filling solvent THF  

(solvent sometimes displayed in space-filling mode)   
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Rationalisation of the X-ray crystallographic solution: 

Solution 1 – Palladium(II) in the head group 

 

The pyridine carboxamide head group is known as an ideal ligating pocket for palladium(II),
108

 and 

X-ray data is available for complexes of this type coordinated by a molecule of water (see Figure 213 

for a diagrammatic depiction of Pd(H2LnBu)(OH2). Within this complex palladium(II) adopts a slightly 

distorted square planar geometry, with Pd-Namidate bond distances of 2.022(4)-2.067(4) Å and a 

Pd(II)-Npy distance of 1.907(4) Å. The oxygen atom of the coordinated water binds to palladium at a 

distance of 2.044(3) Å. The N1-Pd-N3 bond angle is 162.24(14)°, resulting in a very slight projection of 

the palladium centre outside of the ligand pocket formed by atoms N1-N2-N3.  

 

Figure 213: Crystallographic solution 1, R1 = 6.5 %, GooF = 1.054 

 

As formerly stated, due to the low occupancy of the Pd2 centre within the X-ray crystal structure of 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] (solution 1, Figure 213), the bond lengths and angles 

measured for the coordination sphere of this metal are likely to have high standard uncertainties. 

While the data is sufficient to allow refinement of Q1 as palladium, inadequate information is available 

for refinement of the lighter atoms coordinated to Pd2.  

 

Solution 2 – Mercury(II) in the head group 

 

Mercury(II) coordinated by a pyridine dicarboxamide pincer ligand was considered a possibility due to 

the presence of mercury within the reaction mixture in which [H4L(C2H4)2PdCl((NHC)2{macro})][PF6] 

was generated. However, a species such as [H4LHg(C2H4)2PdCl((NHC)2{macro})][PF6] (solution 2, 

Figure 214) is not supported by literature precedent. In contrast, several dimeric pyridine 

dicarboxamide complexes of mercury have been prepared, including Hg2L2, which was synthesised 

from the H2L ligand and Hg(OAc)2 (shown in Figure 214).
108,215
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Figure 214: Crystallographic solution 2, R1 = 6.5 %, GooF = 1.052 

 

Solution 3 – Lithium(I) in the head group 

 

The origin of a lithium ion in the crystallising solvent is unclear. However, at 100% occupancy one 

would expect its presence to be revealed by ESI mass spectrometry, which it was not. Two 

coordination modes were considered in solution 3 and these are a lithium amidate and a lithium 

hydroxide species. The short Li-N3amidate distance (2.094 Å) suggested asymmetric occupation of the 

coordination pocket. However, coordination of an amidate nitrogen to Li
+
 is unlikely and such species 

do not demonstrate longevity under ambient conditions (e.g. lithium diisopropylamide is a strong base 

with a high sensitivity to moisture). Furthermore, within the literature lithium demonstrates a strong 

preference for stabilisation by THF donor interactions.
216

 It is worth noting, given an abundance of this 

solvent within the crystal packing, no THF interactions are observed with the Q1 peak. 

 

A species containing lithium hydroxide is immediately ruled out on the basis of the calculated 

occupancy of the Q14(O) peak. In order for the net charge of the 

[H4LM(X)(C2H4)2PdCl((NHC)2{macro})]
+
 molecule to remain +1, Li

+
 must be coordinated by a -1 

ligand. However, when the 

Q14 peak is assigned as 

oxygen and permitted to 

refine with its own 

occupancy, the atom 

refines to 34% with a large 

thermal parameter of 22%.   

 

 

Figure 215: Crystallographic solution 3, R1 = 6.5%, GooF = 1.046 
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Alternative crystallographic solutions – Hydrogen bonding of F
-
, HF or H2O 

 

Other crystallographic solutions that were considered include incorporation of F
-
 or neutral molecules 

such as HF or H2O within the pyridine dicarboxamide moiety. These types of groups may be held 

within the pyridine dicarboxamide pocket by hydrogen bonding interactions. 

 

Hydrolysis of the PF6
-
 counteranion is a reasonable source of fluoride or HF.

217
 Furthermore, the 

literature contains persuasive evidence 

for the recognition of fluoride in cavities 

such as the one defined by the head 

group of 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6]. 

Bowman-James et al. describe a 

polyamide cryptand as a receptor for 

fluoride (Figure 216).
218

 The anion is 

contained within the neutral cryptand with 

the assistance of six NH---F hydrogen 

bonding interactions. These range in 

distance from 2.842(2)-2.887(2) Å. 

F-Npyridyl distances of 3.144, 3.120 and 

3.103 Å are described for this host-guest 

complex.  

Figure 216: Crystallographic solution 4 

 

In the case of [H4L(C2H4)2PdCl((NHC)2{macro})][PF6] the Q1 peak is in close proximity to N2, at a 

distance of 1.776 Å (solution 0), precluding the presence of an N-H-F hydrogen bond. The amide 

NH---F distances are similarly too short at 2.069 and 2.453 Å, to be consistent with an NH---F 

hydrogen bond (typically 2.62-2.97 Å).
219

 The short Npy-Q1 distance suggests the presence of a 

covalent bond between these atoms. A fluoro pyridinium moiety (see Figure 216) would satisfy such a 

requirement although it is very unlikely that this type of species, generated from F
+
, would be 

accessible under the conditions utilised for crystallisation of [H4L(C2H4)2PdCl((NHC)2{macro})][PF6]. 

N-fluoropyridinium triflate (see Figure 216) is prepared with the 

addition of F2 (g) to neat pyridine at -40°C220
 and has been 

crystallographically verified.
221

  

 

The short N2-Q1 distance similarly precludes incorporation of a 

hydrogen bonded water molecule in this space (typical N---H-O 

distance = 2.68-2.79 Å).
219

 

 

Figure 217: Crystallographic solution 5 
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5.3 Conclusions 

 

Two novel macrocyclic ligands containing dimethylpyridine bisbenzimidazolium and bisimidazolium 

dibromide motifs, were prepared from their respective benzimidazole and imidazole acyclic 

precursors. The C-N bond forming process was carried out using a newly reported DBU promoted 

aza-Michael addition procedure.
204

 

 

Difficulties encountered in the formation of transition metal NHCs from the macrocyclic ligand 

[H4L(C2H4)2(bzim2{macro})][Br]2, were overcome using a rare mercury(II) transmetalation procedure. 

A dimeric mercury(II) complex of the type [H4L(C2H4)2HgBr2((NHC)2{macro})]2, and a monomeric 

Hg(II)-NHC pincer complex counter-balanced by a mercury tetrabromide dianion, 

[H4L(C2H4)2Hg((NHC)2{macro})][HgBr4], were prepared. The latter complex represents the first 

crystallographic example of mercury coordinated in an NHC pincer. Both Hg(II)-NHCs undergo 

transmetalation with Pd(COD)Cl2. 

 

A palladium(II) pincer bisbenzimidazol-2-ylidene, [H4L(C2H4)2PdCl((NHC)2{macro})][PF6], was 

prepared and characterised spectroscopically. An X-ray crystal structure determination revealed 

interesting conformational characteristics for this material relative to that of the free macrocyclic 

ligand, [H4L(C2H4)2(bzim2{macro})][Br]2 and [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4]. In the case of 

[H4L(C2H4)2PdCl((NHC)2{macro})][PF6] a twist perpetuates through the entire macrocycle, lending it 

chirality by virtue of its helicity. It is anticipated that this interesting structural feature could act in a 

complimentary fashion with chiral guest molecules which may engage in persistent non-covalent 

interactions with the macrocyclic ring. In combination these structural attributes could be profitable in 

catalytic reactions, particularly where a degree of stereoselectivity is required during the conversion of 

substrate to products.        
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5.4 Experimental 

 
Pyridine-2,6-dicarbonyl dichloride was synthesised as described by Bhattacharyya et al.

156
 

 

H2LNH2 was prepared as previously described.
139

 

 

H4LacrA was prepared from H2LNH2 and acryloyl chloride under anhydrous conditions.
139

 

 

2,6-dibromomethyl pyridine (dmpBr2) was prepared as previously described.
159

  

 

[N(CH3)4]2[HgBr4] was prepared as per the method described,
222

 by dissolving one equivalent of 

HgBr2 and two equivalents of N(CH3)4Br in 48% concentrated HBr. Upon cooling of the mixture in a 

freezer colourless crystals were formed. The tetrabromomercurate salt was purified by filtration and 

with washing of the crystals with ice cold THF to remove trace acid.  

 

H4L(C2H4)2(bzim)2 

To H4LacrA (200 mg, 1 eq.) and benzimidazole (129 mg, 2.5 eq.) in a dry 2-necked 50 mL round-

bottomed flask equipped with a stirrer bar, rubber septum and reflux condenser was added 

acetonitrile (10 mL, dried over calcium hydride). To the mustard yellow suspension was added DBU 

(82 μL, 1.25 eq.). The suspension was refluxed for 30 hours under a nitrogen atmosphere. A cream 

coloured precipitate was observed to form during this time. The suspension was cooled to room 

temperature before being filtered through a sinter. The precipitate was washed with acetonitrile (2 x 

15 mL) followed by diethyl ether (2 x 15 mL) and n-hexane (2 x 15 mL) to produce pure 

H4L(C2H4)2(bzim)2 (252 mg, yield 83%). The material can be recrystallised from methanol and diethyl 

ether.  

 

Augmenting the scale of the reaction with H4LacrA (1.024 g, 1 eq.), benzimidazole (662 mg, 2.5 eq.), 

DBU (418 μL, 1.25 eq.) and acetonitrile (50 mL), resulted in increased solubility of the product. Only 

2
/3 rds of the total H4L(C2H4)2(bzim)2 could be isolated by direct filtration followed by recrystallisation 
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(894 mg, 57%). In this case the filtrate was reduced to dryness and purified by column 

chromatography on silica gel (10 cm, 3 cm di.). Ethyl acetate was used to wash off unreacted 

benzimidazole, followed by elution of H4L(C2H4)2(bzim)2 with 2% methanol/ dichloromethane. The 

fractions containing the product were reduced under vacuum to dryness and the pure 

H4L(C2H4)2(bzim)2 recrystallised from DCM and diethyl ether (454 mg, yield 29%). The total yield of 

H4L(C2H4)2(bzim)2 obtained after all purification steps were taken was 87%. 

 

Anal. Calc. for C37H31N11O4·2H2O: C, 60.90; H, 4.83; N, 21.11. Found: C, 60.54; H, 4.67; N, 21.28%. 

MS (m/z) Calc. for C37H32N11O4 [M+H]
+
: 694.26387 m/z; Found: 694.26381 m/z. 

1
H NMR (300 MHz, 

CDCl3): δ 10.16 (br s, 2H, NH, H1 & 7), 9.25 (br s, 2H, NH, H18 & 21), 8.14 (br d, 
3
JHH = 7.4 Hz, 2H, 

H3 & 5), 8.00 (d, 
3
JHH = 8.0 Hz, 2H, H9 & 14), 7.82 (br t, 

3
JHH = 7.7 Hz, 1H, H4), 7.78 (d, 

3
JHH = 8.0 

Hz, 2H, H11 & 16), 7.74 (d, 
3
JHH = 6.9 Hz, 2H, H26 & 33), 7.65 (t, 

3
JHH = 8.1 Hz, 2H, H10 & 15), 7.97 

(br s, 2H, NCHN, H24 & 31), 7.24 (dd, 
3
JHH = 6.3 Hz, 2H, 

4
JHH = 1.9 Hz, H29 & 36), 7.18 (td, 

3
JHH = 

7.2 Hz, 
4
JHH = 1.6 Hz, 2H, H27 & 34), 7.14 (td, 

3
JHH = 7.3 Hz, 

4
JHH = 1.5 Hz, 2H, H28 & 35), 4.45 (t, 

3
JHH = 5.9 Hz, 4H, H20 & 23), 2.75 (t, 

3
JHH = 6.0 Hz, 4H, H19 & 22). 

13
C{

1
H} NMR (75 MHz, CDCl3): 

δ 168.80 (s, C=O, C18 & 21), 162.54 (s, C=O, C1 & 7), 149.34 and 149.01 (s, Cq, C8 & 12 & 13 & 

17), 148.86 (s, Cq, C2 & 6), 143.14 (s, Cq, C30 & 37), 143.01 (s, NCHN, C24 & 31), 140.57 (s, CH, 

C10 & 15), 139.37 (s, py-CH,C4), 133.40 (s, Cq, C25 & 32), 125.67 (s, py-CH, C3 & 5), 123.35 and 

122.57 (s, CH, C27 & 28 & 34 & 35), 120.08 (s, CH, C26 & 33), 110.77 (s, py-CH, C11 & 16), 110.71 

(s, py-CH, C9 & 14), 109.58 (s, CH, C29 & 36), 40.96 (s,CH2, C20 & 23), 37.80 (s, CH2, C19 & 22). 

IR (FT-ATR, cm
-1

): 3372 vw, 3272 w, 3198 vw, 1693 vs, 1616 m, 1584 vs, 1523 vs, 1499 s, 1405 w, 

1331 w, 1315 w, 1289 s, 1244 s, 1201 m, 1157 s, 1076 m, 1037 vw, 1002 m, 965 vw, 937 w, 891 w, 

843 w, 800 s, 767 vw, 744 vs, 718 m, 685 w, 651 w, 632 vw, 621 vw, 576 vw, 560 vw, 538 vw, 528 

vw, 475 vw, 425 w. 

 

H4L(C2H4)2(imid)2 

 

 

 

 

 

 

 

 

 

 

 

To H4LacrA (500 mg, 1eq.) and imidazole (186 mg, 2.5 eq.) in a dry 2-necked 50 mL round-bottomed 

flask equipped with a stirrer bar, rubber septum and reflux condensor was added acetonitrile (25 mL, 

dried over calcium hydride). To the yellow suspension was added DBU (204 µL, 1.25 eq.). The 
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suspension was refluxed for 24 hours under a nitrogen atmosphere. A cream coloured precipitate 

formed over this period. The suspension was cooled to room temperature before being filtered 

through a sinter. The precipitate was washed with acetonitrile (2 x 15 mL) followed by diethyl ether (2 

x 15 mL) and n-hexane (2 x 15 mL). Minor impurities were removed from the bulk material by refluxing 

in DCM (3 x 50 mL) followed by filtration to produce pure H4L(C2H4)2(imid)2 (311 mg, yield 48%). 

 

Anal. Calc. for C29H27N11O4: C, 58.68; H, 4.58; N, 25.96. Found: C, 58.25; H, 4.75; N, 25.63%. MS 

(m/z) Calc. for C29H28N11O4 [M+H]
+
: 594.23257 m/z; Found: 594.23219 m/z. 

1
H NMR (300 MHz, d6-

DMSO): δ 11.09 (br s, NHCO, 2H, H1 & H7), 10.28 (br s, NHCO, 2H, H18 & H21), 8.40 (d, 
3
JHH = 7.9 

Hz, 2H, CH-py, H3 & H5), 8.31 (t, 
3
JHH = 6.3 Hz, 

4
JHH = 2.6 Hz, 1H, CH-py, H4), 7.89 (m, 6H, CH-py, 

H9,10,11,14,15,16, part of same spin system), 7.60 & 7.12 (br s, 2H each, imid. backbone, H25 & 

H26 & H28 & H29), 6.87 (br s, 2H, NCHN, H24 & H27), 4.27 (br t, 
3
JHH = 6.6 Hz, 4H, CH2, H20 & 

H23), 2.91 (br t, 
3
JHH = 6.5 Hz, 4H, CH2, H19 & H22). 

13
C{

1
H} NMR (75 MHz, d6-DMSO): δ 169.42 (s, 

C=O, C18 & C21), 162.02 (s, C=O, C1 & C7), 150.24 & 149.26 (s, Cq-py, C8 & C12 & C13 & C17), 

148.46 (s, Cq-py, C2 & C6), 140.48 (s, CH-py, C10 & H15), 140.09 (s, CH-py, C4), 137.16 & 119.21 

(s, CH imid. backbone, C25 &C26 & C28 & C29), 128.28 (s, NCHN, C24 & C27), 125.59 (s, CH-py, 

C3 & C5), 110.65 (s, CH-py, C11 & C16), 110.04 (s, CH-py, C9 & C14), 41.79 (s, CH2, C20 & C23), 

37.49 (s, CH2, C19 & C22). IR (FT-ATR, cm
-1

): 3378 w, 3328 w, 3139 vw, 3111 vw, 3013 vw, 1703 m, 

1695 s, 1672 s, 1585 s, 1514 vs, 1445 vs, 1403 m, 1394 m, 1366 w, 1319 s, 1295 m, 1285 m, 1249 

m, 1238 m, 1194 vw, 1159 s, 1107 w, 1091 m, 1080 s, 1034 vw, 1026 vw, 1017 w, 1002 m, 991  vw, 

910 m, 896 vw, 826 m, 803 s, 750 s, 742 s, 713 m, 694 m, 683 m, 658 vs, 644 s, 616 vs, 561 s, 528 

vw, 463 vw, 429 w, 403 vw, 385 w.   

 

[H4L(C2H4)2(bzim2{macro})][Br]2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AR 1,4-Dioxane (30 mL, passed through a short activated alumina column) was added to 

H4L(C2H4)2(bzim)2 (300 mg, 1.05 eq.) and dmpBr2 (113 mg, 1 eq.) in a dry 2-necked 50 mL round-
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bottomed flask equipped with stirrer bar and reflux condenser. The mixture was heated under reflux 

for 20 hours under a nitrogen atmosphere with stirring. Over this period a substantial amount of cream 

coloured material precipitated out of solution. Once reflux was completed the reaction mixture was 

cooled to room temperature, the white residue removed by filtration and washed with diethyl ether (2 x 

25 mL) followed by n-hexane (2 x 20 mL). The crude material was extracted with boiling chloroform 

and recrystallised from chloroform and toluene to produce pure [H4L(C2H4)2(bzim2{macro})]Br2 (352 

mg, yield 85%). 

 

Anal. Calc. for C44H38Br2N12O4·4H2O: C, 51.27; H, 4.50; N, 16.31. Found: C, 51.37; H, 4.47; N, 

16.06%. MS (m/z) Calc. for C44H38
79

BrN12O4 [M-Br
-
]
+
 Calc.: 877.23223 m/z; Found: 877.23061 m/z. 

Calc. for C44H38
81

BrN12O4 [M-Br
-
]
+
: 879.23019 m/z; Found: 879.22883 m/z. 

1
H NMR (300 MHz, d6-

DMSO): δ 11.00 (br s, 2H, NH, H1 & 7), 10.45 (br s, 2H, NH, H18 & 21), 9.97 (br s, 2H, NCHN, H24 & 

31), 8.43 (d, 
3
JHH = 6.5 Hz, 

4
JHH =  2.0 Hz, CH-py, 2H, H19 & 21), 8.35 (t, 

3
JHH = 6.1 Hz, 

4
JHH = 3.0 Hz, 

1H, CH-py, H20), 8.18 (d, 
3
JHH = 8.4 Hz, 2H, bzim-CH, H26 & 33), 8.02 (t, 

3
JHH = 7.8 Hz, 1H, CH-py, 

H41), 8.00 (d, 
3
JHH = 7.7 Hz, 2H, CH-py, H9 & 14), 7.93 (t, 

3
JHH = 7.8 Hz, 2H, CH-py, H10 & 15), 7.81 

(m, 2H, CH-py, H11 & 16), 7.72 (d, 
3
JHH = 7.8 Hz, 2H, CH-py, H40 & 42), 7.67 (t, 

3
JHH = 8.0 Hz, 2H, 

bzim-CH, H27 & 34), 7.58 (d, 
3
JHH = 8.4 Hz, 2H, bzim-CH, H29 & 36), 7.40 (t, 

3
JHH = 8.0 Hz, 2H, bzim-

CH, H28 & 35), 5.85 (br s, 4H, CH2, H38 & 44), 4.73 (br t, 
3
JHH = 6.6 Hz. 4H, CH2, H20 & 23), 3.31 (br 

t, 
3
JHH = 6.3 Hz, 4H, CH2, H19 & 22). 

13
C{

1
H} NMR (75 MHz, d6-DMSO): δ 168.66 (s, C=O, C18 & 21), 

161.91 (s, C=O, C1 & 7), 152.77 (s, Cq-py, C39 & 43), 150.17 (s, Cq-py, C2 & 6), 148.53 &148.29 (s, 

Cq-py, C8 & 13 & 12 & 17), cannot be distinguished by 
3
J coupling to C10 & 15), 142.96 (s, NCHN, 

C24 & 31), 140.69 (s, CH-py, C10 & 15), 140.33 (s, CH-py, C20), 138.74 (s, CH-py, C41), 130.87 (s, 

Cq-py, C30 & 37), 130.61 (s, Cq-py, C25 & 32), 126.47 (s, bzim-CH, coincident C27 & 34 & 28 & 35), 

125.76 (s, CH-py, C19 & 21), 122.67 (s, CH-py, C40 & 42), 113.78 (s, bzim-CH, C26 & 33), 113.28 

(s, bzim-CH, C29 & 36), 110.27 (s, CH-py, C11 & 16), 110.00 (s, CH-py, C9 & 14), 50.25 (s, CH2, 

C38 & 44), 42.66 (s, CH2, C20 & 23), 35.10 (s, CH2, C19 & 22). IR (FT-ATR, cm
-1

): 3182 vw (NH), 

1681 vs (C=O), 1583 vs (C=O), 1515 vs (C=O), 1312 s, 1298 s, 1281 s, 1242 s, 1221 w, 1180 w, 

1157 m, 1074 m, 1027 vw, 1000 m, 937 vw, 890 m, 844 m, 801 s, 745 vs, 724 vs, 685 m, 651 w, 616 

w, 557 w, 531 vw, 422 w. 
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[H4L(C2H4)2(imid2{macro})]Br2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AR 1,4-Dioxane (15 mL, passed through a short activated alumina column) was added to 

H4L(C2H4)2(imid)2 (150 mg, 1.05 eq.) and dmpBr2 (64 mg, 1 eq.) in a dry 2-necked 50 mL round-

bottomed flask equipped with stirrer bar and reflux condenser. The mixture was heated to reflux for 44 

hours under a nitrogen atmosphere with stirring. Over this period a cream coloured material 

precipitated out of solution. Once reflux was completed the reaction mixture was cooled to room 

temperature. The precipitate was removed by filtration through a glass sinter and washed with diethyl 

ether (2 x 25 mL) followed by n-hexane (2 x 20 mL). The product was extracted from the crude 

material with boiling chloroform and recrystallised from a mixture of chloroform, methanol and toluene, 

yielding a white solid which was filtered off and washed with toluene (10 mL), followed by n-hexane (2 

x 10 mL), to produce pure [H4L(C2H4)2(imid2{macro})]Br2 (59 mg, yield 27%). 

 

Anal. Calc. for C36H34Br2N12O4
.
4H2O: C, 46.46; H, 4.55; N, 18.06. Found: C, 46.61; H, 4.69; N, 

18.05%. MS (m/z) Calc. for C36H34
79

BrN12O4 [M-Br
-
]
+
:777.20093 m/z; Found: 777.20101 m/z. Calc. for 

C36H34
81

BrN12O4 [M-Br
-
]
+
: 779.19889 m/z; Found: 779.19925 m/z. 

1
H NMR (300 MHz, d6-DMSO): 

δ 11.00 (br s, 2H, NH, H1 & 7), 10.46 (br s, 2H, NH, H18 & 21), 9.34 (s, 2H, NCHN, H24 & 27), 8.44 

(m, 2H, CH-py, distorted 2
nd

-order spin system, H3 & 5), 8.36 (m, 1H, CH-py, distorted 2
nd

-order spin 

system, H4), 8.04 (d, 
3
JHH = 8.0 Hz, 2H, CH-py, H9 & 14), 7.97 (t obscured, 1H, CH-py, H33), 7.95 (t 

obscured, 2H, CH-py, H10 & 15), 7.93 (br s, 2H, CH-imid, H25 & 26), 7.85 (br d, 
3
JHH = 6.9 Hz, 2H, 

CH-py, H11 & 16), 7.66 (br s, 2H, CH-imid, H28 & 29), 7.55 (d, 
3
JHH = 7.8 Hz, 2H, CH-py, H32 & 34), 

5.59 (s, 4H, CH2, H30 & 36), 4.59 (br t, 
3
JHH = 6.8 Hz, 4H, CH2, H20 & 23), 3.31 (br t, 

3
JHH = 6.4 Hz, 

4H, CH2, H19 & 22). 
13

C{
1
H} NMR (75 MHz, d6-DMSO): δ 168.60 (s, CO, C18 & 21), 161.75 (s, CO, 

C1 & 7), 153.19 (s, Cq-py, C31 & 35), 150.01 and 149.26 (s, Cq-py, C8 & 12 & 13 & 17), 148.19 (s, 

Cq-py, C2 & 6),140.83 (s, CH-py, C10 & 15), 140.41 (s, CH-py, C4), 138.53 (s, CH-py, C33), 136.94 

(s, NCHN, C24 & 27), 125.77 (s, CH-py, C3 & 5), 123.46 (s, CH-imid, C28 & 29), 122.01 (s, CH-imid, 
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C25 & 26), 121.94 (s, CH-py, C32 & 34), 109.98 (s, CH-py, C11 & 16), 109.57 (s, CH-py, C9 & 14), 

52.26 (s, CH2, C30 & 36), 44.85 (s, CH2, C20 & 23), 35.84 (s, CH2, C19 & 22). IR (FT-ATR, cm
-1

): 

3252 w, 3133 vw, 3101 vw, 3018 vw, 1679 s, 1583 s, 1519 vs, 1441 vs, 1405 m, 1361 m, 1314 s, 

1298 s, 1284 s, 1242 s, 1214 m, 1155 vs, 1075 m, 1025 vw, 1000 m, 935 vw, 887 vw, 842 vw, 798 s, 

741 vs, 684 w, 661 vw, 645 w, 619 w, 597 vw, 553 w, 521 vw, 418 vw, 402 vw, 393 vw.   

 

[H4L(C2H4)2HgBr2((NHC)2{macro})]2 

 

To a 2-necked 100 mL round-bottomed flask equipped with a stirrer bar, N2 side-arm and rubber 

septum was added [H4L(C2H4)2(bzim2{macro})][Br]2 (200 mg, 1eq.). AR Chloroform (70 mL) and 

methanol (3 mL) were added to the white solid. With stirring and gentle heating the white suspension 

dissolved to form a transparent solution. Tin foil was used to shield the flask from light. To the 

macrocyclic complex was added Hg(OAc)2 (67 mg, 1.01 eq.) dissolved in methanol (4 mL) in a drop-

wise fashion. The white cloudy mixture was stirred at room temperature for two hours. Upon 

completion of the reaction the solution was filtered through celite and the filter pad washed with 4:1 

chloroform: methanol solution. The filtrate was minimised under reduced pressure to a low volume. 

Precipitation of the product was achieved with the addition of diethyl ether to the concentrated filtrate 

and cooling of the solution on ice. Pure [H4L(C2H4)2HgBr2((NHC)2{macro})]2 was removed by 

filtration and washed with diethyl ether (3 x 10 mL) (425 mg, yield 88 %).    
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An adequate elemental analysis could not be obtained of this material due to its tendency to 

rearrange into [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] during recrystallisation. MS (m/z) Calc. for 

[M+H]+: C88H73
79

Br2
81

Br2
200

Hg
202

HgN24O8
+
 2315.2120 m/z; Found 2315.2121 m/z. MS (m/z) Calc. for 

C88H73Br4Hg2N24O8 [M+H]
+
: 2313.2184 m/z; Found: 2313.2145 m/z. Calc. for C88H72Br3Hg2N24O8 [M-

Br]
+
: 2233.2928 m/z; Found: 2233.2858 m/z. MS (m/z) Calc. for C44H36BrHgN12O4

+
: 1077.1861 m/z; 

Found: 1077.1838 m/z. 
1
H NMR (300 MHz, d6-DMSO): δ 11.18 (br s, 2H, NH, H1 & 7), 10.49 (br s, 

2H, NH, H18 & 21), 8.40 (m, 2nd order splitting, 2H, CH-py, H3 & 5), 8.34 (m, 4H, CH-bzim), 8.32 (m, 

1H, peak obscured by overlapping signals, CH-py, H4), 8.21 (m, 4H, CH-bzim), 8.16 (t, 
3
JHH = 7.6 Hz, 

1H, CH-py, H41), 8.02 (d, 
3
JHH = 7.7 Hz, 2H, CH-py, H40 & 42), 7.97 (d, 

3
JHH = 7.9 Hz, 2H, CH-py, 

H11 & 16), 7.88 (t, 
3
JHH = 7.9 Hz, 2H, CH-py, H10 & 15), 7.75 (d, 

3
JHH = 7.8 Hz, 2H, CH-py, H9 & 14), 

7.71 (m, 4H, CH-bzim), 6.01 (s, 4H, CH2, H38 & 44), 5.13 (br s, 4H, CH2, H20 & 23), 3.64 (br s, 4H, 

CH2, H19 & 22). 
13

C{
1
H} NMR (75 MHz, d6-DMSO): δ 182.80 (s, NCN, C24 & 31), 169.22 (s, C=O, 

C18 & 21), 161.39 (s, C=O, C1 & 7), 152.53 (s, Cq-py, C39 & 43), 150.00 and 149.13 (s, Cq-py, C8 & 

12 & 13 & 17), 147.90 (s, Cq-py, C2 & 6), 141.31 (s, CH-py, C41), 140.90 (s, CH-py, C10 & 15), 

140.45 (s, CH-py, C4), 133.27 and 132.77 (s, Cq-bzim, C25 & 30 & 32 & 37), 125.46 (s, CH-py, C3 & 

5) (overlapping with, s, CH-bzim), 125.14 (s, CH-py, C40 & 42), 113.94 and 112.44 (s, CH-bzim), 

109.27 (s, CH-py, C9 & 14), 108.81 (s, CH-py, C11 & 16), 50.24 (s, CH2, C38 & 44), 43.38 (s, CH2, 

C20 & 23), 36.73 (s, CH2, C19 & 22). It was not possible to definitively assign 
1
H or 

13
C{1H} signals 

arising from the aromatic CH groups about benzimidazol-2-ylidene due to overlap of signals and the 

resultant loss in resolution of the multiplicity of 
1
H NMR peaks. IR (FT-ATR, cm

-1
): 3268 w, 1684 s, 

1583 s, 1520 s, 1478 vw, 1447 vs, 1403 m, 1359 vw, 1315 m, 1297 m, 1285 m, 1244 m, 1220 vw, 

1180 vw, 1158 m, 1075 m, 1016 m, 1002 m, 935 vw, 890 w, 844 w, 799 s, 745 vs, 685 m, 652 m, 614 

m, 560 w, 546 w, 528 vw, 501 w, 457 w, 447 w, 423 m, 401 m. 

 

[H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] 

 
[H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] was obtained by the slow diffusion of acetone into a 

saturated DMSO solution of [H4L(C2H4)2HgBr2((NHC)2{macro})]2 over two weeks. Alternatively, the 

same material could be prepared in the following way: 

 

[H4L(C2H4)2(bzim2{macro})][Br]2 (50 mg, 1eq.) and [N(CH3)4]2[HgBr4] (35 mg, 1 eq.) were dissolved 

in chloroform (16 mL) and methanol (1 mL) in a light protected 1-necked 50 mL round-bottomed flask 

equipped with a stirrer bar, N2-tap side arm and rubber septum. To the solution of the macrocylic 

benzimidazolium ligand was added a completely dissolved methanolic (4 mL) mixture of Hg(OAc)2 (17 

mg, 1.0 eq.), in a drop-wise fashion. The reaction mixture was permitted to stir at room temperature 

for 3 days, by which time a white precipitate had formed. The solid was removed by filtration and 

washed with ice cold methanol to produce pure [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] (48 mg, yield 

61%).  
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Anal. Calc. for C44H36Br4Hg2N12O4
.
1OC(CH3)2: C, 35.83; H, 2.69; N, 10.67. Found: C, 36.01; H, 3.01; 

N, 10.75%. MS (m/z) Calc. for C44H36BrHgN12O4 [M-HgBr4
2-

+Br]
+
: 1077.1867 m/z; Found: 1077.1841 

m/z. 
1
H NMR (300 MHz, d6-DMSO): δ 11.31 (br s, 2H, NH, H1 & 7), 10.27 (br s, 2H, NH, H18 & 21), 

8.39-7.74 (m, 20H), 6.01 (s, 4H, CH2, H38 & 44), 5.11 (br t, 
3
JHH = 5.1 Hz, CH2, H20 & 23), 3.67 (br t, 

3
JHH = 5.7 Hz, CH2, H19 & 22). 

13
C{

1
H} NMR (75 MHz, d6-DMSO): δ 182.11 (s, NCN, C24 & 31), 

169.14 (s, C=O, C18 & 21), 161.44 (s, C=O, C1 & 7), 152.49 (s, Cq-py, C39 & 43), 149.97 and 

149.17 (s, Cq-py, C8 & 12 & 13 & 17), 147.93 (s, Cq-py, C2 & 6), 141.54 (s, CH-py, C41), 141.07 (s, 

CH-py, C10 & 15), 140.46 (s, CH-py, C4), 133.30 and 132.90 (s, Cq-bzim, C25 & 30 & 32 & 37), 

125.53 (s, CH-py, C3 & 5) (overlapping with, s, CH-bzim), 125.35 (s, CH-py, C40 & 42), 114.16 and 

112.49 (s, CH-bzim), 109.11 (s, CH-py, C9 & 14), 108.92 (s, CH-py, C11 & 16), 50.24 (s, CH2, C38 & 

44), 43.28 (s, CH2, C20 & 23), 36.68 (s, CH2, C19 & 22). IR (FT-ATR, cm
-1

): 3264 m, 3064 vw, 2922 

vw, 2163 vw, 2009 vw, 1980 vw, 1685 s, 1583 s, 1516 s, 1481 m, 1441 vs, 1402 m, 1351 vw, 1350 w, 

1317 m, 1283 m, 1242 m, 1222 w, 1178 w, 1157 s, 1074 m, 1010 m, 1001 m, 947 m, 890 m, 844 m, 

799 s, 782 vw, 742 vs, 684 m, 662 w, 651 vw, 623 w, 612 vw, 574 vw, 560 vw, 543 w, 526 vw, 453 

vw, 444 vw, 425 m, 399 w, 384 vw. 
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[H4L(C2H4)2PdBr((NHC)2{macro})]PF6 

 

To a flame-dried 2-necked round-bottomed flask (50 mL) equipped with a stirrer bar and a reflux 

condenser was added [H4L(C2H4)2HgBr2((NHC)2{macro})]2 (200 mg, 1 eq.), Pd(COD)Cl2 (51 mg, 

2.05 eq.) and lithium bromide (46 mg, 6.2 eq.). The flask was evacuated and a dry nitrogen 

atmosphere established. To the solids was added dry acetonitrile (40 mL, dried over calcium hydride). 

The flask was protected from light and its contents refluxed for 4 hours before cooling to room 

temperature. The resultant pale yellow suspension, containing product and precipitated mercury 

bromide, was filtered through a low porosity sinter and the yellow pad washed with cold acetonitrile (2 

x 10 mL). The product was extracted from the sinter pad with four successive portions of boiling 

tetrahydrofuran (150 mL). To the combined filtrates was added toluene and crystallisation effected by 

gradual reduction of the tetrahydrofuran phase under reduced pressure. A pale yellow micro-

crystalline solid of [H4L(C2H4)2PdBr((NHC)2{macro})]Br formed and was removed from the mother 

liquor by filtration followed by washing of the solid with toluene (2 x 20 mL) and hot n-hexane (3 x 20 

mL). The crystalline solid was dried under vacuum to produce pure 

[H4L(C2H4)2PdBr((NHC)2{macro})]Br (98 mg, yield 50%). 

 

Crystalline material suitable for application in Heck-Mizoroki coupling reactions described in Chapter 

Five was grown by the following method. Pure [H4L(C2H4)2PdBr((NHC)2{macro})]Br (51 mg, 1 eq.) 

and NH4PF6 (39 mg, 5 eq.) were dissolved in a tetrahydrofuran (50 mL), ethanol (30 mL) mixture with 

the aid of a sonicator, followed by the addition of toluene (20 mL). The pale yellow solution was 

filtered through a sinter in order to remove any undissolved material. Crystallisation was effected by 

gradual reduction of the tetrahydrofuran and ethanol phases in ambient conditions over a period of 

days to produce pure [H4L(C2H4)2PdCl((NHC)2{macro})][PF6] (20 mg, yield 37%).  
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A satisfactory elemental analysis could not be obtained of this material due to its tendency to 

crystallise with void-filling solvents. MS (m/z) Calc. for C44H36BrN12O4Pd [M-PF6]
+
: 981.1202 m/z; 

Found: 981.1206 m/z. Calc. for C44H36ClN12O4Pd [M-PF6]
+
: 937.1706 m/z; Found: 937.1701 m/z. 

1
H 

NMR (300 MHz, d6-DMSO): δ 11.30 (br s, 2H, NH, H1 & 7), 10.44 (br s, 2H, NH, H18 & 21), 8.39 (m, 

2nd order splitting, 2H, CH-py, H3 & 5), 8.32 (m, 1H, CH-py, H4), 8.13 (d, 
3
JHH = 8.0 Hz, 2H, CH-

bzim) and 7.94 (d, 
3
JHH =7.5 Hz, 2H, CH-bzim) (H26 & 29 & 33 & 36), 8.24 (t, 

3
JHH =7.7 Hz, 1H, CH-

py, H41), 8.07 (d, 
3
JHH = 7.7 Hz, 2H, CH-py, H40 & 42), 7.73 (d, 

3
JHH = 7.3 Hz, 2H, CH-py) or 7.98 

(splitting obscured, 2H, CH-py) (H9 & 11 & 14 & 16), 7.99 (t, 
3
JHH = 7.7 Hz, 2H, CH-py, H10 & 15), 

7.54 (t, 
3
JHH = 7.1 Hz, 2H, CH-bzim) and 7.48 (t, 

3
JHH = 7.0 Hz, 2H, CH-bzim) (H27 & 28 & 34 & 35), 

6.27 (d, 
3
JHH = 15.3 Hz, 2H, CH2) and 6.02 (d, 

3
JHH = 15.2 Hz, 2H, CH2) (H38 & 44), 5.20 (br t, 

3
JHH = 

11.7 Hz, 2H, CH2) and 4.60 (br t, 
3
JHH = 11.7 Hz, 2H, CH2) (H20 & 23), 3.45 (br m, 4H, CH2, H19 & 

22). 
13

C{
1
H} NMR (300 MHz, d6-DMSO): δ 176.07 (s, NCN, C24 & 31), 169.21 (s, C=O, C18 & 21), 

162.21 (s, C=O, C1 & 7), 155.25 (s, Cq-py, C39 & 43), 150.02 or 149.73 (s, Cq-py, C8 & 12 & 13 & 

17), 148.65 (s, Cq-py, C2 & 6), 142.08 (s, CH-py, C41), 140.42 (s, CH-py, C10 & 15), 140.13 (s, CH-

py, C4), 133.08 or 132.72 (s, Cq-bzim, C25 & 30 & 32 & 37), 125.66 (s, CH-py, C3 & 5), 125.47 (s, 

CH-py, C40 & 42), 124.32 (s, CH-bzim, H27 & 28 & 34 & 35), 111.47 and 111.96 (s, CH-bzim, H26 & 

29 & 33 & 36), 109.76 or 111.27 (s, CH-py, C9 & 11 & 14 & 16), 51.04 (s, CH2, C38 & 44), 44.20 (s, 

CH2, C20 & 23), 35.89 (s, CH2, C19 & 22). IR (FT-ATR, cm
-1

): 3363 vw, 3270 vw, 3054 vw, 1683 vs, 

1586 vs, 1517 vs, 1479 m, 1445 vs, 1400 s, 1356 s, 1320 s, 1295 s, 1245 s, 1217 w, 1160 s, 1076 m, 

1050 w, 1031 w, 1003 m, 936 w, 890 w, 841 w, 800 s, 782 vw, 746 vs, 700 vw, 682 m, 654 m, 616 m, 

586 vw, 598 vw, 548 m, 451 vw, 423 m, 396 m.  
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Chapter Six 
 

N-Heterocyclic Carbenes in 
Catalysis 

6 Chapter Six: N-Heterocyclic Carbenes in Catalysis 

 

Simple transition metal containing complexes, which are nominally acyclic and do not bear 

functionality amenable to the establishment of supramolecular interactions, were analysed for 

catalytic activity in hydrosilylation and Heck-Mizoroki reactions. The ratio and quantity of products 

resulting from these reactions were monitored by 
1
H NMR spectroscopy.  

 

In the second phase a related macrocyclic system containing palladium(II) was synthesised and 

similarly tested for catalysis in C-C coupling reactions.  

 

In the third and final phase, materials deemed eligible to engage in supramolecular interactions with 

the macrocyclic complex were added to Heck-Mizoroki catalytic reactions and their influence upon the 

productivity investigated. 

 

Experimental data pertaining to the procedures for catalytic testing is compiled at the end of this 

chapter. 
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6.1 Hydrosilylation of alkynes promoted by homogeneous catalysis 

 

Vinylsilanes are useful materials in organic chemistry and can be generated from the reaction 

between an alkyne and a silane when combined with an appropriate catalyst. This atom economical 

reaction, termed hydrosilylation, involves the addition of a reactive silicon hydride bond across an 

unsaturated bond; be it a C-C double bond, a C-C triple bond or an unsaturated bond between a 

carbon atom and a heteroatom. Three major isomers of alkenylsilanes are formed when an H-Si bond 

is added across phenylacetylene and these are depicted in the general Figure 218. They are the Z, E 

and α isomers, so named for the respective cis, trans and geminal orientations of the phenyl and 

silane substituents on opposing ends of the unsaturated C-C bond. The Z isomer is obtained through 

anti addition of the H-Si bond (to opposing faces of the triple bond) and the E isomer through syn 

addition (to the same side of the triple bond). In the case of terminal alkynes the -SiR3 fragment 

always resides on the terminal carbon, dubbed β; except in the instance of a reversed acetylene 

addition where a geminal alkenylsilane, α isomer, is produced.  

 

Generally speaking, the hydrosilylation mechanism passes through an oxidative addition of the H-Si 

bond across the metal, an intermediate which places the -SiR3 group and the metal with its ancillary 

ligands in close proximity. The steric repulsion between these two groups renders formation of the Z 

isomer thermodynamically unfavourable and thus it is known to rearrange to form the more favourable 

E isomer.  

 

 

 

 

 

 

 

 

Figure 218: Hydrosilylation of phenylacetylene leading to the formation of three major isomers 

 

Tuning of hydrosilylation reactions towards regio- and stereoselectivity is often necessary due to the 

range of products available, particularly when internal alkynes are involved. However, control can be 

achieved through manipulation of the catalyst properties and the reaction conditions. Factors that may 

affect the product distribution include: the catalyst and its concentration, substituents of the 

hydrosilane and alkyne, reaction variables such as temperature or solvent and the order of addition. 

The generation of product mixtures, without any particular discrimination in favour of one single 

isomer, continues to be a significant problem in the field of hydrosilylation catalysis. In the present day 

many organic synthetic chemists turn to a select set of catalysts in order to generate one specific 

vinylsilane. Where terminal alkynes are concerned [Cp*Ru(MeCN)3][PF6] has demonstrated excellent 

selectivity for the formation of 1,1-disubstituted α-vinylsilanes and with remarkable tolerance to a wide 
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range of functional groups.
223,224

 Comparatively, the neutral p-cymene or benzene dimer of ruthenium 

promotes the formation of cis-β-vinylsilanes.
225

 Trans-β-vinylsilanes are obtained in good yields with 

rhodium cationic complexes such as [Rh(COD)2][BF4].
226

 

 
The product distribution of hydrosilylation reactions, as influenced by the catalyst 

 

Researchers in the field of hydrosilylation have observed a marked difference in the product 

distribution where catalysts with different metal centres are employed. For example, platinum 

catalysts generally yield the β-(E) and α isomers preferentially, the former being predominant of the 

two, whereas rhodium, iridium and ruthenium catalysts favour the β-(Z) isomer. The difference 

between these metal catalysts lies in the mechanistic pathways they oversee.  

 

Hydrosilylation mediated by platinum catalysts is believed to take place according to the Chalk-Harrod 

mechanism, which consists of four major steps. Firstly, oxidative addition of the H-Si bond across the 

metal takes place (1. of Figure 219), followed by the formation of a π-bound intermediate with the 

added alkyne (2.). It is this second step which is responsible for formation of the major E isomer, as 

addition occurs in a syn fashion. Insertion of the alkyne into the metal-hydride bond occurs in step 

three and the product is then eliminated reductively in the fourth stage to regenerate the catalytic 

species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 219: The Chalk-Harrod mechanism for hydrosilylation of terminal alkynes 

 

A variation in the mechanism accounts for the alternate product ratio observed for rhodium, iridium 

and ruthenium catalysts and this is depicted in Figure 220. Oxidative addition of the H-Si bond across 

the metal proceeds as before, followed by direct insertion of the alkyne into the metal-Si bond to form 

a metal hydride with a silylvinyl substituent (blue circle Figure 220). Reductive elimination at this point 

yields the E isomer. However, the silylvinyl intermediate is able to isomerise via one of two 
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intermediates, a zwitterionic carbene or a cyclopropenyl intermediate (3., Figure 220). In this way the 

metal and the silyl group are placed trans with respect to each other, and reductive elimination of the 

metal yields the kinetically favoured Z isomer. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 

Figure 220: The Crabtree-Ojima mechanism for hydrosilylation of terminal alkynes 

 

In the case of rhodium catalysts for hydrosilylation a difference in activity is documented for neutral 

versus cationic complexes, with the β-(Z) isomer predominant for the former and the β-(E) isomer for 

the latter.  

 

Stereoselectivity in favour of the Z isomer is clearly observed for hydrosilylation of phenylacetylene 

across a range of silanes when [Cp*RhCl2]2 is utilised as a catalyst in refluxing dichloromethane.
227

 

100% Conversion is observed in conjunction with the substrates triethoxysilane or triphenylsilane, 

97% of which is attributable to the Z isomer. The activity of the catalyst with triethylsilane is further 

reduced, with only 9% overall conversion (92% of which appears as the Z isomer). In all three cases 

less than 6% of the E isomer is evident. Comparatively, a dicationic rhodium complex 

[Cp*Rh(BINAP)][SbF6]2 achieved virtually quantitative conversion for all silanes (HSi(OEt)3, HSiEt3, 

HSiPh3) and selectively generated the E isomer in yields greater than 97% for triphenyl and triethyl 

silanes. The E isomer is similarly produced in high yield for triethoxysilane but with tandem synthesis 

of the geminal alkenylsilane in 19% yield. These juxtaposed results are explained by the electronic 

nature of the catalyst transition state at the point of reductive elimination, this being the 

rate-determining step in hydrosilylation reactions. Unlike their neutral counterparts, cationic 

complexes lack the stability of an additional electron donor substituent. As such the reductive 

elimination step is facilitated in preference to E/Z isomerisation and the red part of the Crabtree-Ojima 
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mechanism (see Figure 220) is more or less bypassed. Faller et al. suggest that selectivity is 

promoted even further by a dicationic charge upon the catalyst versus a monocationic charge.
227

  

 

Interestingly, the nature of the available counteranion can entirely switch the stereoselectivity of these 

types of reactions. If electron density from the counteranion is „lent‟ to the metal centre through space, 

as is observed from π–interactions of BPh4
-
 with phenyl substituents on [Rh(COD)(PPh3)2]

+
, the 

catalyst behaves as though it were neutral and selectively forms the Z isomer in the hydrosilylation 

reaction of 1-hexyne with triethylsilane. A counteranion such as BF4
-
 produces the expected E isomer 

as the major compound.
228

    

 
The product distribution of hydrosilylation reactions, as influenced by the substrates 

 

Naturally, the rate of hydrosilylation depends upon the relative reactivity of the substrates and this can 

be deduced from their electronic and steric characteristics. For example, electron-poor olefins are not 

well disposed towards the formation of a π-bound intermediate with a metal centre, an important step 

in the Chalk-Harrod mechanism (step 2. of Figure 219) which is applicable to most platinum catalysts 

that are active in hydrosilylation. Another feature that has been shown to affect the activity of platinum 

catalysts is the electron withdrawing nature of the silyl substituents. Withdrawal of electron density 

from silicon activates the H-Si bond and favours its oxidative addition to a metal centre (step 1. of 

Figure 219 and Figure 220). As one might expect, silyl donor substituents have the opposite influence 

and act to reduce the relative rate of hydrosilylation. The addition step is further facilitated if steric 

impairments are minimised. 

 

The effect of silyl substituents upon the isomer product distribution is aptly demonstrated by 

Karstedt‟s catalyst, [Pt2(dvds)3], in the hydrosilylation of phenylacetylene with a range of silanes 

(Figure 221).
229

 100% conversion is achieved for all of the three hydrosilanes: triethoxysilane, 

triethylsilane and triphenylsilane, and the E isomer is the favoured product in all reactions. HSi(OEt)3, 

bearing the most acidic silicon hydride, yielded the largest proportion of the α isomer. By comparison, 

HSiPh3 produced the most Z isomer, probably as a result of the improved conformational flexibility 

provided by the phenyl substituents in the 

isomerisation step (step 3. of Figure 220). 

HSiEt3 produces the largest percentage of the 

E isomer but with a significant contribution by 

the geminal addition product.   

 
 
 

Figure 221:  Hydrosilylation of phenylacetylene using Karstedt’s catalyst  

 

HSiR3 

 

Product 

distribution 

R =  β-(E) β-(Z) α 

Et 81 1 18 

Ph 78 15 7 

OEt 70 0 30 
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The product distribution of hydrosilylation reactions, as influenced by the reaction conditions 
 

The stereoselectivity of hydrosilylation reactions is subject to influence by the solvent system utilised. 

For example, Takeuchi et al.
230

 observed the Z isomer almost entirely in the hydrosilylation of 

hex-1-yne with triethylsilane in benzene or ethanol at room temperature and across a range of 

rhodium catalysts (including Wilkinson‟s catalyst and [Rh(COD)Cl]2). However, when solvents 

containing nitrile functional groups were employed under otherwise identical reaction conditions, there 

was a complete reversal of stereoselectivity in favour of the E isomer. The authors attribute the 

changes to stabilisation effects rendered to catalytic intermediates by solvent molecules. Similarly, 

elevated temperatures and extended contact times with the catalyst favour the E isomer by promoting 

E/Z isomerisation.
227

 

 

6.1.1 Investigating the efficacy of newly synthesised N-Heterocyclic Carbene 
rhodium(I) and iridium(I) catalysts in the hydrosilylation of phenylacetylene 

 

In this research a set of hydrosilylation experiments between a terminal alkyne (phenylacetylene) and 

three different hydrosilanes were conducted (see Figure 222 for a diagrammatic depiction of the 

catalysts utilised). The study aimed to determine the catalytic prowess of novel rhodium and iridium 

NHCs synthesised (see Chapter Four for details regarding the preparation of these materials), 

specifically in regard to the influence which might be exerted upon the product distribution as a result 

of the subtle conformational differences between the four complexes. For convenience, the 

complexes will be referred to as “catalysts” in the proceeding text, although it is understood that they 

may be pre-catalysts. The Rh2Cl2(COD)2(dmp(NHC{Me})2) and [Ir(COD)(dmp(NHC{Me})2)][OTf] 

catalysts are expected to have similar activity to rhodium-imidazol-2-ylidenes reported elsewhere,
93

 

but the behaviour of the µ–cyano adducts presented a point of interest. The X-ray crystal structure of 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] demonstrated two different conformations for the bridging 

pyridyl group in the solid state, one exhibiting a „capped‟ and the other a „non-capped form‟ whereby 

the cyano group between two metals centres is obscured or exposed respectively. Solution-state 

NMR spectroscopy indicates that interchange between these forms occurs rapidly on the NMR 

timescale. Such dynamic behaviour could operate either as an internal preservation mechanism for 

the catalyst or as a face-shielding device, blocking one side of the active site from the approach of 

substrates. Furthermore, it was not known to what extent the cyano group might persist as a bridging 

ligand during catalysis. In essence, a coordinatively unsaturated rhodium centre is more readily 

accessible if its ligands are able to dissociate easily. Such as would be the case for the rhodium 

centre coordinated by the nitrogen end of the cyano group in 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] or [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf].  
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Figure 222: Rhodium(I) and iridium(I) complexes of (dmp(NHC{Me})2) 

 

Conventionally the productivity of hydrosilylation experiments is reported either quantitatively, through 

isolation of the products or, using a semi-quantitative technique such as 
1
H NMR spectroscopy to 

determine the percent conversion of the starting materials into products. This particular study aimed 

to investigate the activity of newly synthesised NHC complexes of iridium(I) and rhodium(I) in the 

hydrosilylation of phenylacetylene, adopting a semi-quantitative approach. Inclusion of an inert 

internal standard in the reaction mixture, hexamethylbenzene, allowed a semi-quantitative analysis of 

the consumption of substrates. 

 

The hydrosilylation tests were carried out using 1 mol% of catalyst in air at 60˚C and in CDCl3, 

according to the method reported by Peris et al.
93

 The progress of each reaction was monitored over 

a 24 hour period by 
1
H NMR spectroscopy and the observations compared to reported literature 

values.
229,231

 Representative 
1
H NMR resonances for the starting materials and products are compiled 

in Tables 17 and 18 for the reader‟s convenience. Samples of typical 
1
H NMR spectra obtained are 

presented in Figures 223, 224 and 225. 
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Table 17: 
1
H NMR signals pertaining to the 

alkenyl isomers of several vinylsilanes 

 

 

 

Table 18: 
1
H NMR signals pertaining to the specific reactants in hydrosilylation reactions 

 

Rh2Cl2(COD)2(dmp(NHC{Me})2), [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf], 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] and [Ir(COD)(dmp(NHC{Me})2)][OTf] were found to be 

reasonable catalysts using the hydrosilanes triethoxysilane, triethylsilane and triphenylsilane. As there 

are several variables involved in each reaction the graphical depiction of the results has been 

formulated in the following way to assist the reader. Firstly, for each catalyst and hydrosilane 

combination a graph detailing the overall progress of the reaction is shown. This includes a depiction 

of the rate of consumption of starting materials and of the formation of total vinylsilanes (E:Z:α). Each 

graph is calibrated to the initial quantity of phenylacetylene, represented as 100%. Reported figures 

will thus appear as percent conversion with respect to initial phenylacetylene. This method of 

representation best facilitates cross-comparison of catalyst activity. Secondly, a graph displaying the 

E:Z:α ratio as a percentage relative to the initial amount of phenylacetylene (100%) summarises the 

product distribution over time. 

 

  

1
H NMR signals pertaining to isomers of vinylsilanes (CDCl3, δ ppm) 

R β-E/trans β-Z/trans α 

R = OEt 
7.20 (d, 

3
JHH=19.2 Hz, 1H) 

6.17 (d, 
3
JHH=19.2 Hz, 1H) 

7.41 (d, 
3
JHH=15.6 Hz, 1H) 

5.57 (d, 
3
JHH=15.6 Hz, 1H) 

6.13 (d, 
3
JHH=2.8 Hz, 1H) 

5.95 (d, 
3
JHH=2.8 Hz, 1H) 

R = Et 
6.90 (d, 

3
JHH=19.2 Hz, 1H) 

6.43 (d, 
3
JHH=19.2 Hz, 1H) 

7.45 (d, 
3
JHH=15.2 Hz, 1H) 

5.77 (d, 
3
JHH=15.2 Hz, 1H) 

5.87 (d, 
3
JHH=3.2 Hz, 1H) 

5.58 (d, 
3
JHH=3.2 Hz, 1H) 

R = Ph 
7.05 (d, 

3
JHH=19.2 Hz, 1H) 

7.00 (
3
JHH=19.2 Hz, 1H) 

7.77 (d, 
3
JHH=15.6 Hz, 1H) 

6.38 (d, 
3
JHH=15.6 Hz, 1H) 

7.05, 7.00 

(2H, AB quartet) 

1
H NMR signals pertaining to 

1
H NMR resonances of reactants (CDCl3, δ ppm) 

 Hydride/ alkenyl H Alkyl/aryl 

HSi(OEt)3 4.29 (s, 1H) 
3.85 (q, 

3
JHH=7.0 Hz, CH2, 6H), 1.25 (t, 

3
JHH=7.0 Hz, 9H, 

CH3) 

HSiEt3 
3.62 (hep, 

3
JHH=3.1Hz, 1H) 

0.59 (qd, 
3
JHH=7.8 Hz, 

3
JHH=3.1 Hz, 

3
JHH=0.7 Hz, 6H, 

CH2), 0.98 (t, 
3
JHH=7.9 Hz, 9H, CH3) 

HSiPh3 5.47 (s, 1H) 7.31, 7.37, 7.56 (3 x m, 15H) 

Phenylacetylene 3.06 (s, 1H) 7.48, 7.21-7.40 (m, 5H) 



 

 
274 

 
 
 

Figure 223: Example of a 
1
H 

NMR spectrum obtained from 

the hydrosilylation of 

phenylacetylene with 

triethoxysilane, cat. = 

Rh2Cl2(COD)2(dmp(NHC{Me})2) 

 

 
 
 

 

 

Figure 224: Example of a 
1
H 

NMR spectrum obtained from 

the hydrosilylation of 

phenylacetylene with 

triethylsilane, cat. = 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][

OTf] 

 
 

 

 

 

 

Figure 225: Example of a 
1
H 

NMR spectrum obtained from 

the hydrosilylation of 

phenylacetylene with 

triphenylsilane, cat. = 

[Ir(COD)(dmp(NHC{Me})2)][OTf] 
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6.1.1.1 Activity of the catalyst, Rh2Cl2(COD)2(dmp(NHC{Me})2) 

Rh2Cl2(COD)2(dmp(NHC{Me})2) as a catalyst for the hydrosilylation of phenylacetylene 
with triethoxysilane 

 

It was found that after 24 hours of heating at 60 °C, 1 mol% of the catalyst 

Rh2Cl2(COD)2(dmp(NHC{Me})2) was sufficient to bring about a 61.3% conversion of phenylacetylene 

into vinylsilanes (Entry 1, Table 19). Of the three isomers possible the β-E was favoured, making up 

slightly more than half of the total vinylsilane products on the 24 hour mark. The β-Z isomer was 

generated in 24.9% and the α in only 4.2% after the same time period. The by-product, styrene, 

arising from the hydrogenation of phenylacetylene, was simultaneously produced in significant yields. 

Both phenylacetylene and triethoxysilane are consumed at approximately the same rate with near-

complete consumption after 24 hours. As formerly stated, one expects the β-Z isomer to form 

preferentially when a neutral rhodium(I) catalyst is utilised, and indeed this species accounts for over 

40% of the products after five hours of reactivity. However, although the β-Z isomer is kinetically 

favoured, over time this species was observed to undergo a rearrangement in preference for the 

thermodynamically favoured β-E isomer (see Figure 227 for a graphical depiction).  

 

Peris et al. report two related imidazol-2-ylidene catalysts which were tested for their catalytic efficacy 

in hydrosilylation reactions.
93

 The ligand systems employed, dubbed 3-Me2 and 3-Bu2, are composed 

of N-alkylated imidazol-2-ylidene moieties bridged directly by a pyridine ring (see Figure 226). 

Conversions in the order of 90% were reported after a 72 hour period for both catalysts when the 

substrates phenylacetylene and triethoxysilane were added. The E:Z:α ratios are reported as 

57:30:13 and 50:33:17 respectively, in favour of the β-E isomer. Upon closer inspection of the 

reaction profile for 3-Me2, it appears that conversion into vinylsilane products plateaus around the 24 

hour mark and is representative of conversions after 72 hours. Like Rh2Cl2(COD)2(dmp(NHC{Me})2), 

a surprising preference for the β-E isomer is demonstrated by both 3-Me2 and 3-Bu2 throughout the 

reaction period. No E-Z isomerisation was observed in the case of 3-Me2, despite a general literature 

consensus that neutral rhodium catalysts for hydrosilylation almost always favour formation of the β-Z 

isomer.  

 

Figure 226: Catalytic activity of 3-Me2 and 3-Bu2 in the hydrosilylation of phenylacetylene with 

triethoxysilane 

  

Catalyst Time (hrs) E/Z/α Total yield (%) 
 

 
 

3-Me2 72 57/30/13 92 

3-Bu2 72 50/33/17 90 
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In contrast Rh2Cl2(COD)2(dmp(NHC{Me})2) demonstrates E-Z isomerisation. The 

benzimidazol-2-ylidene catalyst is found to survive in its original form, based upon 

an assessment of the 
1
H NMR data of the reaction mixture after 24 hours, 

therefore indicating that this species is probably not acting as a pre-catalyst. Peris 

et al. purport similar longevity characteristics for 3-Me2 and 3-Bu2. 

 

 

 

Figure 227: Characteristics of the hydrosilylation reaction between phenylacetylene and 

triethoxysilane, Rh2Cl2(COD)2(dmp(NHC{Me})2) (1 mol%)  
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Rh2Cl2(COD)2(dmp(NHC{Me})2) as a catalyst for the hydrosilylation of phenylacetylene 
with triethylsilane 

 

When Rh2Cl2(COD)2(dmp(NHC{Me})2) is retained as the catalyst and triethylsilane is utilised in the 

place of triethoxysilane, the total formation of vinylsilane products after a 24 hour period stood at 

47.8% (Entry 2, Table 19). Once again, the β-E isomer was produced selectively. In contrast, barely 

any conversion into the β-Z isomer occurred and approximately three times the amount of the α 

isomer was generated. This latter species has arisen from a promotion of the pathway in which the 

reverse addition of the H-Si bond across acetylene occurs. Indeed, based upon this comparison it 

appears that the ethoxy group on 

triethoxysilane promotes the 

formation of the β-Z isomer whereas 

an ethyl group does not. The 

difference is likely to arise from the 

relative stabilisation of the acetylene 

insertion product arising from the 

π-donor contribution of Si(OEt)3. 

Relatively, when HSiEt3 is employed, 

step 2. (Figure 220) does not receive 

additional stabilisation and the 

reductive elimination pathway occurs 

directly. Although phenylacetylene is 

entirely consumed on the 24 hour 

mark, 11.0% of the 

initial triethylsilane still 

remains at this point. 

The 24
th
 hour data 

point reveals a slight 

drop in the amount of 

overall products. 

 

 

 

 

 

 

 

Figure 228: Characteristics of the hydrosilylation reaction between phenylacetylene and 

triethylsilane, Rh2Cl2(COD)2(dmp(NHC{Me})2) (1 mol%)  
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Rh2Cl2(COD)2(dmp(NHC{Me})2) as a catalyst for the hydrosilylation of phenylacetylene 
with triphenylsilane 

 

Assessment of the total conversion of phenylacetylene into vinylsilanes in this 

instance was not possible as the integral corresponding to the E isomer was 

obscured by other signals. However, based upon the mere 25% consumption of 

triphenylsilane after a 24 hour period, total productivity is low. This characteristic 

is unique to the catalysts containing rhodium(I), be they neutral or cationic. The 

reasons for the discrepancy are not immediately obvious. One could speculate on the importance of a 

pincer-type intermediate in overcoming the steric difficulties presented by the large cone angle of 

the -SiPh3 group. Silane exchange reactions with cis-(R3P)2Pt(SiPhMe2)2 indicate slowest exchanges 

for HSiPh3, particularly so when the -R group of PR3 is sterically bulky.
232

 Similar forces may be at 

work where Rh2Cl2(COD)2(dmp(NHC{Me})2) is used as a catalyst, whereby the bulk of the 

dmp(NHC{Me})2 ligand and the cone angle of the -SiPh3 group act to impede the oxidative addition 

step. Despite all 

attempts, it was not 

possible to synthesise 

a Rh-pincer complex. It 

is possible that the 

ligand coordination 

pocket is unsuitable for 

tridentate coordination 

to rhodium(I) and that 

such an intermediate 

would be inaccessible 

within the catalytic 

pathway.  

 
 

 

Figure 229: Characteristics of 

the hydrosilylation reaction 

between phenylacetylene and 

triphenylsilane, 

Rh2Cl2(COD)2(dmp(NHC{Me})2)  

(1 mol%) 
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6.1.1.2 Activity of the catalyst, [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] as a catalyst for the hydrosilylation of 
phenylacetylene with triethoxysilane 

 

Given the literature precedent regarding promotion of the formation of the β-E isomer when cationic 

catalysts are involved, it is unsurprising that this product is also favoured when 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] is utilised to catalyse hydrosilylation of phenylacetylene 

with triethoxysilane. Unlike the equivalent reaction in which neutral Rh2Cl2(COD)2(dmp(NHC{Me})2) is 

employed, the β-Z isomer is only generated in 8.3% yield after 24 hours and 

never exceeds the levels recorded for the E isomer. Percent conversion of 

phenylacetylene into products where the rhodium (µ-cyano) catalyst is at work is 

respectable, at 40.2% after 1 day (Entry 4, Table 19).    

 

 

 

Figure 230: Characteristics of the 

hydrosilylation reaction between 

phenylacetylene and 

triethoxysilane, 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2

)][OTf] (1 mol%)  



 

 
280 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] as a catalyst for the hydrosilylation of 
phenylacetylene with triethylsilane 

 

In the case of triethylsilane as a silylating agent and where 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] is concerned, total conversion into products up to 57.2% 

is obtained after 6 hours in tandem with nearly 100% consumption of phenylacetylene (Entry 5, Table 

19). However, after the allotted 24 hour period a significant drop in yield is observed as a result of the 

decomposition of the β-Z isomer in the reaction mixture. The total yield of 

vinylsilanes produced at this time was found to be 44.5%, nearly 70% of which 

was made up by the β-E isomer. As for Rh2Cl2(COD)2(dmp(NHC{Me})2), a 

sizeable proportion of the α isomer was produced when triethylsilane was used 

as a silylating agent.   

 

 

Figure 231: Characteristics of 

the hydrosilylation reaction 

between phenylacetylene and 

triethylsilane, 

[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][

OTf] (1 mol%)  
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[Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] as a catalyst for the hydrosilylation of 
phenylacetylene with triphenylsilane 

 

As was the case for Rh2Cl2(COD)2(dmp(NHC{Me})2), it was not possible to 

assess the total conversion of phenylacetylene into vinylsilanes upon completion 

of the reaction using [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] as a catalyst 

because of signal overlap in the 
1
H NMR spectrum. Only 25% of the initial 

triphenylsilane had been consumed by the 24 hour mark, suggesting poor conversions into 

vinylsilanes.  

 

Figure 232: Characteristics of the hydrosilylation reaction between phenylacetylene and 

triphenylsilane, [Rh2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] (1 mol%) 

 

Note: the final two integrals for 

the E-isomer were obscured in 

the 
1
H NMR of the reaction 

mixture, therefore the data point 

corresponding to t = 18 and 24 

hrs has been omitted from the 

graph.   
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6.1.1.3 Activity of the catalyst, [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] as a catalyst for the hydrosilylation of 
phenylacetylene with triethoxysilane 

 

Where the catalyst [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] is utilised in the hydrosilylation of 

phenylacetylene with triethoxysilane, 48.1% total conversion to vinylsilanes occurs after 24 hours, 

slightly better than that observed for the rhodium analogue (Entry 7, Table 19). Similarly, the β-E 

isomer is predominant at 29.1%. Overall, the rate of consumption of the starting 

materials is slower compared to that for the other catalysts displayed here, with 

approximately 30% persistence of phenylacetylene after 24 hours. The Z and E 

isomers are obtained in similar quantities of around 10% each.  

 

 

Figure 233: Characteristics of the 

hydrosilylation reaction between 

phenylacetylene and 

triethoxysilane, 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)]

[OTf] (1 mol%) 
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[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] as a catalyst for the hydrosilylation of 
phenylacetylene with triethylsilane 

 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] demonstrates a rapid initiation of the hydrosilylation 

reaction between phenylacetylene and triethylsilane, with 50% consumption of phenylacetylene and 

triethylsilane after just 1.25 hours. At its plateau, total conversion into products of 66.3% is displayed 

after just 3.25 hours. Over time the amount of total vinylsilanes declined to 

54.8%. Uniquely, the β-Z isomer was favoured in this reaction mediated by a 

cationic catalyst, at 25.5% after 24 hours. The β-E and α isomers are generated 

in similar quantities at 16.6 and 12.8% respectively. 

 

 

Figure 234: Characteristics of 

the hydrosilylation reaction 

between phenylacetylene and 

triethylsilane, 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][

OTf] (1 mol%) 
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[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] as a catalyst for the hydrosilylation of 

phenylacetylene with triphenylsilane 

 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] demonstrates almost 100% 

consumption of the substrates after 24 hours, yielding 48.8% total vinylsilanes. 

As one would expect from a cationic catalyst, the E isomer is obtained as the 

major isomer. The α isomer is generated in quantities which exceed that of the Z 

isomer at 12.8%, indicating promotion of the geminal addition pathway. 

  
 

 

Figure 235: 

Characteristics of the 

hydrosilylation reaction 

between 

phenylacetylene and 

triphenylsilane, 

[Ir2(µ-CN)(COD)2(dmp(NHC{

Me})2)][OTf] (1 mol%) 
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6.1.1.4 Activity of the catalyst, [Ir(COD)(dmp(NHC{Me})2)][OTf] 

[Ir(COD)(dmp(NHC{Me})2)][OTf] as a catalyst for the hydrosilylation of phenylacetylene 
with triethoxysilane 

 

The cationic iridium pincer, [Ir(COD)(dmp(NHC{Me})2)][OTf], achieved an exceedingly poor 

conversion into total vinylsilanes of only 4.5% after 24 hours of reactivity at 60°C and where 

triethoxysilane is employed. After 5 hours approximately 50% of the phenylacetylene had been 

consumed, evidently in the formation of products other than vinylsilanes or styrene. The final 

destination of the starting materials remains unclear. It would seem that the pincer conformation of the 

metal complex is extremely detrimental to conversion of these particular substrates. Steric crowding 

of the metal centre and resultant restricted access to coordination sites are suggested as reasons for 

the poor conversion. Compared to triethylsilane (see Figure 238), the ethoxy group appears to impair 

catalysis.  

 

The activity of a related rhodium(I) COD pincer complex bearing a di-methylated bisimidazol-2-

diylidene ligand bridged by o-xylene, far exceeds that reported for [Ir(COD)(dmp(NHC{Me})2)][OTf] 

under identical conditions.
93

 The Rh(I) pincer NHC induces 85% conversion in the substrates after 72 

hours in favour of the β-E isomer. Without duplication of the reaction duration it is not possible to be 

certain as to whether [Ir(COD)(dmp(NHC{Me})2)][OTf] could promote similar conversions. However, 

it seems unlikely that there would be any improvement after 72 hours, given that after one third of this 

period, formation of the β-Z isomer had already begun to plateau. Leveling out of the amount of β-Z 

isomer was accompanied by an increase in the amount of β-E isomer, indicating that E-Z 

isomerisation processes begin to take effect around the 18 hour mark. 

 

 

 

 

Figure 236: Catalytic activity of a Rh(I) pincer NHC in the hydrosilylation of 

phenylacetylene with triethoxysilane 

 

 

 

 

 

 

 

 

 

  

Time (hrs) E/Z/α Total yield of vinylsilanes (%) 

72 66/26/8 85 
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Figure 237: Characteristics of the hydrosilylation reaction between phenylacetylene and 

triethoxysilane, [Ir(COD)(dmp(NHC{Me})2)][OTf] (1 mol%) 
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[Ir(COD)(dmp(NHC{Me})2)][OTf] as a catalyst for the hydrosilylation of phenylacetylene 
with triethylsilane 

 

In the case where the iridium pincer, [Ir(COD)(dmp(NHC{Me})2)][OTf], mediates hydrosilylation of 

phenylacetylene with triethylsilane, conversion is poor, at 31.0% conversion into vinylsilanes after 24 

hours (Entry 11, Table 19). The β-Z isomer makes up the bulk of the product at 18.2%.   

 

 

Figure 238: Characteristics of the hydrosilylation reaction between phenylacetylene and 

triethylsilane, [Ir(COD)(dmp(NHC{Me})2)][OTf] (1 mol%) 
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[Ir(COD)(dmp(NHC{Me})2)][OTf] as a catalyst for the hydrosilylation of phenylacetylene 
with triphenylsilane 

 

Reasonable conversions into vinylsilanes of 58.0% are observed where triphenylsilane is employed 

as a silylating reagent, revealing [Ir(COD)(dmp(NHC{Me})2)][OTf] as the most efficient hydrosilylation 

catalyst of those novel compounds described in this thesis for this particular reaction. It is possible 

that the relative success of this catalyst stems from its unique pincer conformation, which would serve 

to reduce the impingement of the (dmp(NHC{Me})2) ligand upon the H-Si oxidative addition step and 

the approach of –SiPh3 (step 1. of Figure 220). 1,5-cyclooctadiene is known to dissociate in similar 

catalysts, freeing up coordination sites about the metal centre for interactions with the substrate. The 

bridging pyridyl group (dmp), which demonstrates weak coordination to iridium(I) in the X-ray crystal 

structure of [Ir(COD)(dmp(NHC{Me})2)][OTf], may have a weak trans-labilising effect upon 

substituents that coordinate in a mutually trans position. Both E and Z isomers are obtained in 

moderate amounts, with the E isomer representing the major product. Notably, in all hydrosilylation 

reactions performed 

with the irdium(I) 

pincer, production of 

the geminal addition 

product (α) was at a 

minimum.    

 

 

 

 

 

 

 

 

Figure 239: Characteristics of 

the hydrosilylation reaction 

between phenylacetylene and 

triphenylsilane, 

[Ir(COD)(dmp(NHC{Me})2)][OTf] 

(1 mol%) 
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Table 19: Summarised results for the hydrosilylation of phenylacetylene 

(results reported with respect to initial phenylacetylene, 
b
could not measured due to the overlap of 

1
H NMR integrals) 

6.1.2 Summary 

 

In summary, for the majority of the catalyst systems tabulated in Table 19, near-complete consumption of phenylacetylene is observed after a 24 hour period. 

Marked exceptions appear for all hydrosilylation reactions mediated by [Ir(COD)(dmp(NHC{Me})2)][OTf] (Entries 10, 11 and 12), the least efficient of which 

involves 80% persistence of the initial phenylacetylene after one day of reaction with triethoxysilane (Entry 10). [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

similarly exhibits a reduced rate of conversion of phenylacetylene in the presence of triethoxysilane, 70% of which is devoted towards the formation of 

vinylsilane products (Entry 7). The iridium µ-cyano complex does, however, exhibit a rapid activation of the hydrosilylation of phenylacetylene by triethylsilane, 

reaching 66.3% conversion after just 3 hours. Total productivity (conversion of phenylacetylene into vinylsilanes) was best for 

Rh2Cl2(COD)2(dmp(NHC{Me})2) after 24 hours in conjunction with triethoxysilane (61.3%). This catalyst also demonstrated a comparatively rapid activation 

(about 5 hours). The neutral catalyst proved the most efficient where H-Si bond deactivation by an ethoxy substituent occurs.  
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By comparison, [Ir(COD)(dmp(NHC{Me})2)][OTf] demonstrated very poor productivity under the 

same conditions, but exhibited high activity for the triphenylsilane substrate (Entry 12). None of the 

catalysts demonstrate particular stereoselectivity, although in most cases a preference was 

demonstrated for one isomer over the other two. In all of the bimetallic examples, and where 

triethoxysilane is employed as silylating agent, a preference for the E isomer was observed. The 

same can be said for triethylsilane used in combination with either of the two rhodium(I) catalysts. 

Comparatively, the iridium(I) catalysts promoted formation of the E isomer under the same reaction 

conditions and with triethylsilane. The α isomer was not predominant in any of the product profiles, but 

did appear in markedly high quantities for all silanes when [Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] 

catalyst was utilised.   

 

Overall this study has identified that the neutral Rh2Cl2(COD)2(dmp(NHC{Me})2) catalyst is best 

suited to hydrosilylation of phenylacetylene with triethoxysilane. 

[Ir2(µ-CN)(COD)2(dmp(NHC{Me})2)][OTf] was identified as most active when triethylsilane was used 

as a silylating agent. Lastly, [Ir(COD)(dmp(NHC{Me})2)][OTf] demonstrated highest activity of all the 

catalysts tested in the hydrosilylation of phenylacetylene with triphenylsilane.  

 

The rhodium(I) and iridium(I) benzimidaol-2-ylidene catalysts reported above exhibit moderate activity 

in hydrosilylation of phenylacetylene reactions. Further tuning and modification is necessary in order 

to improve productivity and selectivity of the NHC catalysts in hydrosilylation reactions. Of particular 

interest is the inclusion of these catalyst frameworks into the macrocyclic ring, 

[H4L(C2H4)2(bzim2{macro})]Br2, described in Chapter Five. It is anticipated that the polar functional 

groups contained within the ring, as well as its dramatic torsional qualities, could influence the catalyst 

and its substrates in unexpected ways. Several synthetic attempts were made in pursuit of this goal 

and these are described more thoroughly in Chapter Five. However, although positive indications 

(ESI-MS, IR and NMR spectroscopy) were given for the incorporation of iridium(I) and rhodium(I) into 

the macrocyclic ring in separate instances, the products proved intractable and therefore could not be 

included in catalytic trials.   
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6.2 Heck-Mizoroki (C-C Coupling) Reactions 

 

In the early 1970s Mizoroki and Heck first revealed the startling prowess of certain palladium catalysts 

in the mediation of carbon-carbon coupling reactions. The technique has since been widely accepted 

by the synthetic community where it is now utilised in the preparation of a wide array of materials, 

including natural products, polymers and dyes. While the first of these catalysts were based on 

zerovalent palladium complexes with labile tertiary phosphanes,
233

 it was found that complexes of 

divalent palladium could be just as effective and far more convenient due to their oxidative stability 

(see Figure 240).  

 

Figure 240: Typical catalysts for the 

Heck-Mizoroki reaction. The active 

species are Pd
0
(PPh3)2 and 

[Pd
0
(PPh3)n(OAc)]

-
 

 

There is scope within the C-C coupling mechanism for reduction of palladium(II) to palladium(0) by a 

number of species including the solvent, added amine, the accompanying ligand and the alkene.
234

 

Therefore, generation of the active species in the reaction mixture often allows the use of oxidised 

catalyst at the outset. Similarly, Pd(II) and Pd(IV) species have been identified as the active species in 

a number of Heck reactions. However, in the case of doubly ligated NHCs, Pd(0) and Pd(II) are 

generally accepted as the operative metal oxidation states. A general mechanism for the reaction is 

depicted in Figure 241.  

 

In the first step a preformed palladium(II) complex requires reduction to palladium(0) followed by 

oxidative addition of an aryl halide across the metal. Two intermediates are possible, a cis form where 

the aryl and halo portions of the aryl halide add on the same side of the palladium centre or the trans 

form where they add in an opposing fashion. Logically, it is the steric bulk of the NHC ligand that 

determines which species is more favourable. Upon approach of the alkene an η
2
-alkenyl 

intermediate is formed, often with the displacement of one of the neutral donors, as is the case when 

phosphanes are involved. However, the strong donor properties of the carbene carbon make 

displacement of one of the arms of a pincer carbene an unlikely event and researchers have 

suggested a number of alternative intermediates to describe what could be occurring at this point. In 

polar solvents, such as those utilised in Mizoroki-Heck reactions, displacement of the coordinated 

bromide to form a square planar cationic complex or a tight ion pair has been identified with the aid of 

calculations, although the stability of these types of cations is generally poor at elevated 

temperatures. Cavell
235

 posited two five-member transition states in answer to this dilemma. Syn 

insertion of the palladium-aryl bond into the C-C double bond occurs in the carbo-palladation step to 

form an η1
-palladium alkyl complex, which must necessarily undergo rotation about the C-C bond 

intervening between palladium and aryl substituents in order to position a β-hydrogen syn relative to 
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palladium and its ancillary ligands and in preparation for the next step. Alternatively, the insertion may 

occur at the terminal junction of the alkene shared by the aryl group, in which case the α isomer is 

formed. To a large extent the favourability of β versus α attack is determined by the electron donor 

properties of the olefin and the nature of the intermediate formed upon its association with palladium. 

Electron rich olefins have been shown to promote the formation of cationic intermediates and become 

strongly polarised upon coordination, leading to attack at the olefin terminus.
236

 Insertion of the alkene 

is followed by β-hydride elimination of the product, a reversible process that tends to favour formation 

of the thermodynamic product, the β-(E) alkene. The resultant palladium hydride species is returned to 

its initial form by reductive elimination of HX (X = halide). Added base serves to neutralise the acid by-

product formed at the end of the reaction, ensuring that the palladium species is able to re-enter the 

catalytic cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 241: General mechanism for the Heck-Mizoroki reaction in which Pd(0) and Pd(II) 

species are operative 
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NHCs were first reported in the context of the Heck reaction in 1995
237

 and it immediately became 

apparent that, unlike their phosphane predecessors, they retained stability in the harsh reaction 

conditions normally employed for Heck-Mizoroki catalysis. The strong σ-donor bond between a metal 

and NHC resists cleavage mechanistically, whereas the P-M bond is notoriously prone to 

decomposition.
233,69

 The robust chemical architecture of NHCs can be further reinforced by 

incorporating the carbene donors into a pincer ligand containing as many as two additional donor 

groups. 

 

The relative stability of palladium(II) chelating NHCs versus their monodentate analogues is aptly 

described by a series of palladium bisimidazol-2-ylidenes prepared by Herrmann et al.
238,237

 Three 

compounds of palladium(II) diiodides were prepared; a bis-monodentate NHC (1), a dinuclear 

complex bearing bridging bis-carbene ligands (2) and a bidentate species (3) (see Figure 242). All 

three materials demonstrated high thermal stability in the order (3)>(1)>(2). Applied as catalysts for 

the C-C coupling of 4-bromoanisole and 
n
butyl acrylate (Reaction A, Figure 242), catalyst (3) 

demonstrated almost quantitative conversion into the (E)-cinnamate after 12 hours. This was 

accomplished with a comparatively reduced catalyst loading and minimal tetrabutylammonium acetate 

additive. 

 

Catalyst Reaction Mol% Time (hrs) Conversion (%) T(°C) Additive 

(1) A 0.67 50 60 125 None 

(2) A 0.67 50 20 125 None 

(3) A 0.5 12 95 140 NBu4OAc (0.3 eq.) 

(1) B 1 24 12 140 None 

(1) B 1 24 >99 140 NBu4Br (1.0 eq.) 

(3) B 0.5 24 60 140 NBu4OAc (0.3 eq.) 

 

Figure 242: Activity of palladium(II) mono-dentate versus pincer NHCs in Heck-Mizoroki 

reactions 
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Similarly, when catalysts (1) and (3) are extended to include notoriously inactive chloroarene 

substrates such as 4-chloroacetophenone (Reaction B, Figure 242), the pincer carbene demonstrates 

greater activity at half the catalyst loading (0.5 vs. 1.0 mol%). Catalyst (1) could only be spurred 

towards >99% conversion upon inclusion of 1.0 equivalent of tetrabutylammonium bromide additive. 

 

By the same token, Cavell et al. demonstrate improved long term stability of bis-carbenes compared 

to monocarbenes for a series of palladium(II) N-methylated imidazol-2-ylidenes.
235

 These materials, 

displayed in Figure 243, provided a convenient platform for the study of relative activity based on 

subtle structural changes. The palladium-methyl substituent reduces the induction period of catalytic 

reactions - therefore removing the need for reducing additives. The thermal stability of these materials 

is clearly dependent upon the combined strength of the donor ligands, in the order 

(8)>(7)>(4)>(5)>(6). So while the donor strength of the acetylacetone ligand is reduced by the 

inclusion of electron withdrawing -CF3 groups, methyl substituents serve to increase the stabilising 

electron density feeding into both the imidazol-2-ylidene ring and acetylacetone substituents. These 

stability characteristics are borne out in C-C coupling reactions between 4-bromoacetophenone and 

n
butyl acrylate, with comparable activities demonstrated for complexes (4) and (8). However, the latter 

catalyst retains activity for longer periods and displays a larger TON. A second carbene ligand does 

prove advantageous where thermal stability is required over long reaction periods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Catalyst Mol% Time (hrs) Conversion (%) TOF TON 

(4) 4 x 10
-4

 7.5 29 24,000 74,500 

(8) 4 x 10
-4

 8.5 40 24,000 100,500 

 

Figure 243: The influence of ligand donor strength upon catalyst stability in the Heck-Mizoroki 

coupling reaction 
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6.2.1 Activity of palladium NHCs in the Heck-Mizoroki reaction 

 

Based upon highly promising indications of catalytic promotion in the Heck-Mizoroki reaction using 

palladium NHCs,
94,239

 it was determined that incorporation of these types of fragments into the larger 

framework of a macrocyclic ring could prove fruitful. A pincer type NHC containing two carbene 

donors and a neutral pyridyl donor presented itself as a likely choice for inclusion into this scheme, 

particularly because there have been literature reports which indicate that di-substituted 

imidazoline-2-ylidene pyridyl and benzimidazolin-2-ylidene luitidine palladium complexes were 

effective as catalysts in C-C coupling reactions.
94,240

 It was hoped that the macrocyclic ring bearing 

receptors for supramolecular interactions might then exercise some control over processes at the 

active metal centre, directing the formation of one product over another. The principles of the model 

discussed here are amenable to a combinatorial approach with emphasis on chiral control. Additives 

of a chiral nature might be expected to solicit a specific response through their association with the 

ring receptor groups, be it in an electronic or conformational sense, to direct the transformation of 

prochiral substrates into chiral products. It is important to note that, at the high temperatures required 

for the Heck-Mizoroki reaction, supramolecular interactions would be unstable. However, this study 

was intended as a prelude to a larger investigation into the effect of complimentary guest molecules 

upon the catalytic function of a macrocyclic metal complex. The metal complexes tested for catalytic 

efficacy are referred to as “catalysts”, though it is understood that they may be operative as pre-

catalysts. 

 

An acyclic Pd-NHC, [PdBr(dmp(NHC{L})2)]Br (L = Me, Et, 
n
Pr, 

n
Bu), that was synthesised by Hahn in 

2005 was selected as the model complex for this study, although the material was prepared in an 

alternative fashion, using silver transmetalation techniques.  

 

The corresponding macrocyclic complex was prepared in a multi-step procedure concluding with a 

mercury transmetalation step to accomplish insertion of palladium. The full details of the synthesis 

and characteristics of [PdCl(dmp(NHC{Me})2)][OTf], [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 and 

[H4L(C2H4)2PdBr(NHC2{macro})][PF6] were reported in Chapters Four and Five. In order to better 

understand the relative catalytic efficiencies of the macrocyclic complex versus the acyclic model 

complex it was necessary to convert both into the bromide substituted forms (it is also widely known 

that bromides demonstrate improved activity over chloride analogues).
241

 The novel dicationic 

complex bearing a labile acetonitrile ligand, [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2, was also included 

in the study out of interest for the relative stability and activity of this species compared to the 

corresponding halide derivatives.  

 

The substrates of bromobenzene, styrene and 
n
butyl acrylate were selected in order to facilitate 

detection of starting materials and the stilbene and 
n
butyl-cinnamate products via 

1
H NMR 

spectroscopy. The presence of various isomers in the reaction mixture was ascertained by 
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comparison of the alkenyl chemical shifts in the 
1
H NMR spectra to known literature values.

242
 

Pertinent signals are tabulated in Tables 20 and 21. A comparison of the relative integrals of starting 

materials versus those for the products allowed an assessment to be made as to the extent of 

conversion and the characteristics of the product distribution.  

   

 

 

Materials Styrene 
trans-1,2-

stilbene 
cis-1,2-stilbene α-1,1’- stilbene 

Chemical 

shifts  

(δ, CDCl3) 

6.692 (d, 
3
JHH=17.6, 

3
JHH=10.9 Hz, 1H, Ha) 

5.737 (d, 
3
JHH=17.6, 

2
JHH=0.9 Hz, 1H, Hb) 

5.225 (d, 
3
JHH=11.0, 

2
JHH=0.9 Hz, 1H, Hc) 

7.150 (s, 2H, Ha) 6.572 (s, 2H, Ha) 5.445 (s, 2H, Ha) 

 

Table 20: Chemical shifts corresponding to the alkenyl protons of styrene and stilbenes in the 

C-C coupling reaction of bromobenzene with styrene 

 

 

  

Materials 
n
Butyl acrylate 

n
Butyl trans-cinnamate 

Chemical shift  

(δ, CDCl3) 

5.795 (dd, 
3
JHH=5.8, 

2
JHH=2.7 Hz, 1H, Ha) 

6.108 (dd, 
3
JHH=16.8, 

3
JHH =9.6 Hz,1H, Hb) 

6.364 (dd, 
3
JHH=16.8, 

2
JHH=2.7 Hz,1H, Hc) 

6.48 (d, 
3
JHH=16.0 Hz, 1H, Hb) 

7.77 (d, 
3
JHH =16.0 Hz, 1H, Ha) 

 

Table 21: Chemical shifts corresponding to the alkenyl protons of 
n
butyl acrylate and 

n
butyl 

cinnamates in the C-C coupling reaction of bromobenzene with 
n
butyl acrylate 

 

Two reaction methods were chosen for a study of the C-C coupling reaction between bromobenzene 

and styrene. The first method followed that developed by Hahn et al.,
94

 and was conducted in air 

using DMF at a temperature of 115 °C with sodium carbonate (1.5 eq.) as a base and phenyl bromide 

(1 eq.) and styrene (1.3 eq.) as substrates (see compound (9) Method 1, Table 22 and Figure 244). 

The active species could be generated in situ by the addition of PdCl2 and protonated 

bisbenzimidazolium salt in a 0.005: 0.003 equivalent ratio relative to bromobenzene. The reaction 

mixture was worked up after 24 hours and quantitatively analysed using gas chromatography. It was 

reported that sodium carbonate proved an effective inorganic base for promotion of the reaction 

whereas the organic amines that were investigated as additives served to severely hamper the 

coupling reaction. The authors speculated that the reason for this could be restricted access to the 
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metal centre due to formation of transitory amine complexes. The N-methyl substituted complex 

proved to be the least efficient catalyst, with only 53% total conversion to stilbenes, 48% of which was 

attributed to trans-stilbene. By comparison, the N-butyl substituted catalyst reached total conversions 

of 83%, 79% of which was attributed to trans-stilbene. Whether the variation in the N-alkyl 

substituents promotes the reaction through steric or electronic effects remains unclear. 

 

The second method, employed by Crabtree et al.,
240

 was similarly conducted in air and utilised the 

high boiling point solvent N,N-dimethylacetamide (see compound (10) Method 2, Table 22 and Figure 

244). Sodium acetate (1.1 eq.) was employed as a base. Bromobenzene (1 eq.) and styrene (1.4 eq.) 

were added and the reactions carried out at 140°C over a four hour period. A catalyst concentration of 

0.2 mol% relative to bromobenzene was found to be sufficient for good conversion. The reaction 

mixtures were analysed by the abstraction of a 200 µL sample, dilution of the aliquot with 

dichloromethane (10 mL) and five subsequent extractions with water. The chemically dried organic 

fraction could then be reduced to dryness, the resultant residue re-dissolved in CDCl3 and the 

composition of the mixture determined by 
1
H NMR spectroscopy. 85% conversion to trans-stilbene 

was reported after 4 hours, corresponding to a turnover frequency of 109 h
-1

.    

 

A third method was adapted from a procedure described by Nolan et al.
243

 and was employed for the 

assessment of catalytic efficacy of palladium NHCs in the C-C coupling reaction of 
n
butyl acrylate and 

bromobenzene. This methodology is characterised by a 1:1.6 bromobenzene to 
n
butyl acrylate 

combination in the presence of two equivalents of Cs2CO3 and 2 mol% of catalyst (see Method 3, 

Table 22 and Figure 244). All reactions of this type were carried out in N,N-dimethylacetamide at 

120°C for seven hours. Work-up was carried out by diluting the bulk reaction mixture with diethyl 

ether, removing the DMAC by extraction with water and drying of the organic phase with Na2SO4. The 

reaction attributes can then be analysed by 
1
H NMR spectroscopy in CDCl3. Nolan reports an unusual 

discrepancy between the activity of normal versus mixed abnormal-normal palladium(II) 

bis-imidazol-2-ylidene catalysts, IMes2PdCl2. In the case of the homo bis-NHC (11), yields of less than 

5% were observed for trans-
n
butyl cinnamate, whereas the hetero palladium(II) bis NHC (12) 

produced 77% conversion after seven hours. 

 

Table 22: Summarised reaction conditions for methods 1-3 

 Equivalents 

Conversion % 

Method 

Temp. 

(°C) 

Time (hrs) Solvent Base Catalyst  Bromobenzene 

Vinyl 

group 

1 115 24 DMF Na2CO3 0.3 1 1.3
a
 53-83 

2 140 4 DMAC NaOAc 0.2 1 1.4
a
 85 

3 120 7 DMAC Cs2CO3 2.0 1 1.6
b
 <5, 77% 

a
 Styrene, 

b
 n-butyl acrylate 
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Figure 244: Schematics for three Heck-Mizoroki reaction methodologies 

 

Comparisons between [PdBr(dmp(NHC{Me})2)][OTf], [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 and 

[H4L(C2H4)2PdBr(NHC2{macro})][PF6] can only be drawn when identical techniques are used and so 

it was necessary to determine the difference of activity of the bromide substituted catalysts within 

each of the methods. Generally speaking, method 2 produced larger conversions, particularly where 

the macrocyclic complex was involved. This fact is undoubtedly due to the elevated temperatures at 

which the reaction was carried out relative to method 1. Therefore, the majority of experiments were 

performed as per the method described by Crabtree. For all experiments involving styrene the 

work-up procedure described by Crabtree was used so that analysis by 
1
H NMR spectroscopy might 

be possible. An independent determination as to the validity of this technique was made with the aid 

of a series of blank tests before and after extraction. Tests revealed that materials were adequately 

represented and that true ratios of reactants to products were depicted in the 
1
H NMR spectra.   

 

It was found that the common method for the determination of percent conversion by 
1
H NMR 

spectroscopy, whereby the integral of the products is compared to the distinctive alkenyl integrals for 

remaining styrene, was inadequate. In virtually all cases a discrepancy was noted between the 

percent conversion of bromobenzene as determined from the observed integrals of the remaining 
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unreacted styrene or 
n
butyl acrylate, versus that calculated when the aryl protons were employed as 

the reference point. Most authors who use NMR spectroscopy as a means of detection do not seem 

to consider the possibility that the vinyl substrates may be consumed in processes other than the 

organyl halide coupling reaction. For example, it is quite conceivable that vinyl materials could react 

with traces of water or oxygen present in the reaction mixture, or alternatively form polymeric 

materials. These alternative processes could lead to a reduced representation of 
1
H NMR integrals for 

vinyl starting materials and thus inflate the figures for percent conversion of this material into 

products. In search of a more accurate depiction of the processes taking place, an alternative 

methodology for analysis was developed. Significantly, this method acknowledges that regardless of 

which processes are occurring in the reaction mixture, the integral corresponding to the combined aryl 

protons will always remain the same on the proviso that all reactants and products are represented in 

the 
1
H NMR spectrum. Analysis of the aqueous phase resulting from the extraction procedure 

revealed that a negligible amount of material containing aryl protons remained in the water layer. 

Therefore, it must be concluded that the extraction procedures are efficient and that vinyl substrates 

are incorporated into products other than stilbenes or cinnamates.   

 

What follows is a representative analysis of a typical Heck reaction between bromobenzene and 

styrene (
1
H NMR spectrum and schematics are depicted in Figure 246 on the following pages). 

 

1) All integrals in the spectra are calibrated with respect to the integral of the aryl protons and 

this value is set at 12.  

 

2) Stilbene and styrene alkenyl protons are integrated and an average and standard deviation 

calculated for each signal over a five point run. The averaged signals are labeled as: tint 

(trans-stilbene integral), cint (cis-stilbene integral), αint (α-stilbene integral) and styobs (styrene 

observed integral). Standard deviations are denoted as: tintσ, cintσ, αintσ and styobsσ. 

 

3) The total integral of stilbenes is described by:  

    (tint(±tintσ) + cint(±cintσ) + αint(±αintσ))   

 

4) However, each of the integrals corresponds to two alkenyl protons, therefore the percent 

conversion of an isomer (such as tint) relative to the initial bromobenzene (1.0 equivalents) is 

expressed as: 

 

with a standard deviation tintσ. Stilbenes cint and αint, and their associated errors, are 

determined in the same way.  
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5) The percent conversion of bromobenzene into stilbenes, or the normalised stilbene integral, is 

expressed as the total equivalents of t, c and α. Or: 

 

 

6) Within a typical 
1
H NMR spectrum of styrene, three doublets corresponding to the three 

alkenyl protons are observed. One of these signals is usually obscured by solvent. The value 

of styobs was always determined from the integral of the doublet at δ 5.74 ppm. In a 

hypothetical scenario where 100% of the initial bromobenzene (1 eq.) is converted into 

stilbenes we would expect to see 0.4 equivalents of styrene (styobs) remaining at the end of 

the reaction (1.4-1.0 equivalents = 0.4 equivalents). This value translates to a 0.4 integral for 

the styobs doublet at δ 5.74 ppm.  

 

7) A discrepancy which was consistently noted between the expected versus the observed 

integral for styrene can be interpreted according to Figure 245.  

 
 

 

Figure 245: Consumption profile 

for the Heck-Mizoroki coupling 

reaction between bromobenzene 

and styrene 

 

 

 

Therefore if: 

 Stilbenes + styobs is < 1.0 we may conclude that processes leading to X (see Figure 

245) are important and that the catalyst is not very effective in converting 

bromobenzene into stilbenes. 

 Stilbenes + styobs is > 1.0 then any impediment to conversion of bromobenzene into 

stilbenes lies with the catalyst. 
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Figure 246: Schematic for the determination of stilbenes against total aryl hydrogens 

(taken from a representative 
1
H NMR (300MHz, CDCl3) profile of a C-C coupling reaction 

between bromobenzene and styrene) 

 

A similar procedure is utilised in the integration of the spectra resulting from coupling between 

bromobenzene and 
n
butyl acrylate. However, in that case the total aryl protons sum to five and all 

calibration and calculations are performed according to this reference. 

 

Recent advancements in NMR technology have allowed for quantitative assessment of the NMR 

active species in a given sample. Ideally, several steps could be taken to ensure that a data set 

stands up to a rigorous statistical approach. Such steps would include performing the same 

experiment multiple times in order to assess its repeatability. Another significant contribution to the 

variability in the data set could arise through detection techniques. This study has made a semi-

quantitative assessment of the productivity of each catalyst and has attempted to assess the 
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combined error associated with detection of the products by 
1
H NMR spectroscopy and the 

experimental methodology.  

 

Typically, the accuracy of integrals is dependent upon several factors, the most significant of which 

are errors arising from digitisation, phase adjustment, signal to noise ratio, distortions in the baseline 

and the truncation of integrals. It has been demonstrated that through mere visual inspection it is 

possible to minimise phasing and digitisation errors to a less than 1% error in integration.
244

 The S/N 

ratio was determined automatically after specifying set ranges populated by signal versus those 

featuring unadulterated baseline. In all cases the signal to noise ratio lay between 14,000-60,000 

units, which transcribes into a range of 0.0007-0.0035 in the relative standard deviations of integrals. 

The correlation between S/N and relative standard deviation of integral areas was ascertained by 

projecting the averaged calculated signal-to-noise ratio in this study, onto a plot of measured S/N and 

relative standard deviations of integrals reported by Levy et al.
245

 The contribution by the signal to 

noise ratio to the errors in NMR integration was found to be negligible. The remaining contributory 

factors, baseline distortions and signal truncation are overcome by ensuring that samples are of a 

sufficient quality (i.e. free of solids and salts) and shimmed well. The largest contributor to variations 

in the detection technique must therefore arise from human error in selecting an area for integration, 

as the process of integration requires entirely subjective human appraisement of lineshape. This type 

of error can be assessed by running multiple 
1
H NMR spectra of the same sample using identical 

instrument settings and ensuring that there is a degree of automation in the integration process for all 

of these; for example, specifying identical integration regions for signals of interest. Errors in the 

precision of detection were determined from five point distributions, whereby a single sample was 

analysed by 
1
H NMR spectroscopy five times. In all cases the detection error was determined to be 

very low (≤1%).  

 

The total error associated with Method 2 (Table 23 Figure 244), including experimental and detection 

techniques, was assessed by conducting the Heck reaction between bromobenzene and styrene 

mediated by [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] and 5.0% adenine in duplicate. The errors 

presented for total stilbene production and styrene consumption represent the average of these two 

runs, each of which was analysed by 
1
H NMR spectroscopy five times. The relative uncertainty of 

each integral was determined as follows: trans-stilbene ± 3.7%, cis-stilbene ± 50.3% (in all cases a 

very low intensity signal) and alpha-stilbene ± 6.9%, with a total stilbene uncertainty of ± 3.6%. A 

relative uncertainty of ± 6.7% was determined for styrene and a relative uncertainty of ± 3.3% for 

styrene + total stilbenes.  

trans-stilbene cis-stilbene alpha-stilbene total stilbenes styrene styobs + stilbenes 

± 3.7% ± 50.3% ± 6.9% ± 3.6% ± 6.7% ± 3.3% 

 
Table 23: Estimated experimental errors  
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6.2.1.1 Findings for the acyclic pincer palladium benzimidazol-2-ylidenes 

 

Tabulated summaries of the findings are presented in Tables 24 and 25. Catalyst and additive concentrations are reported as mol% relative to the initial 

bromobenzene. Significantly, no visual signs of free palladium black (such as blackening of the solution) were noted during any of the C-C coupling reactions 

between bromobenzene and styrene. The sum of stilbenes plus styobs is greater than 1.0 in all cases, indicating that the catalyst is the limiting factor in the 

conversion of styrene to products. 

 

Table 24: Heck-Mizoroki reaction with [PdBr(dmp(NHC{Me})2)][OTf] and PdCl2  

(The substrates were bromobenzene and styrene, all reactions were performed at 115°C, in DMF and in the presence of Na2CO3) 

 

Interestingly, Entry 1 indicates that a pre-formed catalyst closely comparable with that prepared by Hahn et al. (see compound (9), Figure 244, where the 

catalyst is counter-balanced by a bromide anion)
94

 is less active at equivalent concentrations (0.3 mol%). Hahn et al. report 53.32% conversion into stilbenes 

after quantitative analysis by GC-MS using a Varian Saturn 3 with a DB-5 capillary column. 48.21% is attributed to the trans-stilbene. In contrast only 19.5 (± 

0.7)% total conversion to stilbenes is observed for [PdBr(dmp(NHC{Me})2)][OTf]. 
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The discrepancy is likely to arise from the manner in which the catalyst is introduced to the substrates. Hahn‟s report expounds on the activity of the catalyst 

when it is generated in situ by combination of the free ligand with a 0.7 fold excess of palladium(II) chloride. An investigation into the activity of PdCl2 (0.3 

mol%) under the same conditions, Entry 2, revealed an 18.5 (± 0.7)% conversion of bromobenzene into stilbenes with PdCl2 alone. And indeed, studies 

indicate that this material is accepted as a catalyst for the Heck-Mizoroki reaction by the general synthetic community.
246

 In this case it isn‟t entirely clear how 

much of the catalytic conversion of bromobenzene into stilbenes is attributable to the palladium pincer NHC and how much is attributable to PdCl2 or possible 

dimeric species generated in situ. 

 

When the Heck-Mizoroki reaction is performed with [PdBr(dmp(NHC{Me})2)][OTf] under the same conditions as that described by Crabtree for their 

palladium(II) bisimidazol-2-ylidene catalyst ((10) of Figure 244, 0.2 mol% catalyst, in DMAC, at 140°C, in air and in the presence of sodium acetate) much 

better conversions are obtained (see Table 25).  

 

Table 25: Summary of the results from Heck reactions using acyclic palladium pincer bisbenzimidazol-2-ylidenes 

(substrates of bromobenzene and styrene were coupled, all reactions were performed at 140°C, in DMAC and in the presence of NaOAc) 

 

Total conversion into stilbenes of 72.0 (± 2.6)% was measured, 66.0% of which is attributed to formation of the trans-stilbene (Entry 5). The α isomer is 

obtained in 5.5 (± 0.4)%. In an effort to determine whether air-free reaction conditions might improve productivity, two runs were performed in which the 

reaction mixture was degassed prior to immersion in a hot oil bath (Entry 3 and 4 of Table 25). Surprisingly, work-up of these reaction mixtures revealed a 

series of broad signals between δ 6.90 - 7.20, 5.70 - 6.65 and δ 1.20 - 2.00 ppm which completely confounded the integration of signals arising from alkenyl 
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protons (see Figure 247 for a representative 
1
H NMR spectrum). The origin of these broad signals 

may be polymeric in nature, suggesting that in air-free conditions different reaction pathways are 

activated that may involve radical intermediates. 

 

 

 

 

 

 

Figure 247: 
1
H NMR 

spectrum taken 

from Entry 3 

 

 

 

 

 

 

When the percentage of catalyst is increased to match that utilised by Hahn et al. (0.3 mol%) slightly 

improved conversion into stilbenes of 73.9 (± 2.7)% is achieved (Entry 6 of Table 25). By comparison, 

1.0 mol% catalyst results in a slight drop in overall productivity (66.5 (± 2.4)% Entry 7, Table 25). The 

closely related catalyst [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2, which bears a labile acetonitrile 

substituent, achieved equivalent conversion into total stilbenes of 66.5 (± 2.4)% (Entry 10), thus 

indicating that the halide dissociation step operative for the bromide substituted analogue is not rate 

limiting. However, the combined sum of stilbenes plus styobs integrals is measured as 0.93 (± 0.03)%, 

which suggests that a significant diversion of styrene into alternative processes has occurred. 

 

In an effort to determine whether the reaction might be promoted by interactions with complimentary 

functional groups, a number of additives were included in a series of separate experiments. Adenine, 

cytosine and guanine were selected as likely candidates with complimentary functionality towards the 

macrocylic complex [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] (see the Chapter One for a description 

of the highly successful implementation of purine and pyrimidine base-pairing in combinatorial 

chemistry). Similarly, sodium tartrate and L-tartaric acid were also included in this preliminary study. 

An arbitrary molar quantity of 5 mol% with respect to bromobenzene was nominated for the additives 

in the first instance. Inclusion of an additive, adenine (5 mol%), in the C-C coupling reaction with 

1 mol% [PdBr(dmp(NHC{Me})2)][OTf] was utilised as a blank test. As will be detailed below, the 

purine demonstrated unusual promotion of the Heck-Mizoroki reaction between bromobenzene and 

styrene in the presence of the macrocylic palladium complex (1 mol%). In the case of the acyclic 

model complex the conversion of bromobenzene into stilbenes was promoted by almost 14% (Entry 9 

vs. Entry 7 of Table 25). The role of this additive in the reaction is not entirely clear, although.
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the amine functionalised nucleobase may aid in the reduction of palladium(II) to palladium(0). Conversely, adenine may be involved in the formation of 

another species which is similarly active in Heck catalysis 

6.2.1.2 Findings for the Macrocyclic pincer palladium benzimidazol-2-ylidene, [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] 

 

 

Figure 248: Summary of the results from Heck reactions using macrocyclic 

palladium pincer [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] 

(substrates of bromobenzene and styrene were coupled, all reactions were 

performed at 140°C, in DMAC and in the presence of NaOAc. The additives 

utilised are displayed on the right) 
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The pre-formed macrocyclic complex, [H4L(C2H4)2PdBr((NHC)2{macro})][PF6], did not produce any 

conversion into products after 24 hours when 1 mol% of the material was added to bromobenzene 

and styrene and the mixture heated at 140 °C. It seemed that the reaction conditions might not be 

vigorous enough to activate the catalyst and so it was determined that the method utilised by Crabtree 

et al. (Method 2)
240

 might solicit a greater response. However, 

[H4L(C2H4)2PdBr((NHC)2{macro})][PF6] demonstrated exceedingly poor catalytic efficacy in C-C 

coupling reactions with styrene at concentrations of 0.3 or 1.0 mol% relative to bromobenzene, 

despite the vigorous reaction conditions utilised (140 °C, NaOAc, DMAC). Only the trans-stilbene was 

observed in both cases and totaling to less than 1% total conversion (Entry 11 and 12 of Figure 248).  

 

Promotion of the Heck-Mizoroki coupling reaction by additives with complimentary functionality was 

then investigated. These included adenine, cytosine, guanine, sodium tartrate, L-tartaric acid, 

2-amino-6-methylpyridine, pyridine, n-butylamine and 2,6-diaminopyridine. While the majority of these 

additives accompanied conversions to stilbenes that did not exceed 3%, adenine solicited a dramatic 

increase in productivity of 65.9 (± 2.4)% total stilbenes (Entry 13 of Figure 248). Furthermore, it was 

found that a range of concentrations of adenine did not produce the same response. 1 mol% 

prompted poor conversion into the trans-stilbene alone. The same trend was observed for a large 

excess of adenine at 20 and 100 mol% respectively (Entry 15 and 16 of Figure 248). This surprising 

discovery suggested a unique relationship between the macrocyclic catalyst and the functionality 

contained within adenine.  

 

In order to verify this observation, two other additives bearing the same placement of functionality 

were introduced. These were 2,6-diaminopyridine and 2-amino-6-methylpyridine. The diamine did not 

demonstrate appreciable promotion of the Heck-Mizoroki reaction between bromobenzene and 

styrene (Entry 25 of Figure 248). However, 2-amino-6-methylpyridine proved even more beneficial 

than adenine, attaining the highest conversions of all the compounds examined in this study at 

84.2 (± 3.0)% total stilbenes (Entry 21 of Figure 248). Trans-stilbenes were produced in 76.7 (± 2.8)%, 

whereas the cis and alpha isomers were formed in yields of 2.0 (± 1.0) and 5.5 (± 0.4)% respectively. 

As was demonstrated by adenine, an increase of the mol% of 2-amino-6-methylpyridine from 5.0 to 

20.0 relative to bromobenzene, failed to promote the reaction to the same extent (Entry 22 of Figure 

248).  

 

We sought to better understand which components of the successful additives were operative in the 

reaction mechanism by performing two additional studies with the inclusion of 5.0 mol% of pyridine or 

n-butylamine. While the former (Entry 23, Figure 248) did not promote the reaction, the amine was 

quite successful, producing 68.0 (± 2.4)% total stilbenes. 

 

An analysis of the literature regarding the use of palladium complexes bearing amino-pyridine 

substituents in catalysis, revealed that palladium(II) supported on a 4-aminopyridine resin (see Figure 

249) is highly successful in C-C coupling of bromobenzene to styrene or 
n
butyl acrylate. Wu et al. 
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report trans-stilbene and 
n
butyl trans-cinnamate yields of 87 and 90% respectively when 1.5 mmol of 

each olefin is heated at 140 °C with bromobenzene in the presence of K2CO3 (1.5 mmol), 
n
Bu4NBr 

(0.1 mmol), N-methyl-2-pyrrolidone (solvent) and the resin 4-APR-Pd(II) for 12 hours.
247,248

 The 

catalyst was prepared by heating PdCl2 with a 4-aminopyridine resin at 60°C for 72 hours. After 

washing and drying of the solid support the palladium loading of 

the resin was measured as 3.0% (m/m). Each Heck-Mizoroki 

reaction was performed with a mass of resin corresponding to 0.5 

µmol of palladium(II).  

 

Figure 249: Structure of 4-APR resin and 2-aminopyridine on a 

silica support 

 

 

Similarly, palladium(0) was immobilised on a 2-aminopyridine silica support by Zhuangyu et al. and 

this material was tested for catalysis in the Heck-Mizoroki coupling reaction between iodobenzene 

and styrene.
249

 After two hours at 100°C, conversion into stilbenes of 80% was observed. 

Unfortunately, neither of these authors speculate on the mode of coordination of palladium, though 

presumably it does so through covalent amine and coordinate pyridine interactions. 

 

At this stage of the study it appeared that we had come across a novel method for the promotion of a 

C-C coupling reaction. 
1
H NMR spectroscopy and mass spectrometry of reaction mixtures containing 

2-amino-6-methylpyridine or adenine indicated that the macrocyclic palladium complex was still 

present upon completion of the reaction. However, the literature precedent for the promotion of the 

Heck-Mizoroki reaction with palladium and amino-pyridine substituents, prompted us to reconsider the 

possibility that palladium(0) may be liberated from the macrocyclic complex to some extent. In 

particular, it was noted that during coupling reactions involving 

[H4L(C2H4)2PdBr((NHC)2{macro})][PF6] and 2-amino-6-methylpyridine, the reaction mixture took on 

an intense red colouration, suggesting the formation of other materials. In order to better diagnose the 

processes occurring, a series of blank tests were undertaken (Table 26). On its own palladium(II) 

acetate (1 mol%) produced 30.1 (± 1.1)% trans-stilbene after 24 hours (Entry 26, Table 26) but no 

reddening of the reaction mixture was observed. However, when the additives adenine, 

2-amino-methyl pyridine or n-butylamine were included (5 mol%) a greater than two-fold increase was 

observed in the productivity with total stilbenes formed in the order of 71.9 (± 2.6)% (Entry 27 of Table 

26), 85.2 (± 3.1)% (Entry 30 of Table 26) and 73.0 (± 2. 6)% (Entry 32 of Table 26) after one day. An 

intense red colour is observed where 2-amino-6-methyl pyridine is utilised, whereas the colours dark 

orange and brown were seen in conjunction with adenine and n-butylamine. The additives themselves 

do not invoke any reactivity when subjected to the same reaction conditions in the presence of 

substrates (Entry 28 and 29 of Table 26).  
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In an attempt to determine the nature of the active species when palladium(II) acetate and 

2-amino-6-methylpyridine are combined, synthesis of the material was attempted independently. This 

was accomplished by refluxing a mixture of palladium(II) acetate (1 eq.), 2-amino-6-methylpyridine (5 

eq.) and sodium acetate (10.0 eq.) together in DMAC for 2 ½ hours. The anticipated red colour 

appeared almost immediately. The red material was extracted from a diluted aqueous solution of the 

reaction mixture and purified by silica gel column chromatography. After recrystallisation from 

dichloromethane and n-hexane, an intensely red micro-crystalline solid was obtained. Although it was 

not possible to determine the exact nature of this material, its physical characteristics will be 

described for the benefit of future researchers who may wish to perform further investigations.  

 

It is believed that the red species is a type of palladium(II) aggregate composed of N-pyridyl bound 

2-amino-6-methylpyridine fragments, which will henceforth be referred to as PdxAMPy. The formation 

of N-[6-methylpyridyl]acetamide is also considered as a viable monomeric unit in the aggregate, 

which could arise from a condensation reaction between acetic acid and the amine functional group of 

the amino pyridine. Should this material be deprotonated, a 6-methyl-pyridin-2-(1H)-imine is 

mechanistically accessible, particularly when the presence of acetic acid is taken into account. Six 

different metal binding modes are viable using the three organic moieties described above (see 

Figure 250). 

 

Figure 250: Possible monomeric units for a palladium aggregate 

 

Infrared spectroscopy indicates that the complex contains functional groups which produce strong 

vibrations at 1560 and 1600 cm
-1

. These frequencies are in the correct region for a metal bound 

v(amide) stretch. For example, the pyridine carboxamide ligand framework described in Chapter 

Three, H2LMe2, exhibits four amide stretches. These are 1688, 1600, 1579 and 1537 cm
-1

. Upon 

amide deprotonation with palladium acetate, followed by the addition of n-butylamine the yellow 

complex Pd(LMe2)(NH2
n
Bu) is obtained.

250
 This material demonstrates amide stretching frequencies 

of 1617, 1601, 1570 and 1553 cm
-1

. Upon Namidate-coordination by palladium(II) the v(amide) 

stretching frequency is observed to drop by more than 70 cm
-1 

and reflects the strength of the 

palladium amidate bond.   
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Figure 251: The influence of palladium(II) coordination to amide infrared stretching 

frequencies 

 

Free N-[6-methylpyridyl]acetamide exhibits amide stretches of 1661 and 1549 cm
-1

 as well as ring 

deformation modes at 1600 and 1458 cm
-1

.
251

 Whereas, free 2-amino-6-methyl pyridine displays 

intense signals at 1594 (δNH2 + v(C=C)), 1565 (v(C=C) + δNH2), 1455 (δasy CH3), 1346 (δsy CH3) 

and 1280 (v(C-NH2) + v(CC)) cm
-1

.
252

 Alternatively, the stretches at 1560 and 1600 cm
-1

 may arise 

due to the anionic counteranion of acetate, the v(COO
-
) and (δCH3) modes of which are observed at 

1556 and 1429 cm
-1

 respectively. All of these signals can be found in the infrared spectrum for 

PdxAMPy. 

 

The 
1
H NMR (CDCl3) spectrum of PdxAMPy is reasonably complicated, revealing signals distinctive 

for amide or pyridinium or pyridine-2-(1H)-imine NH protons as well as amine, pyridyl and methyl 

protons. Two broad singlets are observed at δ 11.96 and 11.93 ppm and a further two doublets at 

δ 3.75 and 3.73 ppm, which may relate to Pd-NH type coordination. 30 unique pyridyl CH 

environments are evident as well as seven unique methyl protons of varying intensity. The 
13

C{1H} 

NMR (CDCl3) spectrum indicates that the material contains more than 50 unique carbon environments 

overall, of which 18 are quaternary carbons. Approximately half of these signals lie in the region 

correlated with C=O chemical shifts of N-coordinated amides, that is between δ 175.19-167.17 ppm. 

Rationalised in terms of the number of CH signals it appears that the aggregate contains between 

nine and ten unique pyridyl ring systems.   

 

High-resolution ESI-MS of PdxAMPy reveals a +1 molecular ion at 1600.9650 m/z, which is 

characterised by a one mass unit separation between each peak. As acetate is the only anion 

available within the reaction mixture to counter-balance a positively charged fragment, the molecular 

weight of the material may be 1600.60 gmol
-1

 + 59.04 gmol
-1

 = 1659.98 gmol
-1

. Alternatively the 

material may be neutral and pick up +H in the ionisation stream to form [M+H]
+
 of mass 1600.9650 

m/z, in which case the true molecular weight of the neutral species is 1600.9650-1.0079 = 1599.9571 

m/z.  
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Figure 252: Proposed fragmentation pathway for PdxAMPy from the base peak 

 

A +2 ion is observed at 801.4910 m/z and is identified as such on the basis of the 0.5 mass unit separation between peaks. The base peak appears as a 

dense cluster at 746.9588 m/z and similarly exhibits a 0.5 m/z peak separation corresponding to a +2 ion (refer to Figure 253). A fragmentation pathway from 

the base peak denotes the loss of palladium in two consecutive steps, producing two low intensity peaks at 640.4682 m/z and 533.9886 m/z. The gap 

between the base peak and the cluster at 533.99 m/z may also be indicative of the loss of a Pd-NH-py-CH3 fragment with mass 212.96 m/z, although this was 

not identified independently in the mass spectrum.  
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Figure 253: ESI-MS of the palladium aggregate, featuring M+1 and M+2 ions 

 

Elemental analysis of the red solid indicates that there is a 3:2 ratio of 2-amino-6-methyl pyridine to 

palladium . 
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Remarkably, there is very little literature precedent which deals with the topic of 2-amino-6-methyl pyridine coordination to metals. One example, in which 

[Re3(µ-H)3(CO)11(MeCN)] is refluxed with 2-amino-6-methyl pyridine in toluene for five hours, yields a rhenium cluster (see Figure 

254).
253

 The resultant binuclear product, dubbed [Re2(µ-ampy)2(CO)6], contains two 2-aminopyridinate ligands, each acting as five 

electron donors and bridging between two metal centres. This study indicates that the formation of aggregates or clusters with 

amino pyridine is viable under the reaction conditions described.  

 

Figure 254: Rhenium cluster of [Re3(µ-H)3(CO)11(MeCN)] and 2-amino-6-methyl pyridine 

 

Although the exact chemical composition of the material is unknown, an educated guess can be made as to its molecular weight using the ESI-MS result. 

Two C-C coupling reactions were carried out with the direct addition of PdxAMPy and based on an assumed mass of 1659.98 gmol
-1

. Entry 33 of Table 26 

describes the reaction profile when 1 mol% of the palladium aggregate is utilised and Entry 34, 0.1 mol%. The two reactions exhibit almost equivalent 

conversions into total stilbenes after 24 hours, of around 80%. These results indicate that low concentrations of the material are all that is required to mediate 

the Heck-Mizoroki reaction with much success. Given these findings it seems likely that palladium is abstracted from [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] 

to some extent during the C-C coupling reactions studied, and contributes towards the formation of a second, highly active species. 

 

Table 26: Summary of the results from reference Heck reactions catalysed by palladium(II) amines 

(the substrates bromobenzene and styrene were coupled and all reactions were performed at 140°C, in DMAC and in the presence of NaOAc)  
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6.2.1.3 C-C coupling reactions between nbutyl acrylate and bromobenzene 

 

The acyclic palladium(II) NHC, [PdBr(dmp(NHC{Me})2)][OTf], demonstrates poor activity as a catalyst for the C-C coupling of 
n
butyl acrylate with 

bromobenzene at 120°C (Entry 35 and 36 of Table 27). All C-C coupling reactions between bromobenzene and 
n
butyl acrylate were found to be 

stereoselective for the trans isomer as the cis and geminal cinnamates were not observed. Furthermore, within minutes of the onset of the reaction a colour 

change to black was observed, indicating that demetalation of the metal complex had occurred. After seven hours 33.0% conversion of bromobenzene into 

trans-
n
butyl cinnamate was recorded. After 24 hours the amount of trans-cinnamate was reduced by 

2/3
rds. The acetonitrile substituted dication, 

[Pd(MeCN)(dmp(NHC{Me})2)][OTf]2, produced 6.3% trans-cinnamate by comparison and did not display any visual signs of palladium black (Entry 37 of 

Table 27). The activity of this species is comparable with that of Nolan‟s palladium(II) NHC ((11) of Figure 244).  

 

The macrocyclic palladium(II) benzimidaol-2-ylidene complex, [H4L(C2H4)2PdBr((NHC)2{macro})][PF6], did not demonstrate any activity after seven hours or 

one day (Entry 38 and 39 of Table 27). However, with the addition of 10 mol% of adenine relative to the initial amount of bromobenzene, a 2.6% conversion 

was observed after 24 hours (Entry 40 of Table 27). The additive may be behaving in the same manner as formerly described. That is, to demetalate the 

macrocycle and form a new, catalytically active palladium species. 

 

Table 27: Summary of the results from reference Heck reactions catalysed by palladium(II) NHCs 

(the substrates of bromobenzene and 
n
butyl acrylate were coupled and all reactions were performed at 120°C, in DMAC and in the presence of 

Cs2CO3) 
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A similar discrepancy between the activity of acyclic and macrocyclic palladium NHCs was observed 

by Cavell et al.
254

 in the coupling of 4-bromoacetophenone to 
n
butyl acrylate using catalysts (13) and 

(14) (see Figures 255). The 1,3-xylylene-diimidazol-2,2‟-diylidene palladium(II) bromide, (13), 

exhibited 80% conversion into 
n
butyl-(E)-4-acetylcinnamate after 24 hours, whereas 

Pd(imidazoliphane)Br2 (14) could only be induced towards poor conversion after the addition of 

hydrazine hydrate and 33% conversion into the product after the inclusion of tetrapropylammonium 

bromide. Tetraalkylammonium salts are documented as promoters of the Heck reaction, in which they 

may assist in the reduction of palladium(II) or act as phase transfer agents.
255

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
Figure 255: Relative activity of acyclic vs. macrocyclic pincer imidazol-2-ylidenes in the C-C 

coupling of 4-bromoacetophenone and 
n
butyl acrylate (cat. 1x10

-3
 mol%, 24 hrs) 

 

Catalyst Conversion (%) Additive 

(11) 80 None 

(11) 57 Hydrazine-hydrate 

(12) 7 Hydrazine-hydrate 

(12) 33 N
n
Pr4Br 
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6.2.1.4 Comparison to palladium pyridine carboxamide complexes 

 

The pyridine carboxamide frameworks reported in Chapter Three and the bis-benzimidazoliums 

described in Chapters Four and Five are of a similar electronic nature as they both contain a 

potentially tridentate ligating pocket which can coordinate a metal centre in a meridional fashion. After 

deprotonation and coordination to a palladium(II) centre they can similarly engage in coordinate 

bonding by means of the bridging pyridyl group. Likewise, both ligand systems participate in strong 

bonding interactions via flanking, negatively charged amides or neutral carbene donors. The pyridine 

carboxamide framework depicted in Figure 256 may be described as a -2 ligand when the amide 

groups are deprotonated. However, when the pendant pyridyl arms are N-methylated a second 

resonance form becomes plausible whereby a neutral imine is the operative ligand, this being 

“carbene-like” in nature. Two 5-membered rings are formed upon pincer coordination of the pyridine 

carboxamide ligand to palladium, whereas two 6-membered rings are formed in the case of the 

benzimidazol-2-ylidene. The pyridine carboxamide system provides ideal conditions for square planar 

coordination and as a result very little deformation is observed in the ligand shape, which retains 

planarity. On the other hand, the NHC ligand is not as comfortably tailored towards palladium(II) 

coordination and demonstrates torsional strain as a result of the extra carbon spacer present in the 

methylene bridges.  

 

 

 

 

 

 

 

 

 

 

Figure 256: A diagrammatic comparison between the coordination pockets of LMe2 and 

dmp(NHC{Me})2. 

 

Comparisons were made between the C-C coupling activity of palladium complexes with an LMe2 

framework versus the palladium(II) NHCs synthesised. Palladium pyridine carboxamide complexes 

were provided
250

 in fulfillment of this objective. The activity of a macrocyclic 
n
butyl palladium pyridine 

carboxamide was similarly assessed for its activity in the Heck reaction between styrene and 

bromobenzene. A summary of the findings is presented in Figure 257 along with a diagrammatic 

depiction of the pyridine carboxamide complexes tested for catalysis.  
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Figure 257: Summary of the results from Heck 

reactions catalysed by palladium(II) pincer pyridine 

carboxamides 

(substrates of bromobenzene and styrene were 

coupled and all reactions were performed at 140°C, in 

DMAC and in the presence of NaOAc) 

 

 

 

All catalysts described in Entries 41-46 of Figure 257 are yellow in colour, and indeed, chromatic properties of the reaction mixture provided a useful guide as 

to the progress of the reaction. A deepening of colour from yellow to dark yellow or mustard was generally found to correlate with high conversions into 

stilbenes. In the case of Pd(DBU)(LMe2) poor conversions into stilbenes of 9.0 (± 0.3)% were observed after 24 hours with trans-stilbene making up the bulk 

of the product (Entry 41 of Figure 257). The DBU ligand presents a strong donor ligand which may not dissociate easily, therefore slowing the rate of the 

reaction.  
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In contrast 1.0 mol% of [PdCl(LMe2{Me}2)][OTf] brought about conversions into stilbenes of 76.7 

(± 2.8)% (Entry 44 of Figure 257) after 24 hours. However, the colour of the reaction mixture and 

analysis of the product profile at six and 12 hour intervals strongly suggests that this species is acting 

as a pre-catalyst. While the initial colour of the metal complex in solution is yellow, the reaction 

mixture is observed to pass through a dark green phase, finally turning orange-brown upon 

completion of the reaction. Productivity at the six and 12 hour mark did not exceed 10%, indicating 

that a long initiation period is necessary before the true catalyst is formed (see Entries 42 and 43 of 

Figure 257 and Figure 258). 

 

 

 

 

Figure 258: Reaction 

profile for 

[PdCl(LMe2{Me}2)][OTf] in 

the C-C coupling reaction 

of bromobenzene and 

styrene 

 

 

 

 

By comparison, the pincer pyridine carboxamide with distal p-tolyl groups and a weakly coordinated 

acetonitrile ligand, (Pd(MeCN)(L-p-tol).MeCN), attains reasonable conversion of bromobenzene into 

stilbenes of 72.3 (± 2.6)%, of which the trans isomer makes up the overwhelming majority at 66.2 

(± 2.4)% (Entry 45 of Figure 257). 5.7 (± 0.4)% of the α–stilbene is simultaneously created. In this 

case the weakly held acetonitrile group may easily dissociate and freely admit substrate access to the 

metal centre. 

 

The neutral palladium macrocyclic complex, Pd(H2O)(H2LnBu), demonstrates remarkable activity 

compared to [H4L(C2H4)2PdBr((NHC)2{macro})][PF6]. Reasonable conversions into stilbenes (73.0 

(± 2.6)%, Entry 46 of Figure 257) were observed after 24 hours. This species is unlikely to experience 

dissociation of the strongly coordinated amide bonds, nor are alternative imine resonance forms 

available which could facilitate dissociative mechanisms. Therefore C-C coupling must either occur 

via a Pd(II)-Pd(IV) pathway or through demetalation of the metal complex to yield Pd(0). The colour of 

the reaction mixture was observed to change from yellow to orange, finally entering a brown phase. 

As the darkening of reaction media in palladium catalysed Heck reactions often corresponds to 

demetalation it seems likely that palladium black is partially responsible for the conversions observed.        
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6.2.2 Summary 

 

In Summary; it was found that a series of amine functionalised additives promoted the Heck-Mizoroki 

reaction between bromobenzene and styrene when [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] was 

implemented as a catalyst. Whether the additives endorse mechanistic aspects of a catalytic cycle 

involving the macrocyclic complex is unclear. Based upon catalytic reactions in which palladium(II) 

acetate and adenine, 2-amino-6-methyl pyridine or 
n
butylamine were included, it appears that highly 

active catalysts are generated when amine functional groups are present. An attempt to prepare one 

of these active catalysts was made and the species isolated from reaction of palladium(II) acetate with 

2-amino-6-methyl pyridine. This material was found to induce 79.4 (± 2.9)% conversion into stilbenes 

after 24 hours.  

 

None of the prepared catalysts demonstrated appreciable activity in C-C coupling reaction with 

bromobenzene and 
n
butyl acrylate.   

 

The acyclic palladium complexes of pyridine carboxamides, described above, demonstrate 

comparable activity as catalysts for the Heck-Mizoroki reaction compared to the acyclic palladium 

NHCs reported. Conversions range between 70-80%. In all cases formation of the trans-stilbene 

isomer was favoured, whereas the cis-isomer was never created in yields above 1%. The geminal 

addition product was only produced in amounts between 4-6% for reactions which were high yielding 

in stilbenes. 
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6.3 Experimental Procedures: 

6.3.1 Hydrosilylation of phenylacetylene procedure 

 

Phenylacetylene (8.6 µL, 0.078 mmol, 1 eq.) and hydrosilane (0.089 mmol, 1.1 eq.) were added to a 

CDCl3 (0.5 mL) solution of the catalyst (1 mol% relative to phenylacetylene, 0.1 eq.) which also 

contained the internal standard hexamethylbenzene (0.056 eq.). The mixture was added to a 5 mm 

NMR tube and capped. After sealing of the cap with a strip of parafilm the mixture was heated at 60°C 

in a temperature controlled hot oil bath. The progress of the reaction was monitored by 
1
H NMR 

spectroscopy at regular intervals. Calibration to the internal standard allowed the consumption of 

starting materials and generation of products to be monitored. The signals of the products were 

compared to literature references.
229,231

 

6.3.2 Heck-Mizoroki reaction procedures 

 
Method 1 

 

A 2-necked 20 mL round bottom flask equipped with a stirrer bar, rubber septum and reflux condensor 

was flame-dried under vacuum. To the vessel was added the catalyst (7.5 µmol, 0.03 eq.) and sodium 

acetate (3.75 mmol, 1.5 eq.) which had been pre-weighed to four decimal places. The solids were 

placed under vacuum and then under a nitrogen atmosphere, bromobenzene (263 µL, 2.5 mmol, 1.0 

eq.) and styrene (372 µL, 3.25 mmol, 1.3 eq.) were then added under a dry nitrogen atmosphere. 

DMF (5 mL, which had been passed through activated alumina and stored over activated molecular 

sieves) was utilised to rinse any remaining solids from the weighing vessel and the internal walls of 

the reaction vessel, in so doing all reagents were added to the bulk reaction mixture. Addition of the 

solvent was carried out under a stream of dry nitrogen. The reaction vessel was immersed in an oil 

bath which was maintained at 115 ˚C. Work-up was carried out by removal of 200 µL from the 

reaction mixture and processing of the material with subsequent water extractions, as described in 

method 2. 
1
H NMR spectroscopy was utilised as the method for detection. 

 

Method 2 

 

A 10 mL schlenck tube equipped with a Young‟s tap and miniature stirrer bar was flame-dried under 

vacuum. To the vessel was added the catalyst (2 µmol, 0.01 eq.), additive (10 µmol, 0.05 eq.) and 

sodium acetate (220 µmol, 1.1 eq.) which had been pre-weighed to 1 x 10
-4

 g. The solids were placed 

under vacuum before the addition of bromobenzene (21 µL, 200 µmol, 1.0 eq.) and styrene (32 µL, 

280 µmol, 1.4 eq.) were added under a dry nitrogen atmosphere. DMAC (0.25 mL, which had been 

passed through activated alumina and stored over activated molecular sieves) was utilised to rinse 

any remaining solids from the weighing vessel and the internal walls of the reaction vessel, in so 

doing all reagents were added to the bulk reaction mixture. Addition of the solvent was carried out 

under a stream of dry nitrogen. The schlenck tube was then sealed under a nitrogen atmosphere and 
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the vessel immersed in an oil bath which was maintained at 140 ˚C. A blast shield was placed in front 

of the reaction vessel as a precaution in the event that the internal vapour pressure of the reaction 

were to cause an explosion.    

 

Upon completion of the reaction, usually after 24 hours at 140 ˚C, the reaction vessel was removed 

from heat and cooled to room temperature. Storage of the sealed vessel in the freezer for short 

periods was possible at this juncture. 

 

The reaction mixture was processed in the following way. The mixture was diluted with 

dichloromethane (10 mL) and then extracted with de-ionised water (10 mL) five times in order to 

selectively remove the dimethylacetamide. The organic phase was dried with anhydrous sodium 

sulphate, filtered and the dichloromethane then removed under reduced pressure on the rotary 

evaporator. In order to ensure no losses through evaporation the water bath temperature of the rotary 

evaporator was maintained at 20 ˚C and the vacuum not lowered below 250 mbar. CDCl3 (0.5 mL) 

was added to the remaining oily residue and the solution analysed by 
1
H NMR spectroscopy.  

 

Method 3 

 

A 10 mL schlenck tube equipped with a Young‟s tap and miniature stirrer bar was flame-dried under 

vacuum. To the vessel was added the catalyst (2.5 µmol, 0.02 eq.), additive (12.5 µmol, 0.1 eq.) and 

caesium carbonate (250 µmol, 2.0 eq.) which had been pre-weighed to four decimal places. The 

solids were placed under vacuum. Once a nitrogen atmosphere had been established in the reaction 

vessel, bromobenzene (13 µL, 125 µmol, 1.0 eq.) and 
n
butyl acrylate (29 µL, 200 µmol, 1.6 eq.) were 

added under a dry nitrogen atmosphere. DMAC (0.25 mL, which had been passed through activated 

alumina and stored over activated molecular sieves) was utilised to rinse any remaining solids from 

the weighing vessel and the internal walls of the reaction vessel, in so doing all reagents were added 

to the bulk reaction mixture. Addition of the solvent was carried out under a stream of dry nitrogen. 

The schlenck tube was then sealed under a nitrogen atmosphere and the vessel immersed in an oil 

bath which was maintained at 120 ˚C. A blast shield was placed in front of the reaction vessel.    

 

Upon completion of the reaction, usually after 24 hours at 120 ˚C, the reaction vessel was removed 

from heat and cooled to room temperature. Storage of the sealed vessel in the freezer for short 

periods was possible at this juncture. 

 

The reaction mixture was processed in the following way. The mixture was diluted with diethyl ether 

(10 mL) and then extracted with de-ionised water (10 mL) five times. The aqueous phase was further 

extracted with diethyl ether (10 mL). The combined organic phases were dried with anhydrous sodium 

sulphate, the desiccant removed by filtration and the ether removed under reduced pressure. CDCl3 

(0.5 mL) was added to the remaining oily residue and the solution analysed by 
1
H NMR spectroscopy.  
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6.3.3 Synthesis of a palladium(II)-amino methyl pyridine aggregate 

 

 

 

Palladium(II) acetate (150 mg, 1.0 eq.), 2-amino-6-methylpyridine (361 mg, 5.0 eq.) and sodium 

acetate (1.0, 20 eq.) were placed in a 2-necked 50 mL round-bottomed flask equipped with a stirrer 

bar, reflux condenser and nitrogen inlet. The system was purged with DMAC (10 mL) and the orange 

mixture heated at reflux and under a flow of nitrogen for 2 ½ hours. Within half an hour the orange 

solution had gained an intense red colour. Upon completion, the reaction mixture was cooled to room 

temperature whereupon the solution was diluted with dichloromethane (100 mL) and extracted with 

water (100 mL) five times. The organic fraction was dried with Na2SO4. The solution was filtered 

before the removal of all organic solvent under reduced pressure. The resultant red glass was purified 

by silica gel chromatography (10cm, 1cm di.). The red material was dissolved in minimal 

dichloromethane and loaded onto the column. Neat dichloromethane was used to flush off unreacted 

2-amino-6-methyl pyridine as a pale yellow band. By slowly changing the eluant mixture from pure 

dichloromethane to 2.0% methanol/ dichloromethane and finally to 4.0% methanol/dichloromethane, 

two red bands were eluted from the column. The second of these was collected and evaporated to 

dryness. The material was recrystallised from dichloromethane and n-heptane as a micro-crystalline 

red solid. Yield <20% calculated on the basis of a five palladium aggregate with a molecular weight of 

1659.98 gmol
-1

.  

 

Anal. Found: C, 40.73; H, 3.70; N, 15.24%. MS (m/z): 1600.9650, 801.4910, 746.9588, 640.4682, 

533.9886, 497.9704 m/z. 
1
H NMR (300 MHz, CDCl3): δ 11.96 (br s, NH), 11.93 (br s, NH), 9.02 (d, J = 

7.9 Hz, 1H), 8.85 (d, J = 7.6 Hz, 1H), 7.83 (t, J = 7.8 Hz, 2H), 7.37 (d, J = 7.2 Hz, 1H), 7.18 (d, J = 7.5 

Hz, 1H), 7.15 (d, J = 7.8 Hz, 1H), 6.70-6.61 (m, 4H), 6.58-6.48 (m, 4H), 6.36-6.25 (m, 4H), 6.15-6.08 

(m, 4H), 6.00-5.89 (m, 5H), 5.83 (d, J = 7.0 Hz, 1H), 5.55 (d, J = 6.1 Hz, 1H), 5.27 (t, J = 9.0 Hz, 1H), 

3.75 (br s, NH), 3.73 (br s, NH), 3.08 & 3.04 & 3.00 (3 x s, 15H, CH3), 2.86 & 2.84 & 2.79 (3 x s, 15H, 

CH3), 1.96 (br s), 1.72 (s, 3H, CH3). 
13

C{
1
H} NMR (75 MHz, CDCl3): δ Quaternary carbons; 175.19, 

173.63, 171.71, 170.77, 169.81, 169.72, 169.55, 169.14, 167.17, 158.65, 157.51, 157.49, 156.91, 

156.07, 156.01, 155.66, 155.27, 153.22, 149.10; CH type carbons: 147.11, 138.93, 138.60, 137.43, 

137.38, 137.20, 136.74, 135.74, 133.25, 133.14, 116.83, 116.66, 116.29, 115.70, 115.56, 115.27, 

114.34, 113.68, 113.08, 112.89, 112.83, 112.42, 112.26, 112.14, 111.12, 106.22; Methyl carbons: 

26.62, 26.13, 26.06, 25.94, 25.90, 24.88, 24.78, 22.34. IR (FT-ATR, cm
-1

): 3363 vw, 3296 vw, 3236 

vw, 3049 vw, 2973 vw, 2915 vw, 1600 s, 1560 s, 1488 m, 1450 vs, 1432 s, 1375 m, 1321 s, 1262 m, 

1235 vw, 1208 m, 1164 m, 1102 m, 1030 m, 1017 m, 984 w, 951 w, 794 m, 756 m, 738 m, 619 w, 594 

vw, 552 vw.  
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Final Conclusions 
 

The synthetic work described in this thesis has investigated the application of dynamic covalent and 

supramolecular interactions in catalytic systems, with the intent of generating architectures amenable 

to combinatorial chemistry.  

 

Pyridyl borates, which exhibit reversible covalent bond formation with diols under the appropriate pH 

regime, were amongst the chemical motifs studied. 2 and 3-pyridyl borate model systems were 

prepared and a novel ruthenium(II) complex, RuCl(CO)(Ph)(3-py-BO2-C6H12)(PPh3)2, synthesised 

from 2-pyridylpinacol borate. However, significant difficulties were encountered in pursuit of the target 

ligand of 6,6‟-diboronic acid-2,2‟-bipyridyl and therefore the research extended into the exploration of 

alternative avenues focused upon the use of persistent supramolecular interactions.  

 

Investigations were performed upon macrocyclic ligands containing polar amide and pyridyl functional 

groups. It was anticipated that the macrocyclic ring might play host to chiral guests, forming dynamic 

and non-permanent hydrogen bonding interactions with a range of molecules. A series of acyclic 

iridium(III) and rhodium(III) model complexes were prepared, and their activity investigated in the 

transfer hydrogenation of acetophenone with isopropanol. Generally, poor conversions were observed 

for all complexes analysed. However, of those tested IrCl(py)2(LMe2) and IrCl3(LMe2{H}2) presented 

the greatest activity at 55% and 98% conversion after three days. The poor catalytic conversions 

demonstrated by many of the acyclic LMe2 model complexes, inspired a tactical adjustment in the 

preparation of metalated macrocyclic systems of H4Len. The H2L head group took on the role of 

hydrogen bonding receptor, whereas the diamine tail was designated as the bidentate point of ligand 

attachment to a metal centre. Two novel macrocyclic complexes were synthesised in this way, 

[Rh(COD)(H4Len)][Cl] and Ru(MeCN)Cl2(PPh3)2(H4Len). The latter material displayed improved 

activity in transfer hydrogenation of acetophenone relative to many of the model complexes tested, 

with an observed conversion of acetophenone into 1-phenyethanol of 61% after 3 ½ days. 

 

An alternative novel macrocyclic system containing a bisbenzimidazolium lutidine tail, was developed 

via a five-step procedure. A silver benzimidazol-2-ylidene was prepared from the simplified novel 

complex, [dmp(bzim{Me})2][OTf]2, which in turn demonstrated ready transmetalation to form dimeric 

rhodium(I) and iridium(I) complexes, and an iridium(I) pincer complex. These were tested in 

hydrosilylation reactions between phenylacetylene and various hydrosilanes, producing appreciable 

conversion into vinylsilanes. Several novel palladium(II) pincer NHCs were similarly produced. These 

materials set a promising precedent for the formation of macrocyclic transition metal-NHC complexes 

from the bisbenzimidazolium salt, [H4L(C2H4)2(bzim2{macro})][Br]2. However, transmetalation via a 

silver intermediate proved unsuccessful, and an alternative synthetic procedure was developed which 

required the formation of a mercury(II) NHC complex. A dimeric and monomeric pincer mercury(II) 
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NHC complex was synthesised. Both materials demonstrated transmetalation with Pd(COD)Cl2 to 

form [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] in the presence of lithium bromide. Transmetalation of 

mercury(II) NHCs is limited to one account by Baker et al.
79

 [H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] 

therefore represents a highly promising route to metal NHCs which require formation under mild 

conditions. 

 

The activity of [PdBr(dmp(NHC{Me})2)][OTf], [Pd(MeCN)(dmp(NHC{Me})2)][OTf]2 and 

[H4L(C2H4)2PdBr((NHC)2{macro})][PF6] was investigated in the Heck-Mizoroki C-C cross coupling 

reaction of bromobenzene and styrene, as well as bromobenzene and 
n
butyl acrylate. Conversion of 

bromobenzene into stilbenes after 24 hours was modest for the two acyclic palladium(II) complexes 

(conditions: DMAC, 140°C, NaOAc). An exceedingly poor conversion was observed when 

[H4L(C2H4)2PdBr((NHC)2{macro})][PF6] was implemented under the same conditions. However, it 

was found that catalysis dramatically improved with the addition of additives bearing 2-amino pyridine, 

or amine functional groups. For example, an improvement in the generation of stilbenes up to 84.2 

(± 3.0)% was observed when 2-amino-6-methylpyridine (5 mol% relative to bromobenzene) was 

included with [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] (1 mol%). Further investigation revealed 

probable extraction of palladium from the macrocyclic complex to form high molecular weight 

aggregates of palladium and the amino pyridine. The product PdxAMPy was isolated after reactivity 

of Pd(OAc)2, 2-amino-6-methylpyridine and sodium acetate under the conditions employed in the 

Heck-Mizoroki coupling reactions. PdxAMPy (0.1 mol%) demonstrated 79.4 (± 2.9)% conversion of 

bromobenzene and styrene into stilbenes after 24 hours. 

 

In summary, a promising palladium(II) macrocyclic pincer NHC has been developed which contains a 

hydrogen bonding receptor pocket. While distinctively successful host-guest pairings were not 

determined during the course of this dissertation, several promising avenues for further research were 

ascertained. Amongst these were: 

 Synthesis of macrocyclic NHCs containing different types of metals such as ruthenium, 

osmium, rhodium, iridium, platinum, silver and gold. The 

[H4L(C2H4)2Hg((NHC)2{macro})][HgBr4] and [H4L(C2H4)2HgBr2((NHC)2{macro})]2 

complexes provides a useful platform through which transmetalation reactions may be 

utilised for the formation of alternative macrocyclic species. 

 Continued analysis of the [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] motif for complimentary 

receptor functionality with groups such as barbiturates, chiral amines, amides or carboxylic 

acids. 

 Investigation of the activity of [H4L(C2H4)2PdBr((NHC)2{macro})][PF6] in Suzuki coupling 

reactions in conjunction with guests which demonstrate functional group complimentarity. 

 Alterations towards the receptor functionality of the macrocyclic ring in the form of reversible 

protonation of the flanking pyridyl arms. 

 Investigation into the nature of the PdxAMPy aggregate catalyst which was found to be 

successful in the Heck-Mizoroki coupling reaction of bromobenzene with styrene.  
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